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Executive Summary 

Municipal wastewater contains valuable resources including water, energy, and nutrients that often 
enter and leave wastewater treatment plants (WWTPs) without being captured. Currently, plants are 
increasingly seeking to recover resources and reuse them in a sustainable way. Therefore, the purpose 
of this project was to assess the potential for recovery and reuse of water and products from municipal 
wastewater treatment plants across the United States and to examine how this potential varies by 
region. To accomplish this, three main tasks were set: first, to characterize wastewater treatment 
plants; second, to characterize technologies and pathways used to recover energy, nutrients, and water 
from treatment plants; third, to assess the demand for reclaimed resources and products at a regional 
level by performing spatial analysis. These three tasks were then synthesized to present key findings in 
this report and a geospatial dataset with the hope of guiding the increased use of resource recovery 
technologies in the U.S.   

First wastewater treatment facility data were incorporated with other source IDs. A total of 15,008 
exiting wastewater treatment plant’s locations and influent flow data were obtained from the 2008 and 
2012 Clean Watersheds Needs Survey (CWNS) database and the EPA Integrated Compliance Information 
System National Pollutant Discharge Elimination System (ICIS NPDES) (Seiple et al., 2020). Additional 
data on current WWTP operations was synthesized from the US DOE combined Heat and Power (CHP) 
installation database, the WEF’s biogas database, and municipality websites where updated information 
was available. This information formed a wastewater treatment facilities dataset.  

Second, available nutrient, energy, and water recovery technologies were investigated. A variety of 
technologies were explored through literature review but ultimately, three energy and nutrient recovery 
processes were selected for comparison to a base case: 1. anaerobic digestion (AD) with biogas flared, 2. 
AD with a combined heat and power (CHP) plant for renewable natural gas (RNG) production, and 3. 
hydrothermal liquefaction (HTL) to produce renewable diesel. For the two AD cases, the possibility of 
struvite recovery was also investigated. Non-potable water reuse for irrigation was also selected due to 
its high demand worldwide. The completed WWTP dataset with estimates of water flow, biosolids, 
nitrogen, phosphorus, and energy potential at each plant was used to compare the results if new 
technology pathways were applied nationwide. 

Third, regional markets were assessed. A dataset of existing natural gas infrastructure and the distances 
from pipelines to WWTPs was created to assess if compressed natural gas produced at treatment plants 
could easily enter the natural gas market. The ability of WWTPs to satisfy nutrient markets was assessed 
by comparing the total N and P fertilizer use by county to the amount of N and P recoverable from 
anaerobic digestion and HTL technologies at WWTPs. Finally, Argonne’s AWARE US county-level water 
stress characterization factors and a USGS dataset on withdrawals of groundwater and surface water 
were incorporated to assess the extent to which reclaimed wastewater could meet irrigation demand, 
potentially reducing the need for freshwater withdrawals.  

It was found that Most resources are produced by large (≥5 million gallons per day, or mgd) WWTPs, 
even though they only make up 8% of total treatment plants. About 77% of energy, water, and nutrient 
products could be produced at WWTPs greater than 5 mgd. Roughly 10% of WWTPs already use 
anaerobic digestion (AD): some flare the biogas produced, while some recover it. AD capability is often a 
necessary first step towards energy recovery, as it produces biogas that can be upgraded to compressed 
natural gas and/or used to fuel a combined heat and power unit. Adding AD and biogas reuse 
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capabilities could be especially impactful at large WWTPs. Large WWTPS are generally located near 
population centers and produce about 77% of water, energy, and nutrient resources. Furthermore, most 
wastewater is treated within 1-5 miles of natural gas pipeline and the transportation of compressed 
natural gas product from WWTPs could easily utilize existing infrastructure.  
 
Greenhouse gas emissions from each recovery pathway were also compared to a base case of AD 
without energy or nutrient recovery. It was found that the AD+CHP to compressed natural gas pathway 
produced 2.2 MMT CO2e emission credit, the AD+CHP to compressed natural gas plus struvite recovery 
pathway produced 0.02 MMT CO2e, and the hydrothermal liquefaction pathway produced 8.4 MMT 
CO2e credit. For perspective, 2.2 MMT CO2e is equivalent to the emissions from 482,000 passenger 
vehicles. It was shown that GHG emissions are primarily a function of credits for displacing fossil fuels 
(fossil compressed natural gas for the AD+CHP case where RNG is the final product, and petroleum 
diesel for the HTL case where renewable diesel is the final product) and displacing conventional 
fertilizers. Meanwhile, the carbon intensity of the energy used by the WWTPs also affect the GHG 
emissions. For instance, use of decarbonized electricity and hydrogen can further reduce the GHG 
emissions. 
The potential demand for recovered nutrients was also assessed. N production via AD could far exceed 
demand on the northeast coast and scattered across counties in the south but could only meet demand 
to a much lesser extent in the Midwest and Rocky Mountains. By contrast, WWTPs could consistently 
meet P demand more readily than N demand. This trend was similar to nutrient production via HTL. 
Compared to AD, HTL could produce slightly less N nationally, but that production would be 
concentrated in same regions as AD. On the other hand, phosphorus recovery is much more efficient 
through HTL, which can recover 60-90% of total phosphorus contained in wastewater influent. 
Anaerobic digestion, meanwhile, only recovers less than 50% of the influent phosphorus. An additional 
consideration for nutrient recovery is that nutrient products such as biosolids or fertilizers may need to 
be transported long distances to reach agricultural areas. Nonetheless, transportation GHG emissions 
from WWTP to field were found to be a minor contributor to the overall life-cycle GHG emissions of the 
energy products.  

Water reuse data was most scarce of the three categories. Isolated novel reuse projects have been 
identified through literature review, but only six southwestern states had detailed water reuse data. Of 
those six, only Florida and California had thorough volumetric data. While current reuse practices could 
not be comprehensively assessed due to these gaps, future reuse potential was examined. Irrigation was 
chosen as a focus because it is the most common water reuse globally by volume. Proximity to cities and 
agricultural land would be a determining factor in choosing whether non-potable treatment for reuse 
makes economic and environmental sense for each WWTP, as long-distance water pumping fossil 
energy use and GHG emissions were high. By examining irrigation demands and water stress, it was 
found that WWTPs located in the high water stress area in Arizona and near the Ogallala aquifer in 
Nebraska are small and technology suitable for small scale water recovery would be needed to help 
relieve water stress in these areas. Additionally, water reuse could help many counties meet their 
municipal and agricultural irrigation needs. More than 50% of U.S. counties could meet 75% or more of 
their irrigation demands using reclaimed wastewater. These counties are concentrated east of the 
Mississippi, where demand is lower.  
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1. Introduction 

In the United States, approximately 32 billion gallons of wastewater pass through over 15,000 publicly 
owned wastewater treatment plants (WWTPs) every day, serving 90% of the country’s population (Kirk 
et al., 2013; Rauch-Williams et al., 2018). For decades, the singular mission of these WWTPs has been to 
collect wastewater, treat it to the required standards in an economical way, and discharge it (Kirk et al., 
2013). In recent years, plant operators are increasingly recognizing that wastewater contains valuable 
resources and that recovering those resources could provide revenue sources to offset treatment costs 
and could help address sustainability goals. These resources can be divided into three main categories: 
water, energy, and nutrients.  

First, treated water itself can be reused in non-potable and potable cases and can often replace the 
need for freshwater. Second, wastewater contains nitrogen and phosphorus which are concentrated in 
sludge during treatment. Sludge is one of the most abundant waste resources in the United States (DOE, 
2019b). Third, the chemical energy stored in organic compounds in sewage sludge could be recovered in 
the form of methane or liquid fuel or used to generate electricity. However, according to a 2018 survey, 
only 7% of water, 20% of nutrients, and 40% of biogas energy flowing through U.S. wastewater 
treatment plants are recovered (Rauch-Williams et al., 2018).  

Reclaimed water can be alternative water resources in water needed areas. Successful examples include 
the Upper Occoquan Service Authority (UOSA) discharge into Occoquan reservoir to meet the water 
supply needs of a large portion of Northern Virginia. Reclaimed water of the Orange County water 
district in California is returned to the aquifer. The city of Lubbock is also an example of reclaimed water 
use; it uses reclaimed water for cotton, grain sorghum, and wheat irrigation. These areas have been 
providing indirect potable reuse for over 30 years (EPA, 2012a).  

The main outputs of energy recovery from wastewater are methane-containing biogas produced during 
anaerobic digestion of biosolids. Biogas can be combusted onsite for heat and electricity generation 
(EPA, 2011) and cleaned and upgraded to natural gas and fuel for vehicle use (Osorio and Torres, 2009).  

Resource recovery technologies from wastewater have been developed and designed to meet safety 
and regulations of discharge. Nitrogen and phosphorus are biologically and chemically converted and 
removed from the water. Biosolids as fertilizer are wildly used in the U.S. (NBP, 2007). Recent 
developments include struvite recovery from solids treatment processes (OSTARA, 2021; Sena et al., 
2021) and the recovery of nutrients from source-separated urine (Larsen et al., 2009).    

Additionally, past efforts to establish the quantity of energy, water, and nutrients recovered from 
WWTPs have been few and limited. For example, a survey was conducted in 2018 by the Water 
Environment Federation (WEF) that attempted to quantify resource recovery operations. The 109 plants 
responding accounted for approximately 22% of total national wastewater flow (Rauch-Williams et al., 
2018). This study has been helpful in understanding resource recovery, but it is far from comprehensive. 
Additionally, much of the information about beneficial reuse of biosolids is dated. For example, a 2007 
survey conducted by the North East Biosolids Residuals Association (NEBRA) remains one of the most 
thorough pictures of biosolids reuse, but many changes have occurred in the wastewater treatment 
industry since the time the survey was conducted. This report incorporates a number of key publications 
and resources published since then, including: 
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 Seiple 2017: spatial distribution of WW sludge production in the US 
 Seiple 2020: HTL: converts biomass into a biocrude intermediate that can be upgraded to a 

variety of liquid fuels, Comparison to wider adoption of AD 
 WRF biogas database 
 DOE CHP database 
 Water reuse: CA 2015 survey, Florida yearly reuse report, 6 western states by site location not 

volume 
 National USEPA CWNS WWTP nutrient load data 1989 to 2012: TN load (kg), TP load (kg)  
 Incineration: NEBRA 2020 
 New NEBRA report: NEBRA is currently in the process of updating their nationwide 2007 report 

with data from 2018 in their National Biosolids Data Project. As of May 2021, data collection was 
still ongoing, and eight states had a 0% response rate from their WWTPs. A peer reviewed 
publication is expected in fall 2021 
 

The goal of this study is to assess the potential for recovery and reuse of water and products from 
municipal wastewater treatment facilities across the United States and to examine how this potential 
varies by region. This was achieved through three main stages: generating a comprehensive WWTP 
dataset, characterizing resource recovery technology pathways, and examining the regional markets for 
reclaimed resources and products.  
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2. Review of Resource Recovery Technologies 

2.1 Energy recovery  

Wastewater solids contain chemical energy stored in the organic compounds which are concentrated in 
sewage sludge. In primary and secondary wastewater treatment, water is separated from solids that are 
combined to form raw sludge. Once raw sludge is separated and pre-processed, energy can be 
recovered. Five potential technology pathways to recover chemical energy from sludge are outlined in 
Figure 1: anaerobic digestion (AD), combustion or incineration of biosolids, hydrothermal liquefaction 
(HTL), pyrolysis, and gasification. These pathways also can produce value added products including 
pipeline quality methane, heat and electricity, biocrude or other liquid fuels, and chemicals. Each 
pathway will be described in more detail in the sections below.  

 

Figure 1 Technology pathways to recover energy from wastewater sludge 

Currently, wastewater treatment plants comprise 0.8% of U.S. electricity demand (30.2 billion kWh, or 
103.0 trillion Btu) (Pabi et al., 2013). However, approximately 160 trillion Btu in chemical energy alone 
flow through WWTPs every year (Seiple et al., 2020). Despite this, energy recovery projects at WWTPs 
are limited. According to a 2018 survey by the Water Environment Federation, approximately 60% of 
biogas energy flowing through WWTPs is not recovered (Rauch-Williams et al., 2018). Biogas is only one 
of many forms that energy recovery could take in a WWTP. Other thermal conversion techniques can 
recover energy without the production of a biogas intermediate. Still, thermal conversion techniques 
are either not common (incineration) or still in the development phase (pyrolysis, gasification, and HTL).  

2.1.1 Anaerobic digestion (AD) 

Anaerobic digestion (AD) is a process through which bacteria break down organic matter like 
wastewater sludge in the absence of oxygen. In a reactor operating at either psychrophilic (ambient), 
mesophilic (30–38°C), or thermophilic (50–57°C) temperatures with a retention time of about 10-20 
days, raw sludge is metabolized to form treated digestate and biogas (Cao and Pawłowski, 2012). With 
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appropriate treatment, both the solid and liquid portions of digestate can be used in many beneficial 
applications, such as animal bedding, nutrient-rich fertilizer, a foundation material for bio-based 
products (e.g., bioplastic), organic-rich compost, and/or simply as a nutrient rich soil amendment. Raw 
sludge volume can be reduced by up to 50% reduction during AD, producing treated biosolids that have 
significantly fewer pathogens and odors than raw sludge (Cao and Pawłowski, 2012; McCarty et al., 
2011). 

AD produces biogas, which is composed of about 45-75% methane (CH4) plus 25-55% carbon dioxide 
(CO2), hydrogen sulfide (H2S), water vapor, and trace amounts of other gases (Nges and Liu, 2010; Zhao 
et al., 2010). Biogas can be used directly to provide heat, generate electricity, and power cooling 
systems, or it can be purified by removing the undesirable constituents (CO2, water, H2S, etc.) to 
generate renewable natural gas (RNG). The carbon dioxide emissions from biogas and its combustion 
are generally considered to be carbon neutral as they are associated with organic matter composed of 
carbon originally taken up from the atmosphere during plant growth. From another perspective, 
emissions from AD biogas can be considered to offset the emissions which would have occurred had the 
sludge been managed by other means. Today, 32% of sludge is landfilled, which results in a share of 
methane emissions associated with anaerobic decomposition in the landfill (NEBRA, 2007). Meanwhile, 
methane is a more powerful greenhouse gas than carbon dioxide, with a global warming potential 30 
times that of carbon dioxide when considered over a 100-year time period. Combusting biogas as fuel 
releases primarily carbon dioxide rather than methane, which represents a reduction in greenhouse gas 
emissions compared with conventional management. RNG can be sold and injected into the natural gas 
distribution system. In California and some other states, RNG from wastewater sludge is eligible for 
credits under GHG Reduction Programs including the Renewable Fuel Standard and California’s Low 
Carbon Fuel Standard. It could also be processed further to generate alternative energy products or 
other advanced biochemical and bioproducts (DOE, 2017).  

AD has a demonstrated ability to notably contribute to greenhouse gas (GHG) emissions. In a series of 
airborne spectrometer measurements taken from 2016 to 2018, NASA demonstrated that wastewater 
treatment plants in California account for 1.9% of the state’s total methane point emissions (Duren et 
al., 2019). Most methane emissions from WWTPs come from the venting of anaerobic digesters and 
from leakage of methane during processing. 

In wastewater treatment, AD is a relatively popular technique; according to the WEF’s biogas database, 
948 WWTPs currently use AD as part of their treatment process (WEF, 2015). Still, this accounts for only 
42% of WWTPs with an influent of greater than 5 mgd. AD’s popularity is largely due to its sludge-
handling benefits. By breaking down large organic compounds, microbes in anaerobic digesters 
substantially reduce the volume of sludge to be disposed of by WWTPs. WWTPs with AD also generates 
methane which when captured can be used for energy recovery.  

Multiple organic materials can be combined in one anaerobic digester, a practice called co-digestion. Co-
digested materials include manure, food waste, energy crops, crop residues, and fats, oils, and greases 
(FOG) from restaurant grease traps, and many other sources. Co-digestion can increase biogas 
production from low-yielding or difficult-to-digest organic waste (Elalami et al., 2019).  

2.1.2 Electricity generation and combined heat and power (CHP) 
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One method of beneficially using the biogas produced in AD is through electricity generation or 
combined heat and power generation (CHP), which makes use of heat in addition to generating 
electricity. Electricity generation provides WWTPs with electricity independent from grid prices, ensures 
a stable source of electricity, and generally offers reduced greenhouse gas emissions compared with grid 
electricity. From 2010 to 2017, 126 new CHP systems were installed at WWTPs in the United States. 
Western states make up 41% of the additional capacity added during these years. California alone added 
25 new CHP units. Two-thirds of the new additions used reciprocating engines, which continues to be 
the most common prime mover (DOE, 2019a).  

However, the DOE’s CHP database estimates that only 186 WWTPs in the U.S. currently use biogas-
fueled CHP, or a little over 1% (DOE). The slowness of WWTPs to adopt this mature and well-developed 
technology has received considerable attention in the literature (DOE, 2019a; Murray et al., 2014; Wiser 
et al., 2010). Through this research, several major factors that influence CHP implementation have been 
identified. First, a plant must use AD during its treatment process. Secondly, the digesters must produce 
enough biogas to power the prime mover without the need to purchase additional fuel. It is estimated 
that plants consistently receiving at least 2 mgd influent on average can produce enough biogas to meet 
this requirement (DOE, 2019a). Additionally, biogas must be treated to remove pollutants that can 
negatively impact CHP equipment. The two main concerns are hydrogen sulfide, which can corrode 
metal in the prime mover, and siloxanes, which can cause white deposits on the equipment that are 
difficult to remove (DOE, 2019a). Finally, a plant is more likely to see the economic benefits of CHP if it is 
in a region where the retail cost of electricity is high, such as the northeastern U.S (EIA, 2020). The cost 
to generate electricity from CHP ranges from 1.1-8.3 cents/kWh, which is often cheaper than retail price 
(EPA, 2011). For example, in 2018, the average U.S. price of electricity was 10.5 cents/kWh (EIA, 2020) 

A general rule of thumb is that for every 1 mgd of influent wastewater at a plant, a CHP system can 
produce 26 kW of electricity capacity and 2.4 MMBtu per day of thermal energy potential (EPA, 2011). 
However, this varies depending on the type of prime mover used in the CHP unit. Selection of a prime 
mover is primarily dependent on the amount of biogas it will process, which is in turn dependent on the 
size of the WWTP. However, by far the most common type of prime mover is reciprocating engines. 
Reciprocating engines are adaptable to WWTPs of various sizes and have high electrical efficiencies. 162 
of the 235 (68.9%) WWTPs in the DOE’s database of facilities with CHP use reciprocating engines (DOE).  

The use of turbines is typically only possible at large WWTPs with an average influent greater than 100 
mgd. For example, the 168 mgd East Bay Municipal Utilities District in California uses a 4.6 MW 
combustion turbine to run a CHP system. The plant has achieved energy self-sufficiency using this 
system and now produces all of the energy needed to run the wastewater treatment process on-site (Gu 
et al., 2017). To increase biogas production, East Bay accepts food scraps as well as fats, oils and greases 
(FOG) from surrounding businesses, which it adds to its anaerobic digesters. Co-digestion has been 
found to increase biogas production rates and also allows the district to charge tipping fees for 
accepting the other waste forms (Elalami et al., 2019). Due to this increased revenue and biogas yield, 
co-digestion is being considered by many WWTPs looking to improve their operations.  

Another CHP prime mover are fuel cells, including phosphoric acid, molten carbonate, solid oxide, and 
proton exchange membrane cells. However, these technologies are relatively new and have high up 
front capital costs. These range from 2,200 to 4,800 USD/kW more in equipment costs than a 
comparible reciprocating engine system (Wiser et al., 2010). Therefore, they are typicaly only installed 
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when funded by grants or when the WWTP is located in a region with abnormally strict emissions 
regulations. As of 2019, there are only 12 fuel cell CHP units at WWTPs in the U.S. (DOE). An example of 
the later is Point Loma WWTP in San Diego, California.  

2.1.3 Hydrothermal Liquefaction (HTL) 

Hydrothermal liquefaction is the thermochemical conversion of wet biomass such as sewage sludge in a 
hot, pressurized water environment to break down the solid biopolymer structures to predominantly 
liquid components. HTL is a conceptually simple, scalable, and robust continuous process that can 
accept a diverse range of wet waste feedstocks including wastewater sludge (Seiple et al., 2020). 
Compared to AD, loading rates of feedstocks in HTL are 100 times faster (Mulchandani and Westerhoff, 
2016). Additionally, HTL results in high carbon yields, and biocrude yields of 45% are predicted 
(Snowden-Swan et al., 2016). Nevertheless, HTL is still in the research and development stage.  

HTL requires hydrogen and electricity inputs along with sewage sludge, and produces renewable 
hydrocarbon fuels, light gases, and fuel oil, as well as residues ash and char. The HTL biocrude is a 
gravity-separable intermediate with low oxygen content (5-15%) and can be upgraded in a single stage 
hydrotreater. The resulting hydrocarbon fuels include gasoline-, jet-, and diesel-range fuels that can 
displace their petroleum-derived counterparts. A portion of the light gases generated during the process 
can be combusted in CHP units to support the heat and electricity demands of the process. Any extra 
light gas would be a co-product. The solid residues of the process consist of ash and char. Ash and char 
can be disposed of in landfills, where they could sequester part of the carbon they contain (Lee et al., 
2016).  

2.1.4 Incineration  

Incineration is not traditionally an energy conversion technology and for years it has been used only as a 
sludge-handling technique. Incineration can reduce the volume of sludge that facilities have to dispose 
by 90 wt% (Oladejo et al., 2019). This is especially beneficial to WWTPs located in urban areas, which 
typically have limited land nearby for biosolids disposal through land application or landfilling (Milbrandt 
et al., 2018; Skaggs et al., 2018). Highly urban populations and limited land availability have made 
incineration popular in New England. As of January 2020, NEBRA identified 11 WWTPs with incinerators 
in the region (NEBRA, 2020). Several other long-running incinerators in New England shut down since 
the EPA enacted stricter air emissions requirements for sewage sludge incinerators in 2011. This 
situation in New England reflects a trend in the greater U.S. As of 2007, there were 234 sewage sludge 
incinerators in the U.S., but as of 2020, there were only 200-210 (NEBRA, 2020). Most of these 
incinerators do not recover energy from the process. However, with minor modifications, hot 
combustion gases can be used to power a CHP unit to extract energy from the incineration process 
(OWEA, 2015).  

One of the main limitations on incinerator technologies are emission regulations. The Obama 
Administration’s EPA amended and strengthened the restrictions on sewage sludge incinerators under 
the Clean Air Act in 2011. Ash formed during the combustion process contains 79-98% of the heavy 
metals in sludge and must be carefully handled (Werther and Ogada, 1999). Common methods for 
removing metals from incineration air emissions include electrostatic precipitators and scrubbing. 
Controlling mercury emissions is particularly challenging as it has a low boiling point and therefore 98% 
of mercury remains in the flue gas after combustion. It must be removed through special mercury 
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scrubbers and/or absorbance onto activated charcoal or zeolites (Werther and Ogada, 1999). Finally, 
dioxins and furans that were destroyed in the high temperatures of combustion can reform later in flue 
gases. All of these emission control technologies create high costs for WWTPs, which has been cited as a 
major factor in the decreasing number of sludge incinerators in operation since the introduction of the 
2011 regulations (NEBRA, 2020). 

Still, plants with sludge incinerators remain. Southerly WWTP in Columbus, Ohio is the largest WWTP in 
Ohio and processes an average of 126 mgd of wastewater. It is a rare example of an incinerator unit that 
also generates energy. Its Renewable Energy Facility went online in 2015 and includes three fluidized 
bed incinerators which replaced four aging multiple hearth incinerators. The plant incinerates 
approximately 42,000 dry tons of biosolids per year. The incinerators are fueled by natural gas, but 
exhaust gases produce useful energy for the facility through a CHP system with a turbine generator that 
produces 2-3.5 MW of electricity. Also included in the renovations were efforts to improve the plant’s 
emissions, including a new mercury scrubber (OWEA, 2015).   

2.1.5 Pyrolysis  

Pyrolysis, in contrast to AD and incineration, is not a well-established technology within the industry. It 
has been the subject of decades of bench-top and pilot scale tests but at the time of this report, has yet 
to be deployed at active WWTPs in the U.S. Pyrolysis occurs in an inert, oxygen-free environment at 
temperatures of 350-600°C, where organic compounds in sewage sludge are broken down to form three 
main products: bio-oil, biochar, and non-condensable gases (Cao and Pawłowski, 2012; Oladejo et al., 
2019). In most studies, maximizing bio-oil production is the main objective. To accomplish this, fast 
pyrolysis is used (Cao and Pawłowski, 2012; Fonts et al., 2012). Bio-oil can then be upgraded to 
hydrocarbon fuels via hydroprocessing. The solid product, biochar, can be either burned to supply 
energy for the fast pyrolysis biorefinery or used as a soil amendment. Its high adsorption ability could 
also be utilized in a variety of catalysts (Fonts et al., 2012). The non-condensable gases are usually 
combusted to provide heat for the pyrolysis process itself or to generate electricity.  

For four months in 2004, pyrolysis was tested at the Subiaco WWTP in Perth, Australia. It was the first 
commercial scale pilot test of pyrolysis technology at a WWTP and ran using the ENERSLUDGE© process 
(Bridle and Skrypski-Mantele, 2004). The plant processed 16-20 dry tons of sludge per day, which was 
dried and formed into pellets with a 95% solids content. Over the four-month period, the average yield 
of liquid product was 29%, with a 30 MJ/kg heating value achieved. The facility was able to export 7.7 GJ 
of energy per dry ton of sludge and produced all thermal energy required to dry the sludge from hot 
exhaust gases. Overall, the plant performed as expected, and emission regulations were able to be 
cheaply met using a simple Venturi scrubber. However, the plant staff were inexperienced with the 
technology and many challenges were related to the novelty of the process. While not insurmountable, 
potential issues to operate facilities would need to be addressed if pyrolysis is ever to become a well-
established energy conversion technology.  

2.1.6 Gasification  

Like pyrolysis, gasification breaks down organic matter without combustion. Unlike pyrolysis, it occurs in 
a partially oxidized environment with 20-40% of the total oxygen that would be required for combustion 
(Fonts et al., 2012). Gasification has two main products: syngas and biochar. Syngas is composed of CO2, 
CO, H2, H2S, and H2O. It can be used for a variety of purposes including heating, electricity generation, 
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fuel synthesis, hydrogen production, or in the chemical industry and has a heating value ranging from 7-
14 MJ/kg (https://sierraenergy.com/syngas/). The variation in heating value depends strongly on the 
type of reactor and gasification medium used. Hydrogen, a component of syngas, is often the desired 
product of gasification. If raw sludge is used, the yield of hydrogen ranges from 1-3.5 mol H2/kg dry 
sludge. If digested sludge is used, the hydrogen yield tends to be higher—around 3.9 mol H2/kg sludge 
(He et al., 2014). Meanwhile, the biochar produced is used as either as a fuel for combustion or a soil 
amendment (Manara and Zabaniotou, 2012; Oladejo et al., 2019). 

While gasification is a newer technology, the first full-scale gasification process in the U.S. began 
operations in 2016. It is in Lebanon, Tennessee at a 10 mgd WWTP, where reactant biosolids are mixed 
with shredded tires and woodchips. The main driving force behind the project was the city’s rapidly 
vanishing landfill space. By thermally converting their biosolids to useful energy and saleable biochar, 
the WWTP no longer requires use of the landfill. Additionally, hot product gases produce an average of 
300 kW of electricity through a turbine system, generating one third of the WWTP’s electrical needs 
(Rulseh, 2018).   

 

2.2 Nutrient recovery  

Wastewater contains a variety of nutrients and trace nutrients, but the most concentrated elements are 
nitrogen and phosphorus. It is estimated that approximately 81% of nitrogen and 79% of phosphorus in 
wastewater is not currently recovered for beneficial reuse (Rauch-Williams et al., 2018). Meanwhile, 
agriculture uses large amounts of nitrogen and phosphorus in the form of fertilizer produced at 
significant cost. In 2020, 6.5% of U.S. natural gas consumption was used to fix nitrogen through the 
Haber-Bosch process (EIA, 2021b; McCarty et al., 2011). A significant amount of energy could be saved if 
nitrogen recovered from wastewater were used as fertilizer, reducing the need for energy-intensive 
manufacturing of commercial fertilizers. On the other hand, phosphorus is a non-renewable resource. Its 
deposits are scattered in the earth’s crust and must be extracted from minerals. A four-fold increase in 
phosphorus use as fertilizer since the start of the Green Revolution has led to concerns over future 
phosphorus shortages (Childers et al., 2011). Recovering nitrogen and phosphorus from wastewater 
would close a loop for these nutrients, avoid energy intensive and impactful fertilizer production, and 
improve the sustainability of agriculture.  

The most common technique for recovering nitrogen and phosphorus from wastewater is through the 
use of sludge biosolids. Because they contain high amounts of nitrogen and phosphorus, as well as 
potassium and other micronutrients like boron, zinc, and copper, biosolids are often spread over land as 
a soil amendment. They can also be reprocessed to produce fertilizer (Lu et al., 2012). In their 2019 
Biosolids Annual Report (https://www.epa.gov/biosolids/basic-information-about-biosolids), the EPA 
estimated about 4.75 million dry metric tons (dmt) of biosolids were generated in the U.S. in 2019; 
about 765 thousand dmt biosolids were incinerated; about 1 million dmt were landfilled; about 498 
thousand dmt biosolids were disposed of via other management practices (ex. Deep well injection and 
storage); about 2.4 million dmt of biosolids were applied to land and about 1.4 million dmt were applied 
to agricultural lands.  

However, despite biosolids’ positive potential as nutrient sources, they also have the potential to 
negatively affect the land on which they are applied. Biosolids may contain heavy metals, pathogens, 
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and various types of emerging contaminants (EPA, 2018a; Lu et al., 2012), many of which are not 
regulated. In 2018, the EPA published a critical report identifying 352 pollutants in biosolids that are not 
currently regulated due to a lack of data (EPA, 2018a). Per- and Polyfluoroalkyl Substances (PFAS), a 
group of manufactured chemicals that have been widely used for decades, cause concern for human 
health because they break down very slowly and can build up in people, animals, and the environment 
over time (EPA, 2022a). PFAS can be present throughout a wastewater treatment process and in 
biosolids. Therefore, when used as fertilizers, biosolids can affect ground and surface water and animals 
that graze on the land. Due to increasing concern of PFAS in biosolids, several states have recently 
banned land application of biosolids (Quinn, 2022).Biosolids are regulated by the EPA through the 40 
CFR part 503, which gives basic management and disposal requirements. Individual states can elect to 
be delegated to administer the rule. This removes layers of federal and state reporting and can simplify 
the regulation process. The eight states currently delegated include Arizona, Michigan, Ohio, Oklahoma, 
South Dakota, Texas, Utah, and Wisconsin (NEBRA, 2007).    

2.2.1 Soil amendments: fertilizer 

Instead of directly applying biosolids as soil amendments, nutrients can also be recovered by 
reprocessing sludge as fertilizer. Removing and recovering nutrients from the wastewater stream 
benefits farmers who use the fertilizer, while promoting water quality downstream by preventing 
nutrient overloads and eutrophication issues. Approximately 85% of all nutrient products used in the US 
are related to agriculture. According to optimistic projections, the wastewater treatment industry can 
potentially meet these demands. Many large WWTPs are already recovering nutrients to use as 
fertilizer, such as Stickney and Jones Island, as detailed below.  

The Metropolitan Water Reclamation District (MWRD) of Greater Chicago’s Stickney Water Reclamation 
Plant in Cicero, IL is the largest WWTP in the U.S. by flow rate and serves 2.4 million people in the 
Chicago areas and the surrounding suburbs. 350 dry tons of solids containing valuable nutrients are 
removed from wastewater every day. The MWRD recently opened the world’s largest nutrient recovery 
facility, which has the capacity to create 10,000 tons of high value fertilizer annually. The MWRD 
adopted Ostara’s proprietary Pearl and WASSTRIP® technologies which recover phosphorus and 
nitrogen as part of its nutrient management to create Crystal Green fertilizer (Sena et al., 2021). It cost 
effectively solves operational challenges, efficiently recovers renewable phosphorus for a fully managed, 
guaranteed revenue stream, and conserves and protects natural resources.   

Another example, Jones Island Water Reclamation Facility in Milwaukee, Wisconsin produces and sells 
fertilizer under the brand Milorganite (Milorganite, 2020). Jones Island is located on the shores of Lake 
Michigan and the Metropolitan Milwaukee Sewerage District’s focus on nutrient recovery in direct 
response to this location. For years, the Great Lakes have experienced algal blooms and ecosystem 
problems caused by invasive species and aggravated by changing nutrient cycles due to nutrient 
releases. Phosphorus is the main factor in excess algae growth, although nitrogen also can encourage 
algal blooms (Hinderer et al., 2011).  

Many different branded fertilizing products are all or partially composed of dried and treated sewage 
sludge. This sludge can be pelletized and sold alone or mixed in with other types of fertilizer. 37 
different branded products containing sludge were identified by SludgeNews.org in 2021 and are listed 
in Table 1.  
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Table 1 Fertilizer products containing biosolids across the U.S. 

Product name Production company and/or sales location 
All-Gro Synagro 
Granulite Synagro 
EarthMate Philadelphia, PA 
Nutri-Green Virginia Beach, VA 
MetroGro Madison, WI 
ORGRO Veolia Water North America, Baltimore, MD 
Bay State Fertilizer Boston, MA 
GroCo Seattle, WA 
SilviGrow Seattle, WA 
Oceangro New Jersey 
TAGRO Tacoma, WA 
SoundGro Pierce County, WA 
Milorganite Milwaukee, WI 
WeCare Compost New York 
CompostT Pennsylvania 
Garden City Compost Missoula, MT 
EKO Compost Maui, HI 
Dillo Dirt Austin, TX 
Glacier Gold Olney, MT 
EarthBlends Synagro, New York City, NY 
Agresoil Massachusetts 
Earthlife Casella Organics, New England 
TOPGRO Los Angeles, CA 
N-Viro Soil N-Viro International Corporation 
N-Viro BioBlend N-Viro International Corporation 
Landscapers’ Advantage Camden, NJ 
Hou-Actinite Houston, TX 
ComPro Washington, D.C. 
Mine Mix Philadelphia, PA 
Kellogg Nitrohumus, Gromulch, Amend and 
Topper 

Kellogg Garden Products, Los Angeles, CA 
 

Growers’ Blend Earthwise Organics (a Synagro subsidiary) 
Unity Fertilizer Unity Envirotech LLC, Florida 
Miracle-Gro Organic Choice Garden Soil Miracle-Gro 
PocoNite Sumter, SC 

 

 2.2.2 Struvite recovery  

Struvite crystals, or magnesium ammonium phosphate (NH4MgPO4·6H2O), can precipitate out of 
wastewater when dissolved concentrations of ammonium, magnesium, and phosphate exceed 
supersaturation levels. Whether or not precipitatation occurs is determined by pH and temperature, as 
well as flow regime (Sharp et al., 2013; WEF, 2019). Uncontrolled struvite precipiation is a challenge for 
WWTPs, as struvite crytals frequently scale key process equipment including anaerobic digestors, 
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pumps, piping, centrifuges, and tanks, accruing high maintanance costs and operation delays. To 
counteract the effects of unintential scaling, various techniques have been adapted including dosing 
with ferric salt, introducing in situ scaling coupons, and controlled struvite precipitation (Sharp et al., 
2013). The controlled precipitation of struvite not only helps removes unwanted struvite precipitation, 
thus lessening challenging maintenance problems, but also produces a valuable alternative fertilizer 
production.  

Struvite precipiation has a variety of potential benefits. By removing phosphorus (P) and nitrogen (N), 
eutrophication potential of effluent water decreases and increasingly strict effluent limits can be met 
(OSTARA, 2021; Rufí-Salís et al., 2020). It helps close the phosphorus cycle and facilitates a circular 
economy (Amann et al., 2018; Seymour, 2009). Additionally, a literature review conducted of existing 
LCAs of the Ostara Pearl process showed that despite the risk that implementing the Pearl process 
would replace the environmental degradation caused by phosphorus mining with higher energy use at 
WWTPs, inducing struvite precipiation often results in more positive environmental outcomes overall 
(Amann et al., 2018; Lam et al., 2020; Sena et al., 2021; Theregowda et al., 2019).  

Various commercial processes have been developed for struvite removal, including Multiform Harvest 
struvite technology, NuReSys, Phospaq, and Crystalactor®. An LCA case study of the 42 mgd  WWTP in 
Madison, WI was used to assess the environmental tradeoffs of struvite recovery in wastewater 
treatment. As of 2013, Nine Springs WWTP uses a struvite recovery system from Ostara Nutrient 
Recovery Technologies INC called the Pearl® struvite recovery process as part of its solids handling 
protocol. Struvite fertilizer harvested using the Ostara process is sold under the name Crystal Green® 
and is assumed to have a composition of P (28%), TN (5%), and Mg (10%) (Sena et al., 2021). A report on 
the environmental impacts of this technology at Nine Springs WWTP, Sena et al., 2021, was used in this 
study to quantify struvite removal. As in Sena et al., 2021, it was assumed that 70% of total P in the 
biosolids and 50% of the N as NH3-N are bioavailable (Lundin et al., 2000). By comparing the total 
amount of biosolids produced before and after the Ostara process was implemented, the total amount 
of P and N available were calculated. The same procedure was used to find the amount of offset 
fertilizer (triple superphosphate and urea ammonium nitrate) the struvite recovery process could 
replace. In the GHG assessment of the process’s lifecycle, this resulted in negative emission credits for 
avoiding the use of commercial fertilizer.  

 

2.3 Water recovery  

Traditionally, wastewater treatment operates as an open loop process. Wastewater is sent to a 
treatment plant, treated, and released into water bodies. This works fine, as most WWTPs can remove 
BOD5, TSS, and many pathogens from water. However, there is an increasing concern about wastewater 
discharge causing a disruption to the natural environment due to a quality difference between natural 
water sources and treated effluent. Many of these concerns are about contaminants of emerging 
concern. Contaminants of emerging concern is a broad label that includes hundreds of compounds that 
are often only present in ng/L concentrations, such as personal care products, pharmaceuticals, and 
fertilizers. EPA recently announced proposed decision to regulate perfluorooctanesulfonic acid (PFOS) 
and perfluorooctanoic acid (PFOA) in drinking water (EPA, 2020). EPA has established health advisory 
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levels at 70 parts per trillion for PFOA and PFOS in drinking water (EPA, 2022b) while many states have 
set stricter limits for PFAS Substances (Kindschuh et al., 2022).  

Meanwhile, freshwater resources are becoming increasingly scarce. Throughout the United States and 
particularly in the southwest, surface and ground water resources are beginning to dry up, leading to 
freshwater shortages. This has in turn led to an increased interest in potable and non-potable 
wastewater reuse and closed loop water use pathways. An additional benefit of closed loop cycles is not 
disrupting the existing natural systems. However, the same contaminants of emerging concern 
previously released into the environment would be contained and possibly concentrated in closed 
cycles. They would require additional treatment to remove and monitoring.  

In a variety of applications, recycled wastewater can replace the use of valuable fresh water. These 
reuse pathways include industrial reuse for cooling water, habitat restoration, aquifer recharge, 
irrigation, hydroelectric power generation, on-site reuse, indirect potable reuse (IPR), and direct potable 
reuse (DPR). Of these, irrigation is the most common and relatively simple as it does not require 
advanced treatment technologies for potable water (Global Water, 2009). Potable reuse requires 
additional treatment unit operations and therefore, extra energy inputs. As of 2017, only 14 states have 
policies to address potable reuse (EPA, 2017a). Despite a recent increase in reclaimed water awareness, 
current estimates of water reuse in the U.S. range from only 7-8% of total wastewater plant discharge 
(Rauch-Williams et al., 2018). Most of this reuse comes from large WWTPs. Compared to 30% reuse in 
Singapore and 70% in Israel, this leaves much room for improvement (Kirk et al., 2013). In this report, 
the terms reclaimed water and recycled water are used interchangeably. Both terms have been legally 
defined by states to denote treated wastewater that is beneficially reused.  

As shown in Figure 2, irrigation accounts for the majority of water reuse globally (Global Water, 2009). 
Of the two main types of irrigation (agricultural and landscape), agricultural irrigation is more popular. 
Combined, irrigation accounts for 52% of total water reuse. The second most common type of water 
reuse is industrial reuse, which includes use of recycled water in cooling towers and boilers, among 
others. This accounts for 19% of total water reuse. Other water reuse types include non-portable urban 
uses (8.3%), environmental enhancements (8%), and recreational use (6.4%). Indirect portable reuse and 
ground water recharge are 2.3% and 2.1% of total water reuse, respectively.   

 

 

Figure 2 Global water reuse market shares by application after advanced treatment  
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2.3.1 Industrial reuse  

Power plants require coolant to condense used steam back to water to complete the steam generation 
cycle. This cycle consumes massive quantities of cooling water; in the U.S., approximately 50% of total 
water withdrawals are for power production (IEA, 2016). A majority of that 50% is used for cooling 
water. There are two main types of cooling systems in power plants. First is once-through cooling. This is 
the most inefficient method because the cooling fluid is only used once before it is discharged to the 
environment. Alternatively, closed-cycle cooling cycles water through the system multiple times, which 
requires a lower total volume. In some cases, closed-cycle cooling can use two orders of magnitude less 
water than a similar once-through system (Veil, 2007). Because undesired particles concentrate in the 
coolant over time due to evaporation and planned discharges of water, new “makeup” water must be 
supplied periodically to closed-cycle cooling. When water is evaporated off, the chemicals in reclaimed 
water become more concentrated, which can cause problems for the equipment. Mineral scaling from 
calcium phosphate, as well as corrosion and stress cracking can damage the cooling system. Eventually, 
the water will reach its maximum allowable concentration after so many cycles. The maximum number 
of cycles that cooling water can be used for are called its cycles of concentration (Veil, 2007).  

91st Avenue WWTP in Phoenix, Arizona is an example of a WWTP that supplies cooling water to a power 
plant. In this case, an average 58 mgd of reclaimed water are sent to Palo Verde Generating Station. Palo 
Verde is the largest nuclear power plant in the country, which makes its desert location odd. Like other 
types of power plants, nuclear power is highly dependent on water for its cooling cycle. Despite the lack 
of ample surface water in the surrounding area, Palo Verde can operate because it relies on 100% 
recycled water to meet its cooling needs. To prevent scaling issues, water softening is provided as a 
treatment step. The Palo Verde plant uses a closed cycle system with 23.3 cycles of concentration (Lotts, 
2012).   

Ethanol plants also use large volumes of water to maintain their operations. While total water use in 
ethanol plants has decreased from 5.8 gallons of water per gallon of ethanol produced in 1998 to 2.65 
gallons of water per gallon of ethanol in 2017, plants are still large water consumers (Wu, 2019). 
Processes including grinding, liquefaction, fermentation, separation, and drying all require water. In 
Fargo, North Dakota, a large corn ethanol plant’s location was chosen based on train and truck access 
and corn availability rather than water supply. Fargo is in a drought-prone area and instead of dedicating 
valuable potable water to the plant, the community decided to use reclaimed wastewater. Since 2006, 
Tharaldson Ethanol Plant has been supplied with 0.79-1.4 mgd reclaimed wastewater by the City of 
Fargo WWTP (The City of Fargo). 

2.3.2. Habitat restoration  

Treated wastewater can be used to either augment existing water bodies or create new ones. In several 
cases, wastewater is used to maintain wildlife sanctuaries or local parks. For example, the Flamingo 
Resource Center near Las Vegas supplies tertiary treated water to Clark County Wetlands Park, the 
largest park in the county. Flamingo Resource Center has an average flow of 90 mgd and supplies an 
average of 3 mgd to the wetlands (Las Vegas Valley Watershed Advisory Committee, 2014). The 
wetlands serve as an environmental buffer between the WWTP’s discharge and the Las Vegas Wash—an 
urban river that flows to Lake Mead. Expansion of the city of Las Vegas has been accompanied by 
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increased flow to the Wash, which historically was only an intermittent stream. The wetlands can 
remove pathogens and other chemical pollutants that may remain in wastewater discharge before they 
reach the Wash and subsequently, Lake Mead, which is a popular local destination for swimming and 
water sports. The Flamingo Resource Center also supplies reclaimed water to a steam power plant, a 
local park, and a golf course. In total, approximately 5 mgd of reclaimed water are produced by the plant 
(Las Vegas Valley Watershed Advisory Committee, 2014).  

2.3.3 Aquifer recharge 

Water in many aquifers is being withdrawn faster than it can be recharged, creating both a water supply 
and a public health crisis. Aquifer recharge offers a solution to this problem. Using recycled wastewater 
to recharge aquifers has become popular due to its low cost and constant supply. Aquifer recharge can 
maintain or even restore depleted groundwater levels, provide a barrier to seawater intrusion along 
coasts, and can even allow for water storage during wet times and later, reuse during dry times. Water 
injected to aquifers can eventually be withdrawn for indirect potable reuse or non-potable reuse. The 
future function of the injected water governs the level of treatment that water must receive. Inland 
aquifers may eventually be a source of potable water and therefore, the water recharged to the aquifer 
must be treated to potable standards (Aertgeerts and Angelakis, 2003). On the other hand, if the water 
is being used to prevent seawater intrusion, it may not need to be treated to as high of a standard. For 
example, in Orange County, CA, secondary treated wastewater from local WWTPs is used for this 
purpose (Liles et al., 2001). In both cases, the source water must be compatible with native 
groundwater.  

Orange County, California receives only 14 inches of annual rainfall (Liles et al., 2001). In addition to the 
dry climate, a rapidly growing population and agriculture-based economy have led to heavy 
groundwater pumping and aquifer depletion. The Talbert Gap area in particular, a 2.5-mile-wide valley 
on the coast, has been under threat of saltwater intrusion for decades. In 1956, seawater had moved 5 
miles inland within the Orange County Groundwater Basin (Liles et al., 2001). In the 1970s, the Orange 
County Sanitation Department responded by constructing a freshwater barrier that is still in operation 
today. The so-called “Groundwater Replenishment System” contains 23 injection wells are supplied with 
wastewater and local deep aquifer water. A model constructed using MODFLOW in 2003 indicated that 
an average annual injection of at least 30 mgd and over 40 mgd during dry summers would be required 
to protect the region’s groundwater supply for the coming decades (Liles et al., 2001). Currently, the 
sanitation department’s two WWTPs produce approximately 100 mgd of recycled water and devote 30 
mgd to the groundwater replenishment system (Orange County Sanitation District and Orange County 
Water District, 2020). The project is highly successful and has earned the district over 50 professional 
awards.  

2.3.4. Indirect potable reuse (IPR) 

Additionally, aquifer injection can be used as a method of indirect potable reuse (IPR). Unlike above-
ground water storage, this technique doesn’t require the use of valuable land. Additionally, aquifer 
water is typically more protected from pollutants than groundwater (Aertgeerts and Angelakis, 2003). 
Aquifer Storage and Recovery (ASR) is a type of IPR where reclaimed wastewater is stored in aquifers 
and then later recovered for potable use (Sheng, 2005). El Paso, Texas, where the average annual rainfall 
is only 8 inches, suffers from many of the same challenges facing Orange County, California, including 
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population growth, climate change, and drought. The Hueco Bolson aquifer underneath El Paso has 
been considerably overdrawn and as of 2003, water levels were down 60 meters (Sheng, 2005). An 
additional challenge facing El Paso is its diverse water reuse portfolio. El Paso has recycled water 
customers including golf courses and power plants in addition to the ASR project, and the fraction of 
recycled water that can be devoted to ASR is in constant flux. As of 2018, four recharge basins are used 
in addition to injection wells to transfer water to the aquifer (El Paso Water, 2018). Ultimately, water 
can be withdrawn from the aquifer two or more years later, treated, and distributed as drinking water.  

2.3.5 Direct potable reuse (DPR) 

El Paso is also in the process of further securing its water resources by establishing one of the first direct 
potable reuse (DPR) facilities in the county. The El Paso Advanced Water Purification Facility will directly 
convert 10 mgd of wastewater to drinking water (EPA, 2017a). The project is not expected to be 
completed until 2023. As with many wastewater treatment resource recovery projects, a major 
restriction on DPR projects is the “yuck” factor. However, de facto potable reuse is already common 
across the nation. In cities including Atlanta, Philadelphia, Houston, Nashville, Cincinnati, New Orleans, 
and Washington D.C., wastewater effluent is discharged into water bodies that are used as influent for 
drinking water plants (EPA, 2017a). For example, Fort Worth’s 166 mgd Village Creek Water Reclamation 
Facility discharges into Lake Livingston. The nearby water treatment plant then withdraws from the lake, 
with treated wastewater making up approximately 50% of its influent (EPA, 2017a). Because it is not 
legally recognized as potable reuse, de facto reuse is often subject to fewer, less stringent quality 
standards and procedures than DPR treatment plants.  

2.3.6 Wastewater treatment technologies for reuse 

The key object for reuse treatment is to achieve a quality of reclaimed water and to protect the public, 
human health, and the environment. Various technologies are available to achieve the required level of 
wastewater treatment prior to water reuse. These include source control, filtration, disinfection, 
advanced oxidation, and natural systems. First, source control occurs before water even enters a 
treatment plant. It entails preventing undesirable chemicals or concentrations of chemicals from 
entering the system in the first place. Once in a treatment plant, water can undergo filtration using 
depth, surface, membrane, or bio-filters, disinfection using chlorination, ultraviolet radiation (UV), 
ozone, pasteurization, or ferrate, and/or advanced oxidation using UV or hydrogen peroxide. These 
mechanical, chemical, and biological treatment methods can be used individually or in combination. 
Additionally, instead of using a traditional treatment plant, wastewater can be sent through natural 
treatment systems including treatment wetlands and soil aquifer systems that utilize natural processes 
to achieve desired effluent concentrations (EPA, 2012b).  

To treat wastewater to potable standards for indirect and direct reuse, additional treatment steps must 
be added to typical secondary treatment. These steps often involve membrane separations and occur in 
sequential unit operations. The most common treatment train is often called the “California Model” 
because the first use of a reverse osmosis (RO) membrane occurred in Orange County, California in 1977 
(Warsinger et al., 2018). Orange county also uses additional steps of UV radiation (UV), decarbonization, 
and stabilization. Membrane advancement has become a popular field in recent years, and several 
advancements in materials and packing of membranes have been developed to address several key 
challenges including fouling, high energy consumption and pre-treatment costs, and contaminant 
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permeation (Warsinger et al., 2018). Non-membrane processes can also be used to achieve potable 
quality water. These include adsorption using granular activated carbon (GAC), biologically active 
filtration (BAF), and advanced oxidation processes (AOP) to name a few.  

Despite the benefit of acquiring valuable potable water, water recycling often has additional energy and 
environmental costs compared to basic secondary treatment operations. Table 2 shows the increased 
energy and GHG costs accrued by adding additional treatment steps to produce potable and non-
potable water from a conventional activated sludge plant (DOE, 2012a; Schimmoller, 2014). 

 

Table 2 GHG emissions and energy consumption from adding various water reuse pathways compared to 
basic activated sludge (AS) treatment.  

Water reuse pathway GHG emissions 
(tons/yr CO2e) 

Energy 
consumption 

(kWh/MG) 
Conventional activated sludge 6969.4 1,114 
Non-potable 

GMF-Cl2 1,200 251.7 
MF-Cl2 1,900 307.7 

MF-RO-CL2 11,800 1860.1 
Potable 

Coag-Sed-O3-BAC-GAC-UV 2,900 602.7 
MF-RO-UVAOP with ocean 

concentrate disposal 13,400 2191.8 

MF-RO-UVAOP with 
mechanical evaporation 

concentrate disposal 
44,200 8958.9 

MF-RO-UVAOP with 
evaporation pond 

concentrate disposal 
17,200 3013.7 

Where BAC = Biological activated carbon filtration, Cl2 = Chlorine disinfection, GAC = Granular activated 
carbon, CMF = Granular media filtration, MF = Microfiltration, O3 = Ozone, RO = Reverse osmosis, UV = 
Ultraviolet, and UVAOP = UV Advanced oxidation process 

 

For the base AS case, the energy consumption estimate came from the DOE’s 2011 “Buildings Energy 
Data Book” and was 1,114 kWh/MG. GHG data was from Bailey et al. (2021), which suggests average 
emissions of 228.8 kg CO2e/1000m3 for an AS plant which, for a 20 mgd WWTP, is 6969.4 kg CO2e/year 
(Bailey et al., 2021). This is a conservative estimate as the report averaged emissions over a range of 
plant sizes. Economies of scale will benefit this medium sized plant. The hypothetical 20 mgd activated 
sludge plant was the basis to which additional treatment steps were added using data from the WRRF’s 
2014 report, Fit for Purpose Water: The Cost of Overtreating Reclaimed Water.  

All four types of reverse osmosis examined increased energy costs by over 100%, or double the energy 
needed to just perform secondary treatment. Exactly how much energy is highly dependent on the 
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concentrate disposal technique. The high energy cost of RO is reinforced by the EPA’s 2017 
Compendium on Potable Reuse, which states that RO feed pumps use roughly 50% of a plant’s energy 
consumption (EPA, 2017a). GHG emissions are also dependent on treatment train and follow a similar 
trend as energy costs; treatment that includes RO has substantially higher GHG emissions than other 
non-potable and potable reuse pathways.  

In this study, non-potable reuse through the microfiltration/chlorination treatment train was applied to 
all 15,008 WWTPs in this study. This scenario represents a level of treatment required to obtain water 
for irrigation purposes, which is the most common use of water globally (Global Water, 2009). For this 
case, it was assumed that all water is recovered at each facility. From Table 2, the energy consumption 
of this process is 307.7 kWh/MG wastewater. GREET® was used to find GHG emissions for regional 
electricity mix according to North American Electric Reliability Corporation (NERC) in gCO2e/kWh, which 
was used to with the energy consumption value to estimate the GHG emissions of upgrading to non-
potable water. The results were divided into large (≥ 5mgd) and small (< 5mgd) plants, as shown in 
Table 3.   

 

Table 3 Inputs and outputs of non-potable reuse treatment using microfiltration and chlorination for 
irrigation water reuse 

 < 5 mgd ≥ 5 mgd Total 
Irrigation reuse (mgd) 8,049 26,320 34,369 
Energy consumption (PJ) 3.25 10.64 13.90 
GHG emissions (thousand tonnes) 407.6 1,226.1 1,633.7 

 

Large WWTPs would require more than three times the energy input and would produce more than 
three times the GHG emissions of small WWTPs if upgraded to produce non-potable water through this 
treatment train. This is because large WWTPs could generate three times as much recycled water for 
irrigation per day as small plants. Large WWTPs are located close to high population areas, which can be 
used for municipal purposes. Proximity to cities and agricultural lands would be a determining factor in 
choosing whether non-potable treatment for reuse makes economic and environmental sense for each 
treatment plant. It should be noted that the energy saved by no longer needing to import water from 
other states or counties may offset costs of upgrading to potable water. This is particularly relevant in 
western, drought-affected states such as California and Arizona.  

2.4 Wastewater treatment facilities and their resources 

2.4.1 Wastewater treatment facilities in the U.S. 

The first objective of this report was the characterize wastewater treatment plants in the U.S. A total of 
15,008 exiting wastewater treatment plant’s locations and influent flow data were obtained from the 
EPA’s 2008 and 2012 Clean Watersheds Needs Survey (CWNS) database, the EPA’s Integrated 
Compliance Information System National Pollutant Discharge Elimination System (ICIS NPDES), and 
Seiple et al. (2020). Updated resource recovery information from individual municipalities was added 
where available. A WWTP dataset was assembled using this information incorporated with other source 
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IDs, including CWNS ID, NPDES ID, FRS ID, and county FIPs. The locations of these facilities are shown by 
average wastewater flow volume (mgd) in Figure 3 below.  

 

Figure 3 Wastewater treatment plants 

A total 15,008 WWTPS treated 34,369 million gallons per day (mgd), producing about 12.56 Tg per year 
of total sludge solids on a dry-weight basis (Seiple et al., 2017). The spatial distribution of wastewater 
flow and therefore total sludge production is highly correlated with population across the country. Large 
facilities are typically found near population centers such as Washington D.C., Detroit, and Chicago. 
These cities have the three largest treatment plants in the country: Blue Plains, Detroit, and Stickney, 
respectively.    

As shown in Table 4, large wastewater treatment facilities treat much of the total existing flow but are 
only a small fraction of the total number of facilities. Specifically, WWTPs with an average flow of 
greater than 1 mgd treat 93% of total existing flow, but account for only 25% of existing facilities. Of 
these larger facilities, the 8% of total WWTPs that treat more than 5 mgd account for 77% of the total 
existing flow volume. The typical WWTP in the U.S. serves a small population. Three-quarters of all 
treatment plants treat less than 1 mgd.  

Table 4 Wastewater treatment plants by current wastewater flow rate 

Wastewater 
flow rate (mgd) 

Percent of 
cumulative flow (%) 

Number of 
facilities 

Percent of total 
facilities (%) 

0-1 7% 11,268 75.1% 
1-5 17% 2,608 17.4% 

5-10 11% 556 3.7% 
10-50 27% 474 3.2% 

50-100 13% 62 0.4% 
100-812 25% 40 0.3% 

Total 100% 15,008 100% 
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≥ 1 mgd 93% 3740 25% 
≥ 5 mgd 77% 1132 8% 

 

2.4.2 Biogas 

Anaerobic digestion (AD) is a biological process where microbes break down large organic molecules in 
an oxygen-free environment and release large quantities of biogas. Biogas is mixture of gases that is 
primarily methane with carbon dioxide. In the United States, 1,268 WWTPs operate anaerobic digestion 
systems, as identified by the Water Environment Federation’s biogas dataset (WEF, 2015). The overall 
thermal and energy potential of these systems is estimated to be 2.03 x 108 million Btu per year. Of the 
WRRPs operating AD units, 270 currently produce electricity, which is primarily used on-site. Of those 
270, only 74 export power to the grid (Shen et al., 2015). Figure 4 (a) shows the distribution of existing 
WWTPs producing biogas by total wastewater flow, and Figure 4 (b) shows the number of facilities with 
wastewater biogas systems based on the facility size. The NPDES IDs of these facilities were used to 
update the project’s WWTP dataset with current AD capability.   

 

  

(a)  

Flow (MGD) 



Opportunities for Recovery of Resources from Municipal Wastewater 

22 
 

 

(b) 

Figure 4 Biogas production at WWTPs: (a) locations of WWTPs currently producing biogas (b) number of 
WWTPs producing biogas and their influent flow rate 

The majority of WWTPs producing biogas are small; 468 facilities treat between 1 and 5 mgd. Despite 
small WWTPs (1-5 mgd) making up 50% of plants using AD, they only account for 8% of wastewater 
flow. While AD is a beneficial technology on its own due to solids handling benefits, biogas capture and 
utilization may not be efficient under all circumstances, especially at small plants. As presented in the 
U.S. EPA’s Combined Heat and Power Partnership 2007 report, it has been found that in most cases, AD 
will not produce enough biogas to recover energy efficiently unless the influent flow rate is greater than 
5 mgd (EPA, 2007). Therefore, the small facilities may need to flare biogas instead of using CHP to 
recover energy. The other 480 larger facilities (≥5 mgd) have the potential to recover energy from 
biogas using CHP (if not already).  

 

2.4.3 Combined heat and power (CHP) 

Combined heat and power (CHP) is a reliable, cost-effective option for WWTPs that have anaerobic 
digesters. AD produces biogas, which is key to CHP feasibility at WWTPs. Biogas is approximately 60 to 
70% methane and can be used to fuel a CHP system to produce electricity and useful thermal energy 
(Wiser et al., 2010). CHP has technical and economic benefits for WWTPs and is increasingly being added 
to existing plants. As of June 2011, CHP systems using biogas were in place at 104 WWTPs, representing 
190 megawatts (MW) of capacity. CHP is technically feasible at 1,351 additional sites and could achieve 
a payback period of seven years of less at between 257 and 662 of those sites (EPA, 2011). Table 5 
shows CHP prime movers by capacity and the number of sites from the DOE’s Combined Heat and 
Power Installation database, which was used to identify individual facilities’ current capabilities (DOE). 
The most common technology is the reciprocating engine which generated 37% of all power from 
WWTP CHP units and was used in 162 facilities.  
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Table 5 Capacity and number of CHP sites by prime mover 

Technology Capacity (MW) Number of sites 
Reciprocating Engine 281.2 162 

Microturbine 7.4 39 
Combustion Turbine 371.6 16 

Fuel cell 12.3 12 
Boiler/Steam Turbine 58.3 4 

Combined cycle 28.0 1 
Organic Rankine Cycle 0.6 1 

Total 759.4 235 
 

2.4.4 Biosolids  

The total amount of biosolids accumulated in the U.S. is approximately 6.7 million dry metric tons per 
year. Based on the results of the 2007 North East Biosolids & Residuals Association (NEBRA) survey, 
Figure 5 and Table 6 show the distribution of biosolids end use in the United States by dry mass. Overall, 
50.3% of the 6.7 million metric tons of biosolids produced each year are recovered for beneficial reuse 
in methods including Class A and composting (15.0%), land applications (30.4%), and other methods 
(4.9%). Land applications include agriculture, ranch land, forest, reclamation, or landscaping. The 
remaining 49.7% are not recovered and are either disposed in landfills (32.3%), incinerated (14.1%), or 
not recovered by other means (3.2%) (NEBRA, 2007). This means that approximately half of all biosolids 
in the U.S., or 3.4 million metric tons, still have the potential to be reused in the future.  

 

 

Figure 5 Distribution of U.S. biosolids by end use  

 

Table 6 Biosolids beneficial and non-beneficial uses by mass (metric tons) 

Beneficial uses (recovered) 
 Class A/composting         1,009,439  15.0% 
 Land applied         2,051,234  30.4% 
 Other             332,182  4.9% 
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 Recovered total        3,392,855  50.3% 
Non-beneficial uses (not recovered) 
 Landfilled and cover, surface disposal         2,179,402  32.3% 
 Incinerated             952,230  14.1% 
 Other             216,964  3.2% 
 Not recovered total        3,348,596  49.7% 
Total amount of biosolids produced         6,708,660 100% 

* (US, dry metric tons per year) 

A few states keep updated records of biosolids per year by end use. For example, about 85% of biosolids 
produced in Washington are used as fertilizer and a soil amendment. The remainder are incinerated or 
disposed of in landfills (Washington Department of Ecology, 2019). NEBRA is currently in the process of 
updating their nationwide 2007 report with data from 2018 in their National Biosolids Data Project.  

 

3. Energy and Nutrient Recovery Scenarios 

 

From the methods for energy recovery identified in literature review above, three processes were 
selected for this study. These pathways are shown in detail in Figure 6, where (a) shows the base AD 
case (AD1), (b and c) show two types of AD with CHP to produce heat, power, and compressed natural 
gas (AD2 and AD2+S), and (d) shows hydrothermal liquefaction to renewable diesel (HTL). Pathways 
were imported from Argonne’s GREET® model for AD1, AD2, and HTL, and Sena et al., 2021 for AD2+S 
(ANL, 2020b; Lee et al., 2016; Sena et al., 2021).  

In the first pathway, wastewater enters the anaerobic digester after secondary treatment. Given that 
about 90% of WWTPs >1mgd use AD as part of their treatment process but only 33% recover biogas 
energy through CHP, the simplest single-stage mesophilic AD with biogas flaring was modeled as an 
example of current practices (Lee et al., 2016). After AD, 55% of the biogas produced went to boilers to 
heat the WWTP, while the rest was flared (Lee et al., 2016). The solids leaving the digester are EPA Class 
B biosolids because the digester was assumed to be Meso-1 digester without any thermal treatment 
(Lee et al., 2016). We assume that the biosolids are landfilled. Landfilled biosolids are assumed to 
sequester 20% of biogenic carbon. This pathway will be referred to as AD1 and is the most basic process 
involving AD modeled here.  

The second pathway (b), referred to as AD2, is similar to AD1 but it beneficially uses the products of 
digestion. This scenario generates heat and power in CHP by combusting biogas after a first cleanup 
process to remove H2S and siloxanes. The heat is used to meet the onsite thermal demand, while the 
electricity is used to meet the onsite electricity demand with the excess electricity exported to the grid. 
The energy allocation method was used to distribute energy and emissions between RNG and excess 
electricity. Excess electricity is credited for replacing regional electricity. The rest of cleaned biogas is 
processed further in a second cleanup step to remove CO2 and water and compressed to produce 
pipeline-quality RNG. The amount of RNG and exported electricity depend on the amount of cleaned 
biogas used in CHP. For example, all of the cleaned biogas can be either combusted in CHP to maximize 
the electricity export or used for RNG production, using external NG and electricity for the process. This 



Opportunities for Recovery of Resources from Municipal Wastewater 

25 
 

study assumed that a minimum amount of cleaned biogas is used to generate heat and power to 
maximize RNG production without requiring the use of external NG and electricity. Overall, products 
from AD2 can be exported as RNG, electricity, and digestate. AD2 uses thermal hydrolysis pretreatment 
in combination with AD to meet the EPA’s treatment requirements for Class A biosolids. These biosolids 
contain N, P, and K and can be applied to soil. Class B biosolids are disposed of in landfills, where only 
carbon sequestration is considered.  

The third pathway (b), referred to as AD2+S, is identical to AD2 with the addition of a struvite recovery 
step based on the Ostara Pearl process. This step requires an additional electricity input of 0.68 MJ/kg 
VS but precipitates struvite that can be sold as fertilizer, replacing the production of Class A biosolids in 
AD2 with a more conventional fertilizer. The process inputs and outputs were primarily informed by 
Sena et al., 2021 and are shown in Table 7.  

Table 7 Inputs and outputs from the AD2+S process 

Inputs 
Electricity 0.680 MJ/kg VS 
Outputs 
Nitrogen 0.005 kg/kg VS 
Phosphorus 0.050 kg/kg VS 

 

Finally, in the fourth pathway © sludge from the wastewater treatment process is dewatered processed 
via hydrothermal liquefaction where it is decomposed in a hot, pressurized water environment. There 
are four products of HTL: a liquid biocrude as the main product, an aqueous phase, light gases, and solid 
residue in the form of ash and char. The biocrude is then upgraded in the presence of hydrogen to 
produce hydrocarbon fuels that can be used to fuel vehicles. Light gases are sent to a CHP unit and used 
to generate heat and electricity for the HTL reactor. The solid residue, ash and char can be applied to 
land (Lee et al., 2016). Also, the aqueous phase which contains most of the feedstock N can be used for 
algae cultivation (Aida et al., 2016) or N recovery using stripping technology (Huang et al., 2016). This 
study assumes that the N in the aqueous phase displaces conventional N fertilizer. 
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(b) AD2/AD2+S (struvite recovery) 
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(c) HTL  

Figure 6 Three energy recovery process pathways: (a) AD1, (b) AD2/AD2+S, and (c) HTL 

 

 

4. Results 

 

The energy and nutrient products from the AD1, AD2, AD2+S, and HTL pathways were then compared, 
as shown in Table 8. Each pathway (AD1, AD2, AD2+S, and HTL) was applied first to only the 1,132 
WWTPs that process greater than 5 mgd, and then to all 15,008 WWTPs. The cumulative inputs and 
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outputs from each process were tabulated in Table 8. The extra capacity generated by the 13,876 
WWTPs less than 5 mgd is small and therefore, plants over 5 mgd were the focus of this analysis. For 
AD1, AD2, and AD2+S, electricity is a required input to generate compressed natural gas product. 
However, in AD2 and AD2+S, electricity to run the digestion process was generated on-site using CHP 
units. In the case of AD2, this fulfilled the electricity requirement of the plant, and no additional 
electricity was purchased. For AD2+S, some of the plant’s electricity requirement was met using CHP, 
but struvite precipitation requires additional electricity inputs. For plants greater than 5 mgd, this totals 
5.2 PJ. By comparison, AD1 does not generate electricity from CHP and therefore requires a total of 7.5 
PJ electricity input for plants over 5 mgd. AD1 produces no additional products, but AD2 and AD2+S both 
produce 28.7 PJ of RNG at WWTPs over 5 mgd. 

In AD2 and AD2+S, N and P fertilizer are additional products from Class A biosolids through AD2 or 
struvite fertilizer through AD2+S. Struvite precipitation increases the amount of phosphorus that can be 
recovered and therefore, AD2+S has a higher ratio of P to N recovered compared to AD2. For WWTPs 
greater than 5 mgd, AD2 produces approximately 1 kg N for every 1.3 kg P. By comparison, AD2+S 
generates only approximately 1 kg N for every 10 kg P.  

In the HTL pathway, hydrogen is consumed to produce hydrocarbon fuel that is upgraded to renewable 
diesel. N and P fertilizer is also produced as a secondary product. At WWTPs greater than 5 mgd, 20.8 PJ 
of hydrogen is required to produce 107.6 PJ of hydrocarbon fuel. This fuel is converted to 1.71 million 
tonnes of renewable diesel. Additionally, 158.1 kilotonnes of N fertilizer and 702.5 kilotonnes of P 
fertilizer could be recovered through the HTL pathway. HTL is the most efficient fuel-producer of the 
energy recovery pathways, generating 107.6 PJ of hydrocarbon fuel at large WWTPs, compared to 28.7 
PJ of RNG generated through AD and CHP.  

All processes also have net greenhouse gas emissions. Compared to the AD1, AD2 produces 6.4 million 
tonnes less emissions. AD2+2 and HTL produce 4.16 and 12.63 million tonnes less than the AD1 
scenario, respectively. GHG emissions for each process are detailed more in section 4.4.  

 

Table 8 Inputs and outputs from the AD1, AD2, AD2+S, and HTL processes by facility size  

Facility WWTP ≥5 mgd (1,132 sites) Total WWTP (15,008 sites) 
Scenario AD1 AD2 AD2+S HTL AD AD2 AD2+S HTL 
Input Electricity (PJ) 7.5  5.2  9.8  6.8  
Input hydrogen (PJ)    20.8    27.1 
Natural gas (PJ) 
(biogas) 

72.6 
101.9 101.9  94.8 133.1 133.1  

Hydrocarbon fuel (PJ)    107.6    140.5 
RNG (PJ)  28.7 28.7   37.5 37.5  
Renewable diesel 
(million tonnes) 

 
  1.71    2.23 

N Fertilizer (kilotonnes)  314.3 40.2 158.1  410.4 52.5 206.4 
P Fertilizer (kilotonnes)  403.5 382.6 702.5  526.9 499.6 917.3 
GHGs (million tonnes) 2.44 -2.46 -0.76 -7.22 4.17 -2.22 0.02 -8.44 

 Final product 
 

RNG, N, P 
RNG, N, 

P 
RD, N, P  

RNG, N, 
P 

RNG, N, P RD, N, P 

 (RNG: compressed natural gas, RD: renewable diesel, N: nitrogen, and P: phosphorus) 



Opportunities for Recovery of Resources from Municipal Wastewater 

28 
 

 

 

 

4.1 Energy 

Both the AD2 and the AD2+S pathways outlined above produce renewable natural gas (RNG) from 
upgraded anaerobic digester biogas. In order to quantify the ability of RNG produced from WWTPs to 
enter the natural gas market, natural gas pipeline shape GIS files were obtained from Homeland 
Infrastructure Foundation-Level Data (HIFLD). Figure 7 plots the network of natural gas pipelines across 
the U.S. (shown with blue lines) in addition to the 15,008 WWTPs used in this study by flow volume. 

 

Figure 7 WWTPs and NG pipelines in the U.S. 

Natural gas piplines tend to be located near population centers, like large WWTPs that have a large 
biogas potential. Large influent volume corresponds to a high biogas potential and a higher liklihood 
that energy recovery from biogas could be profitable. Additionally, if pipelines are close to WWTPs, the 
cost to transport any renewable natural gas produced in the treatment plant to the pipeline would be 
low, increasing the feasibility of energy recovery through anaerobic digestion pathways. This dataset 
was used to quantitfy how many large WWTPS (≥5 mgd) are within certain distances of existing natural 
gas pipelines, shown in Figure 8.  
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(a) 50 miles (1,105 sites) (b) 25 miles (1,068 sites) 

 
 

(c ) 10 miles (932 sites) (c) 5 miles (710 sites) 
Figure 8 NG pipelines within 50, 25, 10, and 5 miles of WWTPs 

Of the 1,132 WWTPs greater than 5 mgd, over 97% were within 50 miles of a natural gas pipeline. This 
number only decreased to 62% of WWTPs when the proximity was narrowed to 5 miles. Figure 9 
demonstrates that the infrastructure needed for energy recovery via compressed natural gas production 
and distribution is already in place in many instances. 

 

Figure 9 Distance between WWTPs and NG pipelines by number of facilities and total wastewater flow 
rate 

Figure 10 compares the energy generated from renewable natural gas (RNG) using the AD2 process at 
WWTPs as a function of the distance those WWTPs from a natural gas pipeline. The energy generation 
from RNG at the total 15,008 WWTPs is shown using the orange bars, while energy generation only from 
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WWTPs with a flow greater than 5 mgd  is shown using the blue bars. The red and blue lines show the 
number of facilites of each type. Most of the RNG is generated at WWTPs that are located between 1 
and 5 miles from the nearest natural gas pipeline. This is true for both the facilites greater than 5 mgd, 
which could produce about 77% of the total amount of CNG, and for all 15,008 facilities. RNG produced 
between 1 and 5 miles from a NG pipeline accounts for 42% of gas from large WWTPs, or 41% of gas 
from all WWTPs The next most common distance is 0 to 1 miles between WWTP and pipeline. RNG 
produced less than 1 mile from a NG pipeline accounts for 26% of gas from large WWTPs, or 25% of gas 
from all WWTPs. Together, 66% of RNG could be produced at WWTPs that are less than 5 miles from NG 
pipelines, indicating that in most cases, it would be easy to transport RNG from a WWTP to an existing 
pipeline. This process requires additional investment on pipeline or RNG storage tanks before the gas 
can be distributed. 

 

Figure 10 Distances from RNG production through AD2(+S) process at WWTPs to NG pipelines by number 
of WWTPs and amount of RNG 

RNG produced using the AD2(+S) pathways could enter the natural gas market. As shown in Figure 11, 
the demand for natural gas in the U.S. has increased by about 7,000 PJ from 2010 to 2020 which is a 
27% increase (EIA, 2021a). The fraction of consumption that goes towards electric power has increased 
by 57%, while other categories such as industrial, commercial, and residential use have remained 
relatively constant or increased slightly. It is reasonable to expect that any compressed natural gas 
produced using the AD2/AD2+S pathways at WWTPs could enter a market that has a high and increasing 
demand for natural gas. 
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Figure 11 Natural gas consumption by end use from 2010 to 2020  

Renewable diesel produced from the HTL pathway would also enter a growing market. The market for 
renewable diesel has increased dramatically since 2009. Figure 12 shows that less than 100,000 barrels 
in stock at refineries per year in 2009 had expanded to approximately 850,000 barrels before the COVID-
19 pandemic in 2020 cut that number by over half (EIA, 2021d). This is not specific to renewable diesel; 
the EIA reports that in December 2020, petroleum consumption in the U.S. was the lowest it had been 
since the database started in the 1990s (EIA, 2021c). Despite this, in May 2021, Archer Daniels Midland 
predicted that by 2024, the renewable diesel market in the U.S. would increase by 2-3 billion gallons 
(Barber and Godwin, 2021).   

 

 

Figure 12 U.S. Renewable diesel fuel stocks at refineries from 2009 to 2020 
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4.2 Challenges of biogas utilization  

As with any new technology, the rate that biogas technology enters the market also depends on the 
technology that it is replacing. However, so-called “green” technology’s diffusion into the market is 
more strongly dependent on policy than other types of technology (Murray et al., 2014). Technologies 
such as cell phones or internal combustion engines succeeded because they were superior in meeting 
the needs of the market compared to existing technologies. With biogas technology, this is not the case. 
Natural gas performs the same functions as biogas, but biogas has the additional benefit of being more 
environmentally sustainable. According Murray et al., policy has been and continues to be instrumental 
in the diffusion of wind energy technology, and it will likely be equally important for biogas (Murray et 
al., 2014).  

Renewable Portfolio Standards (RPSs) are one method states use to encourage renewable energy 
development. RPSs vary by state and require a certain portion of that states’ electricity be supplied by 
renewable energy. However, biogas is not recognized as a renewable energy source across all states’ 
RPS programs. Moreover, many states do not have RPSs and many that do only outline voluntary energy 
targets, not mandatory standards (NCSL, 2020), shown as light green in Figure 13.  

 

 

Figure 13 Variability in implementation of Renewable Portfolio Standards across the country  

  

Economic barriers also contribute to decisions to not adopt biogas systems. In a survey and series of 
discussions with wastewater treatment professionals, Willis et al. found that slow payback periods and a 
lack of available capital are the most dominant obstacles (Willis et al., 2012). When a simple payback 
analysis of installation and operating costs is presented, biogas utilization systems usually do not meet 
utilities strict timelines, which can often be as short as 3-5 years. However, when more intricate and 
holistic economic analyses are conducted, such as net present value or operation savings approaches, 
biogas often becomes a more attractive investment (Willis et al., 2012). Additional strategies to improve 
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the economic outlook of biogas technologies include the co-digestion of food wastes or FOG in 
anaerobic digesters. Co-digestion increases the volume of biogas production and allows increased 
revenue from tipping fees associated with accepting outside waste materials (Elalami et al., 2019). 

Finally, human factors often inhibit investment in biogas technologies. The underlying causes of these 
barriers tend to be uncertainties, poor communication, and/or a lack of experience with the technology 
(Willis et al., 2012). Decision makers at WWTPs are often risk averse. A dislike of change and perceived 
risks of biogas technology are a major factor in slowing biogas use. In their focus groups with 
wastewater professionals, Willis et al. found that many plants are not aware of successful energy 
recovery projects and can base decisions on rumors of technology failures. Additionally, some 
professionals view energy recovery as extraneous to or even competing with the traditional plant 
mission of achieving high effluent quality. In many cases, one or two persuasive proponents of energy 
recovery within the plant can convince leadership to pursue its deployment (Willis et al., 2012). Finally, 
relationships with the public and relevant utilities (natural gas or electrical, depending on the 
technology being pursued) are critical when proposing energy recovery technologies. These 
relationships depend on sustained, clear communication and outreach.  

 

4.3 Nutrient use  

The mass of N and P products that could be recovered in biosolids produced during the AD2 scenario 
were calculated and accumulated from all WWTPs in the same county. Figure 14 shows potential N 
production (kg) at the county level from different sized treatment plants: all WWTPs, WWTPs greater 
than 5 mgd, and WWTPs greater than 1 mgd.  

  
(a) Total WWTPs (b) WWTPs ≥ 1 mgd 
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(c) WWTPs ≥ 5 mgd  
Figure 14 Potential N in nutrient recovery products (kg per year) at the county level from WWTPs of 
various sizes 

Higher amounts of nitrogen production are shown in red and are concentrated around high population 
areas, such as southern California and the Chicago area. Because high population metropolitan areas 
that could produce large quantities of nitrogen products at their WWTPs are often not located near 
agriculture centers that would need the fertilizer, it is likely that nutrient products would need to be 
transported farther distances to agricultural areas. 

In Figure 15, the amount of nitrogen and phosphorus fertilizer that could be produced at all WWTPs if 
using the AD2 pathway (a and b) was compared to nutrient recovery potential using HTL (c and d). This 
map was overlayed with the location of all WWTPs by influent volume. Overall, AD2 has the potential to 
recovery slightly greater quantities of N than HTL, but HTL could recover more P nutrients. The 
distribution of plants and the distribution of N and P resources are related; in areas where there are 
more and/or larger treatment plants, there is a larger mass of nutrient recovery possible. Specific 
locations where large volumes of wastewater flow correspond to larger masses of potential nutrient 
recovery include southern California and the northeast coast. Additionally, large plants like Stickney in 
Chicago could produce large quantities of both N and P.  

 

  
 
 

(a) N recovery (AD2) (b) P recovery (AD2) 
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(c) N recovery (HTL) (d) P recovery (HTL) 

Figure 15 Potential N and P products (kg) from WWTPs using the AD2 process 

N and P demands were imported from the EPA’s national inventory of reactive nitrogen and phosphorus 
database (EPA, 2018b; EPA, 2019). Figure 16 (a) and (b) shows N and fertilizer demands at the county 
level converted from HUC-8 subbasins data. Both high nitrogen and phosphrous demand can be found 
across the U.S.. High demand regions were especially significant for N fertilizer and were primarily in the 
upper Midwest, California, and Florida. By contrast, the northeast and much of the southwest had low 
demand for nitrogen fertilizer, primarily because large-scale agriculture tends to be less prevalent in 
these regions. Overall, phosphrous demand was lower than nitrogen demand. Phosphrous fertilizer 
demand tended to be especially significant in similar regions to nitrogen fertilzer, including the upper 
Midwest and California, but was low in almost all other areas of the country.  

 

 
(a) N fertilizer demands (EPA) 
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(b) P fertilizer demands (EPA) 

 
(c) N fertilizer index (recovery / demand, %) from AD2 

 
(d) P fertilizer index (recovery / demand, %) from AD2 
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(e) N fertilizer index (recovery / demand, %) from HTL 

 
(f) P fertilizer index (recovery / demand, %) from HTL 

Figure 16 N/P fertilizer cropland demand and ability of WWTPs to meet demand as expressed by 
fertilizer indices (production / demand, %) 

This demand was then compared to the potential production from WWTPs using the AD2 scenario, 
where EPA Class A biosolids are used as fertilizer. The production of each nutrient in each county was 
divided by the demand in that county to establish the fertilizer index, shown in Figure 16 c and d. A 
higher index value, shown in red, indicates that N or P production in that county could far exceed the 
demand. High index values for N were not common and found on the northeast coast and scattered 
across the southwest. By contrast, high P indices were more commonly nationally than high N indices. P 
index values were especially high in the northeast, the west coast, and the southwest, but tended to be 
low in the Midwest and Rocky Mountain regions. Comparing the N and P fertilizer indices, WWTPs could 
meet P demand more readily than N demand on a country-wide scale.  

Finally, Figure 16 (e) and (f) show N and P demand compared to potential production using the HTL 
scenario. This pathway produces ash and char rather than Class A biosolids. Compared to the AD2 
scenario, there is slightly less N production nationally, but that production is concentrated in same 
regions as AD2. On the other hand, there is more P production using HTL than AD2. Phosphorus 
recovery is much more efficient through HTL, which can recovery 60-90% of total phosphorus contained 
in wastewater influent. Anaerobic digestion, meanwhile, only recovers less than 50% of the influent 
phosphrous (Egle et al., 2016).  
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In Figure 17, the recovery of nitrogen and phosphorus at WWTPs in each state as calculated by the AD2 
scenario was divided by the demand for that nutrient to establish the fertilizer index value (% by mass). 
Index values were then assembled by state. A higher index value, plotted using larger red and blue 
circles, indicates that N or P production in that state could far exceed the demand. Comparing the N and 
P fertilizer indices, WWTPs could meet P demand more readily than N demand on a country-wide scale. 
Notable states where nitrogen products could far exceed demands are in Washington D.C., 
Massachusetts, and New Jersey. A much greater number of states have an excess of phosphourous 
products, including CA, CT, DE, DC, FL, GA, MD, MA, NH, NJ, NY, PA, RI, SC, VT, and WV. Where supply 
exceeds demand, states could distribute nutrient products to be used in other states. 

 

 
(a) N fertilizer 
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(b) P fertilizer 

Figure 17 N and P fertilizer products and index (recovery / demand, %) from AD2 scenario 

Additionally, the ease of storage and transportation of fertilizer products must be considered. 
Conventional fertilizer, struvite, and other pelletized nutrient recovery products are comparatively easy 
to store and transport to application sites. Processes like Ostara highly concentrate nutrients for easy 
transportation. Compared to biosolids, which are approximately 3-8% nitrogen, 1.5-3.5% phosphorus, 
and 0.4-0.8% magnesium (dry weight basis), Crystal Green fertilizer from the Ostara process is at least 
5% nitrogen, 28% phosphorus, and 10% magnesium (Sena et al., 2021; Sullivan et al., 2015). Agricultural 
lands of the Midwest states could benefit from importing recovered fertilizer from Northeastern states. 
On the other hand, biosolids are more difficult to use; they are not as concentrated and occupy a larger 
volume, which makes transportation difficult. The additional complexity of creating a fertilizer product 
must be weighed against these practical considerations.  

 

4.4 GHG emissions 

The total lifecycle greenhouse gas emissions for processes AD2, AD2+S, and HTL were compared using 
GREET® 2020 (ANL, 2020b). The AD1 pathway (Meso-1 AD with flaring) was treated as the 
counterfactual case to calculate emissions for other technologies. Each pathway includes the avoided 
business as usual (BAU) emissions, which is the current technology of resource recovery from WWTPs in 
the U.S. The GHG emissions from the AD1 scenario were primarily from the external electricity required 
to operate the anaerobic digesters. Landfill of the digestate generates carbon sequestration credits. 
Emissions from the AD2, AD2+S and HTL pathways were compared to the BAU pathway. The results of 
the GHG emissions per MJ of energy products (RNG for AD and AD2+S, and hydrocarbon fuels for HTL) of 
these pathways for two groups of WWTPs are shown in Figure 18, where the black dot represents total 
emissions. Avoided emissions from BAU waste management practices as well as credits for displacing 
conventional synthetic fertilizers and petroleum-based fuels are shown as negative emissions. 
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Overall, it was shown that GHG emissions are primarily a function of credits for displacing fuels (fossil 
compressed natural gas for AD2 or petroleum diesel for HTL) and/or displacing conventional fertilizers. 
However, assumptions regarding these credits may not always be accurate. For example, the fertilizer 
displacement credits assumed that 1 g of nitrogen in Class A biosolids fully displace 1 g of N in 
conventional N fertilizer. This assumption may be inaccurate, as the exact content of biosolids is 
uncertain. Furthermore, when applied to the soil, this unknown concentration of N could have a 
different amount of N availability than regular fertilizers. Finally, this approach assumes that nitrous 
oxide emissions in biosolids and conventional fertilizers are the same, which may not be true. If any of 
these assumptions in invalid, the results for AD2 and HTL pathways may change, as these pathways both 
produce Class A biosolids for beneficial reuse.  
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(a) GHG emissions for RNG and renewable diesel production via AD2, AD2+S, and HTL 

 

 

(b) GHG emissions with water recovery 

Figure 18 (a) GHG emissions for RNG production from AD2 and AD2+S, and for renewable diesel 
production from HTL pathway, (b) GHG emissions for RNG and HTL production with water recovery 
compared to counterfactual BAU case 

 

 

Unlike AD1, which does not beneficially reuse 44% of its biogas, AD2 reuses a fraction of biogas in CHP 
units to generate heat and electricity. The AD2 case includes -24.4 g CO2e/MJ credits for avoiding the 
counterfactual case with WWTP greater than 5 mgd. Large facilities use anaerobic digestion to produce 
CHP in BAU case.  The AD2 pathway produced 2.1 g CO2e/MJ for avoiding the counterfactual case with 
entire WWTPs. The EPA Class A Biosolids produced and land applied through this process replaced 
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commercial fertilizer, resulting in -71.8 g CO2e/MJ of equivalent emissions. New inputs for AD2 included 
71.4 g CO2e/MJ for running the digestor and producing RNG, 5.5 g CO2e/MJ for upgrading and 3.55 g 
CO2e/MJ for compressing the RNG, and 1.2 g CO2e/MJ for combusting the final RNG product. This 
resulted in net GHG emissions of -58 g CO2e/MJ. 

For the AD2+S pathway, the credits for avoiding the counterfactual BAU case, and emissions for AD and 
RNG production, upgrading, and compression, as well as RNG combustion were the same as the normal 
AD2 pathway. However, the additional steps and resources involved in struvite production resulted in 
additional electricity costs equivalent to 21.3 g CO2e/MJ. Moreover, the credits for displacing fertilizer 
were less, at -10.8 g CO2e/MJ because a smaller mass of fertilizer is produced through AD2+S. Overall, 
the AD2+S pathway produced net emissions of 1.7 g CO2e/MJ.  

The HTL pathway produces renewable diesel, not RNG, and therefore has a different emission profile 
than the two AD2 pathways. Much of the negative emissions from this process are from high amounts of 
credits for displacing petroleum diesel; HTL is much more efficient at producing fuel than other AD 
cases. 0.8 g CO2e/MJ were for avoiding the counterfactual case and -27.2 g CO2e/MJ were for displacing 
commercial fertilizer use through both aqueous and solid phases. GHG emissions from the HTL pathway 
were primarily from hydrogen consumption and the combustion of renewable diesel product once it is 
used in vehicles. Hydrogen consumption is so costly because hydrogen production consumes fossil 
energy and releases GHG. Compared to the BAU case, there were less emissions for waste disposal, as 
the HTL process produces less waste overall, resulting in -2.46 g CO2e/MJ emitted for waste disposal. 
Overall, the HTL pathway produced net emissions of -88.8 g CO2e/MJ.  

With WWTP greater than 5 mgd, the carbon dioxide equivalences per MJ of -85.6, -26.3, and -97.8 g 
CO2e/MJ for AD2, AD+S, and HTL, respectively. The carbon dioxide equivalences per MJ of -58 g 
CO2e/MJ for AD2, 1.7 g CO2e/MJ for AD2+S and -88.8 g CO2e/MJ for HTL (Figure 18 (a)) were then 
multiplied by the amount of energy produced in each pathway to find total emissions of -2.2, 0.02, and -
8.4 MMT CO2e for AD2, AD2+S, and HTL from the total 15,008 WWTPs, respectively. For perspective, -
2.2 MMT CO2e for AD2 and -8.4 for HTL are equivalent to the emissions from about 482 thousand and 
1.8 million passenger vehicles, respectively. 

Water recovery includes water treatment 43.6 g CO2/MJ for AD2 and AD2+S, 16.9 for HTL, water 
transportation 93.2 g CO2e/MJ for AD2+AD2+S and 36.2 for HTL, and electricity for irrigation 
displacement credits -1.93 for AD2 and AD+S and -0.75 for HTL case. The carbon dioxide equivalence per 
MJ of 76.9 g CO2e/MJ for AD2, 136.6 g CO2e/MJ for AD2+S, and -36.5 g CO2e/MJ for HTL (Figure 18 (b)). 
The HTL pathway gives life cycle GHG emission benefit with a water recovery option, compared to 
anaerobic digestion. 
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(a) GHG emissions from WWTPs ≥5 mgd (1,132 sites) 

 

(b) GHG emissions from all WWTPs (15,008 sites)  

Figure 19 GHG emissions for different technologies under current carbon intensity of the grid and H2 
production, and decarbonized power and H2 production scenarios at different WWTPs levels: (a) greater 
than 5 mgd and (b) all WWTPs (*: carbon intensity of the grid and H2 production) 

 

Figure 19 shows the national total GHG emissions for different technologies assuming the technology is 
adopted by all the WWTPs. Two scenarios were considered: the first scenario assumes current carbon 
intensity of the grid and H2 production, and the second assumes decarbonized power and H2 production 
at the different level of WWTPs sizes (total WWTPs and WWTPs greater than 5 mgd). Life cycle net GHG 
emissions increased with BAU pathway under decarbonized scenario due to reduced electricity 
displacement credit. GHG emissions for proposed technologies (AD1(+S), AD2(+S) and HTL) are reduced 
under the decarbonized scenario at two groups of WWTPs (WWTPs greater than 5 mgd and total 
WWTPs).     

Emissions are increased with additional electricity for struvite recovery pathways (AD1+S and AD2+S). 
Electricity input shows a benefit for struvite recovery pathways under the decarbonized scenario. For 
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AD1+S and AD2+S pathways, emissions are reduced by 0.83 MMT CO2e for WWTPs greater than 5 mgd 
and 1.03 MMT CO2e for total WWTPs, respectively.  

GHG emissions with a HTL pathway are -10 MMT CO2e under the decarbonized power and H2 
production scenario and -8.4 MMT CO2e under current carbon intensity of the grid and H2 production 
scenario from total WWTPs. The HTL pathway shows the greatest emission reduction among proposed 
pathways for both WWTPs greater than 5 mgd and total WWTPs between current and decarbonized 
power and H2 production scenarios. On the other hand, the BAU, AD1 and AD2 pathways show small 
changes between current and decarbonized scenarios.   

GHG emissions for BAU and HTL pathways from total WWTPs have less total emissions than GHG 
emissions for two pathways from the WWTPs greater than 5 mgd. For the HTL pathway, GHG emission 
for conversion from total WWTPs increased by 0.4 MMT CO2e, and credits for fuel and fertilizer 
displacement increased by 2.1 and 0.6 MMT CO2e, respectively, compared to GHG emissions from 
WWTPs greater than 5 mgd.      

 

4.5 Water reuse 

4.5.1 Water reuse for six major states  

Data on reclaimed water usage by volume is extremely limited. However, six southwestern states 
including California, Florida, Nevada, Arizona, Texas, and Colorado do have data, as reported to the 
WateReuse Research Foundation (DOE, 2012b). The locations of wastewater reclamation projects are 
shown in these southern states, which are water stress regions, in Figure 20. Reclaimed water is used 
only in municipal and public areas in AZ, CO, NV, and TX. Reclaimed water is used for other purposes as 
well including commercial, golf course irrigation, industrial and residential in CA and FL.  

 

 

Figure 20 Reclaimed wastewater sites in six states 
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Reclaimed water uses include commercial, golf course irrigation, industrial, municipal and public areas, 
and residential. Municipal and public areas and golf course irrigation are two major water reuse types in 
the six states, shown in Table 9. 

 

Table 9 Reclaimed water types and number of sites for six states 

Types Total 
sites Commercial Golf course 

Irrigation Industrial Municipal and 
Public Area Residential 

6 
states 441 42  208 134 312 194 

AZ 3 0 0 0 3 0 
CA 105 21 73 30 82 82 
CO 6 1 0 0 6 0 
FL 185 11 135 73 108 111 
NV 1 0 0 0 1 0 
TX 141 9 0 31 112 1 

 

More detailed information is available for California and Florida. In California, the State Water Resources 
Control Board, in collaboration with the Department of Water Resources (DWR), presented the final 
2015 Municipal Wastewater Recycling Survey results (California State Water Resources Control Board, 
2015). A total of 637 mgd of recycled water was used for various beneficial reuses. In Florida, a 
comprehensive 2019 Reuse Database is publicly available online that details the application 820 mgd of 
recycled water (Florida DEP, 2020). Approximately 52% of all wastewater in the state was recycled in 
2019. In both Florida and California, irrigation (golf course, landscape, and agricultural) accounts for over 
half of the total volume of water reuse. However, in California, the majority of irrigation reuse is for 
agriculture, while in Florida, it is primarily residential. The second most prevalent type of reuse in 
California is groundwater recharge (16%), while in Florida, it is industrial reuse (17%). Both states utilize 
a wide variety of reuse pathways that also include wetland and natural system restoration, energy 
production, and seawater intrusion prevention, among others. Figure 21 breaks down water recycling in 
these two states by end use. 
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Figure 21 Recycled water from WWTPs for various beneficial reuses in California and Florida 

 

Other states have reuse programs in place, but a lack of WWTP-specific data regarding water reuse 
volume and type make it difficult to quantify reclaimed wastewater nationally. A major factor driving 
this stark difference in reporting is the policy landscape. This is highly dependent on individual states 
and the local municipal districts within those states (Casey, 2015). For example, California has 
standardized water reuse regulations, the Title 17 and 22 Code of Regulations, that apply universally 
across the state. Florida has similar regulations outlined in its Reuse of Reclaimed Water and Land 
Application, Chapter 62-610, F.A.C. Florida also officially endorsed water reuse in its 2020 State Statute 
Section 403.064(1), stating that “The encouragement and promotion of…reuse of reclaimed water, as 
defined by the department, are state objectives and are considered to be in the public interest.” This 
framework allows for state-wide reporting and drives new reuse projects.  

Many states do not have state-wide policies. Reuse projects are often evaluated on a case-by-case basis, 
and therefore, centralized reporting does not occur. For example, despite Connecticut’s 2014 Substitute 
House No. 5424 Bill encouraging water reuse in the state, no reporting on any projects or state-wide 
data network could be found. Other states exhibit similar trends (EPA, 2021). As a result, lack of 
volumetric, WWTP-specific data severely restricts water reuse analysis on a broad scale.  

4.5.2 Water stress 

To characterize how WWTPs might be able to relieve water stress by recycling wastewater, a USGS 
dataset on withdrawals of groundwater and surface water at the county level were incorporated with 
Argonne’s AWARE US county-level water stress characterization factors. First, current water demand 
was assessed using the 2015 USGS water use survey (Dieter et al., 2018). Groundwater and surface-
water withdrawals by county are shown in Figure 22 from the USGS survey.  
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Groundwater withdrawals Surface-water withdrawals 

Figure 22 Groundwater and surface-water withdrawals by volume in U.S. counties 

Total groundwater withdrawals in 2015 were 84,700 mgd and were 97% freshwater. These withdrawals 
were particularly high in California and Arizona. Surface water withdrawals accounted for 74% of total 
water withdrawal in the U.S., or 237,000 mgd. Of this, 84% was freshwater. Like groundwater 
withdrawal, surface water withdrawals were high in southern California and Arizona but were also high 
in the northeast. California alone accounted for 9% of the total volume nationwide.  

The AWARE-US (Available WAter Remaining) model provides monthly water stress characterization 
factors (CFs) for all counties in the continental United States. To calculate CF values, the model first finds 
the availability minus demand (AMD), which represents the amount of remaining water in the county. 
AMD is equal to natural runoff minus human water consumption minus environmental water 
requirement (Lee et al., 2019). The water stress characterization factor (CF) is the inverse of the AMD 
value. High CF values indicate a region experiencing high water scarcity and stress. Figure 23 plots CF 
values across the U.S. and then overlays this information with the location of large WWTPs (a) and all 
WWTPs (b).  
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Figure 23 Available water remaining (AWARE) in the U.S. shown using annual average water-stress 
characterization factors (CFs) overlayed with locations of total WWTPs 

A large conglomeration of high-water stress areas can be found in the central-south of the country in 
states including Kansas, Colorado, Nebraska, Oklahoma, New Mexico, and Texas. Additional water 
stressed areas are in southern and western Arizona, and southern California. WWTPs located in the 
water stress area near the highly depleted Ogallala aquifer in Nebraska are small: no larger than 5 mgd. 
This is also the case in much of Arizona and the south-central region. Small WWTPs mean that 
technology for recycling water from treatment plants would need to be suitable to small scale plants. By 
contrast, there are larger WWTPs in southern California, which would likely need different technology of 
the appropriate scale to relieve water stress in the region.  

4.5.3 Irrigation water  

Because irrigation accounts for a majority of water reuse globally, it was chosen as the focus of this 
report. Figure 24 (a) contains irrigation data obtained from the U.S. Geological Survey (USGS) in a 2015 
report estimating the total use of water in the United States (Dieter et al., 2018). In total, water use for 
irrigation totaled 118 billion gallons per day, or 37% of all water use. Irrigation data was compiled on the 
county level. East of the Mississippi River, irrigation water use tended to be relatively low, except for 
southern Florida. By comparison, western states have much higher water demands. Over 1,000 mgd are 
used in parts of California and Arizona, which are the highest in the U.S. Additional states with high 
demand are in Arkansas, Idaho, Wyoming, Colorado, Montana, Washington, and Oregon.  

Figure 24 (b) compared the AWARE (Available WAter Remaining) water stress characterization factor 
(CF) to the volume of water reused for irrigation from WWTPs at the county level. Counties with high 
water scarcity issues have a higher CF value and are outlined in red on the map. Additionally, the ratio of 
water reuse potential to irrigation water demand are shown in blue. Counties where the volume of 
water treated almost meets or exceeds the volume required for irrigation were shown in dark blue and 
are particularly concentrated in the northeast, where the irrigation demand/reuse ratio is often over 
75%. This means that WWTPs have the potential to meet over 75% of the irrigation needs of those 
counties. In the northeast, this is primarily because irrigation demand is so low, as indicated by Figure 24 
(a). Overall, high water stress areas tend to also have low demand/reuse index values, indicating that 
the WWTPs in the area are small and/or the demand for irrigation is comparatively high. 
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(a) Irrigation total (mgd) 

 
(b) Index (%, water from WWTPs / irrigation total) 

Figure 24 Irrigation water demand (a) and reuse/demand indices by county (b) 

Counties that withdraw large volumes of surface and groundwater (Figure 22) often have high irrigation 
demands (Figure 24) and are in high water stress areas (Figure 23). For example, Riverside County in 
southern California uses 741.79 mgd of ground and surface water for irrigation and is under extreme 
water stress (CF 100%). However, Riverside could only meet 18.7% of its irrigation demands using 
recycled water. Reclaimed water could be supplied from neighboring counties, or other water solutions 
would need to be pursued in counties like this. On the other hand, many counties in the U.S. could meet 
their irrigation demands primarily or entirely through recycled wastewater (Table 10). Counties with a 
reuse/demand ratio over 75% make up 52% of all U.S. counties. An additional 3% of counties could meet 
over half of their demands through reused wastewater. The remaining counties would need to either 
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import recycled water from nearby or continue to fulfill irrigation needs through their current means 
(primarily freshwater consumption).  Skaalvpfn2020! 

 

Table 10 Percent of counties in U.S. that could meet irrigation demands using recycled water from 
WWTPs 

Percent of irrigation demand that could be met 
using recycled water from WWTPs in that county 

Percent of U.S. 
counties 

0.1-25% 24.9% 
25-50% 4.82% 
50-75% 2.9% 
>75% 51.6% 

 

4.6 Framework  

A total of 15,008 exiting wastewater treatment plant’s locations and influent flow data were obtained 
from the 2008 and 2012 Clean Watersheds Needs Survey (CWNS) database and the EPA Integrated 
Compliance Information System National Pollutant Discharge Elimination System (ICIS NPDES) (Seiple et 
al., 2020). Facility Registry Service (FRS) and Federal Information Processing Standard Publication (FIPS) 
county identifiers were incorporated into the facility database. The result is shown in Figure 25.  

 

 

Figure 25 Wastewater treatment facility database with different data sources 

 

A structure for the database was set up in Box.com containing data, other inputs, and results. Data 
includes all WWTPs and identifiers, markets (natural gas and fertilizer), resources, and the recovery 
technologies (AD, CHP, and HTL for energy, and water recovery). Other inputs include technologies (e.g. 
anaerobic digestion, CHP database, etc) by facility. Results are presented by faciliy and as energy (MJ), 
mass of N and P (kg), water reused (mgd), and GHG emissions (g CO2e) Figure 26.   
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Figure 26 Structure diagram for the dataset in Box.com 

 

5. Key insights 

To summarize, potential recovery pathways, energy, nutrient, and water recovery technologies were 
combined and applied to all WWTPs. The inputs and outputs of four resource recovery pathways were 
summarized in Figure 27. Each pathway was compared to the business as usual (BAU) case, which 
represents the current status of resource recovery at WWTPs in the U.S. to the best of this project’s 
knowledge. AD1 recovered water through irrigation; AD2 recovered water through irrigation, energy 
through RNG, and nutrients through land applied biosolids; AD2+S recovered water through irrigation, 
energy through RNG, and nutrients through struvite recovery; and HTL recovered water through 
irrigation, energy through renewable diesel, and nutrients through land application.  

First, the BAU case was established by assigning one of five categories of current technologies to all 
15,008 WWTPs in the database. This represents the current state of WWTPs. These categories were 
based on Seiple et al., 2020 and whether the facility currently has a CHP unit on-site. The five categories 
were: 1. AD with electricity generation; 2. AD with flaring; 3. landfilling; 4. incineration; and 5. aerobic 
digestion. The emissions from AD with electricity generation and AD with flaring were estimated using 
the latest GREET® files (ANL, 2020b). For the other three technologies, which are not available in 
GREET®, several simplifying assumptions were made to perform emissions calculations. In the 
incineration and aerobic digestion cases, all the biogenic carbon in the sludge was assumed to be 
converted to CO2, resulting in zero net GHG emissions. In the landfilling case, it was assumed that 20% of 
the biogenic carbon was sequestered while the other 80% is converted to CO2Due to a lack of data, 
water reuse in the BAU case was assumed to be zero.   

Next, the emissions from the three new recovery scenarios (AD1/+S, AD2/+S, and HTL) were calculated. 
These calculations involved some additional assumptions for water and nutrient recovery. For the 
calculations of water reuse potential, the WWRF’s 2014 estimation of the energy requirement for a 
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microfiltration/chlorination treatment train was used as a representative value for non-potable 
treatment. This value was 307.7kWh/MG and was chosen as roughly a midpoint of non-potable 
treatment options. Primary and secondary wastewater treatment prior to energy and nutrient 
extraction and non-potable treatment was assumed to be the same at each WWTP and therefore, not 
included in calculations. GREET® values for GHG emissions for electricity from a U.S. mix in g CO2e/kWh 
was used with the energy consumption value to estimate the GHG emissions of upgrading to non-
potable water. Fossil fuel use did not include the cost of treating water to non-potable standards, only 
transportation, due to a lack of data. It was assumed that all WWTPs recovered the maximum possible 
volume of effluent.  

The cost of pumping water long distance from WWTP to fields was also considered. Several estimates 
over various regions, elevations, and distances were compiled to find a representative value suitable to 
the broad scope of this study. The energy cost of conveying water was found for Phoenix and Tucson, 
Arizona, and throughout California (Burt et al., 2003; Scott et al., 2011; Wilkinson, 2000). Each value was 
between 0.002 and 0.005 kWh/tonne-km. A value from the California aqueduct project was selected for 
use in this study, which suggested an energy requirement of approximately 0.0028 kWh/tonne-km to 
move water long distance (Burt et al., 2003). This value was applied to an assumed transportation 
distance of 80 km to estimate the amount of GHG emissions and fossil energy requirement to transport 
reclaimed irrigation water. GREET® values for the fossil energy use per Btu of diesel used during 
pumping, as well as the mass of GHG emissions per energy use during pumping were also used.   

Finally, facility-specific fertilizer transportation distances were not included in the calculations due to 
high uncertainties. Instead, an average transportation distance of 80 km (50 miles) from WWTP to 
landfill and 48 km (30 miles) from WWTP to field was assumed. Nutrient products may need to be 
transported further to reach agricultural areas. The impact of the fertilizer transportation distance was 
small compared to other emission categories such as sludge handling, so these assumptions made 
minimal impact on the overall GHG emission ratios. For example, the fertilizer transportation in the HTL 
case released only 0.23% of the GHGs released during fuel conversion. The results of these calculations 
divided by large (≥5mgd) and small (<5mgd) faculties are shown in Figure 27.  
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(a) Life cycle metrics 
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(b) Recovered resources 
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Figure 27 Life cycle metrics (a) and quantity of potential resources recovered (b) for four scenarios with 
energy, fertilizer and water recovery compared to BAU case 

Because landfilling is assumed to sequester 20% of biogenic carbon, landfilling sludge generates 
negative GHG emissions. In the BAU case for small WWTPs, this results in overall negative emissions 
because nearly all (98.7%) small plants landfill their biosolids instead of pursuing nutrient recovery 
techniques. Out of all sludge generated at 15,008 WWTPs, 21.5% is landfilled from WWTPs less than 5 
mgd. Large WWTPs meanwhile, are more diverse in the BAU case. Landfilling accounts for 18.5% of total 
sludge, while incineration accounts for 9% from WWTPs greater than 5 mgd. These scenarios are 
assumed to produce negative or neutral GHG emissions, respectively. Nearly 50% of all sludge is 
anaerobically digested at large WWTPs, releasing non-combustion methane emissions. The negative 
emissions from sequestering carbon in landfilled biosolids are smaller than the positive emissions from 
AD scenarios at large plants, resulting in positive total emissions.  

Despite a few WWTPs already recovering energy using anaerobic digestion techniques, energy recovery 
in the BAU case was not quantified. While a comprehensive biogas database exists, there is no data on a 
national scale quantifying RNG production from WWTPs, and literature review suggested that it is only 
practiced at a few isolated plants. Additionally, no WWTPs in the U.S. are currently using HTL 
technology. Therefore, energy recovery data would likely not significantly impact the BAU case. Overall, 
most resources are contained in large WWTPs, even though they only make up 8% of total treatment 
plants. About 77% of energy, water, and nutrient products from both the AD2 and HTL pathways could 
be produced at WWTPs greater than 5 mgd.  

While AD with CHP produces RNG and HTL produces renewable diesel, the total amount of fuel 
produced can be compared using units of MJ. HTL is a more efficient fuel producer than AD2(+S). At 
WWTPs greater than 5 mgd, HTL could produce 77% of the U.S. maximum of energy product, while AD 
pathways could produce only 30%, by MJ. Losses will still occur during the transportation of both fuels 
that were not considered in this analysis. While HTL produces more energy product than AD2(+S), it 
consumes significantly more fossil fuel during the process to produce 1 MJ of fuel product. This is 
because the AD2 scenarios beneficially utilize biogas to generate heat and power to run the digester and 
fuel the RNG production process, thus reducing consumption of fossil fuels. The AD2 scenarios dictates 
that before any biogas is allocated to be upgraded to RNG, all heat and electricity needs for the process 
are met. Relatively small amounts of fossil fuels are consumed during the compression of natural gas, 
and even fewer to transportation. Even in the AD2+S case, where electricity partially produced using 
fossil fuels is imported to precipitate struvite, the fossil energy consumption for fertilizer production and 
RNG production is still less than consumption for renewable diesel production. HTL consumes the most 
fossil fuel of all scenarios, and more than triple that of the BAU case, because it consumes a significant 
amount of natural gas for process heat supply and hydrogen production during biocrude upgrading. 
Generated on-site electricity for the HTL process comes from the combustion of light gas products (co-
product), but the production and consumption of hydrogen gas contribute to 98% of fossil fuel use. The 
remaining fossil fuel uses are associated with transportation. With WWTPs greater than 5 mgd (1,132 
sites), RNG and renewable diesel could produce 77% of the entire WWTPs (15,008 sites) of energy 
production. Large WW treatment facilities generally located near populations which could easily use 
energy products. Dataset/maps include natural gas pipeline infrastructure and distances to WWTPs, and 
66% of RNG could be produced at WWTPs within 5 miles of NG pipeline. Natural gas consumption by 
pipeline and distribution use increased 37% from 2000 to 2010. RNG production through AD2/+S from 
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total WWTPs can contribute about 3.7% (37.5 PJ) of national pipeline and distribution natural gas 
consumption.  

 

HTL has the potential to recover the most phosphorus product of all the pathways. Phosphorus recovery 
is much more efficient through HTL than AD; HTL can recover 60-90% of total phosphorus contained in 
wastewater influent. Anaerobic digestion, meanwhile, only recovers less than 50% of the influent 
phosphorus and compared to the HTL pathway, could produce at most 43% less P product than HTL. Of 
the two AD cases with nutrient recovery, AD2 and AD2+S, AD2 has the potential to recover slightly more 
phosphorus by mass. GREET® states that 0.0528 kg of phosphorus per kg volatile solids can be recovered 
in Class A biosolids produced during AD, while Sena et al., 2021 states that the Ostara struvite 
precipitation process produces slightly less: 0.050 kg P/kg VS. By comparison, HTL can recover 0.092 kg 
P/kg VS. HTL is much less efficient at recovering nitrogen than phosphorus. The pathway that can 
recover the most nitrogen is AD2, where large WWTPs can recover 77% of the maximum amount of 
nitrogen.  Metro Vancouver have completed the early-stage engineering and design of the pilot plant 
from sewage to bio-crude oil. This ongoing project generates bio-crude as a feedstock which can be 
converted to gas, diesel, and jet fuels with free carbon emission 
(https://canada.constructconnect.com/joc/news/projects/2021/02/tender-for-worlds-first-wastewater-
sludge-bio-crude-pilot-coming). Also, the U.S. Department of Energy (DOE) selected two polit studies for 
an HTL process as winners of the Water Resource Recovery Prize in November 2021. The Borough of 
Phoenixville Wastewater Treatment Plant in partnership with SoMax Bioenergy develops biomass 
conversion and resource recovery technologies using hydrothermal carbonization. The Borough uses 
biosolids and local food waste to generate renewable energy and power back to the grid to reach their 
goal of using 100 percent renewable energy by 2035. A hydrothermal processing system is used to 
recover energy as renewable oil and natural gas in the Anacortes Wastewater Treatment Plans in 
Anacortes, Washington. The system was proposed to recover over 90 percent of carbon in the sludge 
stream to produce about three barrels of 100 percent renewable biocrude per day; this could be 
upgraded to a pipeline quality natural gas.  

In each case, treating water to non-potable standards for reuse released fewer GHGs than anaerobic 
digestion or hydrothermal liquefaction. By contrast, transporting water long distances from WWTPs to 
fields for irrigation was an especially costly operation. Fossil energy use, which was assumed to be from 
diesel-powered pumps, was roughly three times higher to move water from plant to field than to 
produce and transport renewable diesel through HTL. GHGs emitted during water transportation are 
greater than emissions through AD or HTL in all recovery cases except for AD1, where the high methane 
leakage during AD combined with flaring emissions drive high overall GHG emissions. This result offers 
insight into why it is not as easy to recover water as it first appears; it is often not worthwhile to 
transport recycled water long distance when freshwater could be withdrawn cheaply and easily nearby.  

52% counties in U.S. could meet over 75% irrigation demands using reclaimed water from WWTPs. 
Reclaimed water is used in southern states with municipal and public areas as well as commercial, 
irrigation, industrial and residential. WWTPs located in the high water stress area near the Ogallala 
aquifer and Arizona/Nebraska are small, a technology suitable for small scale would be needed to 
recover water to relieve water stress in this area. 
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