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ABSTRACT 12 

An estimated 20-25% percent of households in the US rely on on-site sanitation via septic tanks to 13 

manage their wastewater. Septage management strategies such as land application, treatment at 14 

wastewater treatment plants, and treatment at independent septage treatment plants are common, 15 

regulated and effective processes for managing septage. There can, however, be potentially negative 16 

environmental impacts such as groundwater contamination if septic systems are failing or improperly 17 

designed. In this Perspective, we reimagine septage management at each step of the septage value chain, 18 

identify barriers to change, and propose solutions to overcome these existing barriers. Reimagined 19 

septage management can take both high-level and context-specific approaches, including upgrading or 20 

retrofitting older septic takes to be impermeable and promoting proper tank pumping intervals, short 21 

transport distances, resource recovery, and safe reuse. These solutions could improve economic, 22 

environmental, and social sustainability over the status quo. Barriers such as lack of comprehensive data, 23 

aspects of decentralized regulation and management, public perception, and impacts of climate change 24 

can be overcome via policy best practices, increased stakeholder engagement, improved data collection, 25 

integration of machine learning, and climate change adaptation.  26 

about:blank


1.  Introduction 27 

Over 30 million households in the US are estimated to rely on on-site sanitation via septic 28 

systems to manage their wastewater, with distribution varying by state (Figure 1).1 Septic systems 29 

typically consist of a tank that produces septage followed by soil treatment. However, the decentralized 30 

nature of septage management means that accurate quantities and management pathways across regions 31 

and the country are largely unknown. The septage from these septic tanks needs to be periodically 32 

removed, treated, and disposed.2 Septage has the potential to be a large-scale feedstock for resource 33 

recovery. Given the uncertainty of septage mass and the multitude of both established and emerging 34 

septage management technologies available, navigating septage treatment and disposal options and 35 

considering resource recovery can be a complex challenge for local decision makers.  36 

 37 

 38 

Figure 1. US Census 1990 - Percent of households using septic systems by state, illustrating the wide 39 

variability in septic system usage across the United States and highlighting the potential for geographic 40 

nutrient recovery and environmental protection through improved septage management practices.3  41 

 42 

Common septage management strategies include land application, treatment at wastewater 43 

treatment plants, treatment at independent septage treatment plants, and disposal at a landfill. All states 44 

are subject to federal regulations (40 CFR Part 503) for biosolid use and disposal. States have the 45 

authority to make independent decisions while complying with the rule. Local or Tribal and territorial 46 

governments can also further regulate biosolid use and disposal. The first strategy, land application, has 47 

the benefits of low capital as well as operation and maintenance costs, but requires available land.4–7 48 



Septage can be applied to the land surface, injected into the subsurface, or tilled in the soil. Concerns over 49 

limitations of land application have been raised in communities and state organizations. Some local health 50 

authorities are facing staffing constraints that impede their capacity to supervise correct application 51 

practices and address odor complaints. The second strategy, treatment at a wastewater treatment facility, 52 

has moderate costs and is common for communities ranging from small to large. It is not uncommon for 53 

the septage from a small community to be hauled to a larger regional facility, where there is adequate 54 

capacity and sewage flow to avoid treatment disruptions from the different microbiology present in 55 

septage compared to activated sludge. Even when there is adequate flow, some smaller facilities have 56 

forgone the potential revenue from tipping fees to receive septage due to the amount of trash found in the 57 

septage, which presents risks to pumps and other equipment. The facility regulates the acceptance of 58 

septage. If septage is accepted, it can be added to an upstream sewer manhole, at the plant headworks, or 59 

at the sludge handling process. These facilities have varying levels of resource recovery. The third 60 

common septage management strategy, treatment at an independent facility, has high costs and is often 61 

the last resort if no land or wastewater treatment facility capacity is available. These facilities frequently 62 

utilize drying beds with the dewatered septage landfilled or land applied.    63 

Conventional septage management methods often have limited economic benefits and can raise 64 

environmental concerns depending on the level of resource recovery such as electricity, fertilizer, and 65 

water. Viable business opportunities potentially exist for products generated from septage via resource 66 

recovery technologies. States may wish to consider promoting policies that incentivize resource recovery. 67 

Organic wastes such as fats, oils, and grease (FOG), animal manure, and potentially septage could be a 68 

viable feedstock for anaerobic co-digestion and address organic waste diversion challenges.8  For 69 

example, to meet the 2025 goal of 75% organic waste diversion from landfills in Senate Bill 1383 in 70 

California, CalRecycle estimates that new infrastructure is needed to increase digester capacity from 1.1 71 

million tons to 5.1 million tons per year of organic waste. Meeting the 2025 goal with anaerobic digestion 72 

infrastructure would increase biomethane production to approximately 400 million cubic meters; the 73 



biomethane could be used to produce over 200 MW of electricity and 28 million diesel gallon equivalents 74 

of transportation fuel each year.9  75 

 76 

2.  Environmental Concerns with Current Practices 77 

Septic systems face challenges due to climate change impacts and inadequate practices in 78 

installation, operation, and maintenance. The infrequent pumping of septic tanks (the timing of which is 79 

often context-specific) can pose significant environmental risks.10 This practice often leads to 80 

accumulation of solids and fats, oils, and grease (FOG) in the tank, which can eventually enter the soil 81 

treatment area, compromising its effectiveness. When solids and FOG enter the soil treatment area, they 82 

can cause excessive biomat growth, reducing the system's ability to treat wastewater effectively. This 83 

clogging can result in hydraulic failure, where wastewater backs up or surfaces above ground, creating 84 

direct pathways for untreated sewage to come in contact with humans and contaminate surface waters.11 85 

Failing and poorly designed septic systems, particularly in areas with high system density or vulnerable 86 

environmental conditions such as high water tables or highly permeable soils, can release unsafe levels of 87 

pathogens, nutrients, and other contaminants into groundwater and nearby surface waters.12,13 Low-88 

income communities face disproportionate risks from septic system contamination as unincorporated 89 

areas with higher poverty rates typically rely more heavily on these systems than incorporated 90 

communities.14 In coastal areas, the release of excess nutrients from failing septic systems has been linked 91 

to harmful algal blooms and degradation of aquatic ecosystems.15 For example, Murphy et al. found that 92 

septic system density and rainfall events were significant predictors of human fecal contamination in 93 

private wells.12 94 

Climate change is exacerbating the environmental risks associated with septic systems, especially 95 

in coastal regions. Rising groundwater tables, more frequent flooding, and sea level rise can compromise 96 

system performance by reducing vertical separation distances and increase the likelihood of failure.16 97 

Specifically, coastal septic systems haven shown diminished performance under climate change 98 

scenarios, with increased risk of groundwater contamination and system inundation.17–20 Compound 99 



flooding events, where multiple flood drivers like storm surge and heavy precipitation occur 100 

simultaneously, pose a growing threat to coastal septic systems.21 These events can overwhelm systems, 101 

leading to increased contaminant release and potential public health hazards. While proper septage 102 

management is crucial for addressing environmental concerns, it’s important to note that septage 103 

management alone cannot improve or fix a failing septic system, underscoring the need for a 104 

comprehensive approach that includes both septage management and proactive system maintenance or 105 

replacement. 106 

Beyond these immediate environmental risks, wastewater treatment operations can contribute to 107 

climate change through greenhouse gas emissions. Specifically, septic systems produce methane and 108 

nitrous oxide, both potent greenhouse gasses, as a result of anaerobic decomposition processes.22 It has 109 

been estimated that septic tank emissions account for approximately 0.5% of total per capita emissions in 110 

the US.22,23 The climate impact of septic systems is not fully understood. Total emissions numbers are 111 

compounded by the energy requirements for pumping and maintenance activities. However, it should be 112 

noted that while septic systems require less energy to operate than centralized wastewater treatment 113 

plants, they may produce proportionally more methane emissions per volume of wastewater treated, 114 

highlighting the complex trade-offs involved in wastewater management decisions.22,23 115 

 116 

3.  Reimagining Septage Management 117 

The potential impact of resource recovery from septage is promising. Given an estimated 5.5 118 

billion gallons of annual septage is produced (i.e., 220 gallons per household), septage management can 119 

be reimagined to produce improved economic, environmental, and social benefits.2 Septage contains 120 

disease-causing pathogens as well as concentrated nutrients that can negatively impact the environment 121 

(e.g., algal blooms) if not properly handled and processed. Instead of thinking of septage as a waste to be 122 

discarded, septage can be reimagined as a beneficial and plentiful resource. The mass of nutrients in 123 

septage can be estimated by multiplying the volume of septage by the septage’s nutrient concentration. 124 

This nutrient concentration varies in reality based on the type of septic tank used, water supply, pump-out 125 



frequency, climate, geography, and household water habits.2 Given that septage contains about 600 mg 126 

P/L (344 to 891) and 1600 mg N/L (829 to 2320),24 the annual mass of nutrients in US septage is an 127 

estimated 12,500,000 kg of P and 33,300,000 kg of N. These nutrients could offset synthetic fertilizer25 128 

and its associated economic and environmental impacts. Reimagined septage management integrates each 129 

step of the septage process: collection, transport, treatment, and disposal/reuse.  130 

The recovery of beneficial nutrients, energy, and water from septage begins by collecting it from 131 

the septic tank. State wastewater codes can promote proper construction and sealing of new tanks, along 132 

with regular inspection of older tanks, ensuring that they function properly to prevent contamination of 133 

groundwater and store future septage resources. National efforts like the EPA’s SepticSmart campaign, 134 

amplified by state and county agencies, can assist local regulators and professionals to inform septic 135 

system owners of maintenance practices, including pumping frequency. However, leaky septic tanks may 136 

never be pumped because their untreated contents seep into the underlying soil and possibly 137 

groundwater.2 Timely pumping of septic tanks by pumpers can reduce failures, protect surface and 138 

groundwater resources, and promote increased recovery of resources. Dewatering septage while pumping, 139 

feasible but limited in application, can reduce transport costs associated with water weight, saving fuel 140 

and allowing pumpers to service more customers. Logistics of septage transport can be optimized via 141 

software programs or artificial intelligence to reduce the environmental impacts associated with long 142 

transport distances.26,27  143 

There is untapped potential to recover nutrients in treated septage for beneficial purposes and 144 

provide economic opportunities for communities on decentralized wastewater systems. The most 145 

promising option to increase resource recovery is to increase the quantity of septage that is transported to 146 

wastewater treatment plants, especially those that already practice resource recovery. Established 147 

treatment technologies at wastewater treatment plants that promote resource recovery include composting 148 

and anaerobic digestion (Table 1);2 these technologies produce useful products such as biomethane and 149 

compost while simultaneously reducing greenhouse gas emissions and nutrient discharge. Other 150 

established nutrient management technologies such as struvite precipitation and ammonia stripping can 151 



also be integrated with anaerobic digestion to remove or ideally recover nutrients and offset the costs and 152 

environmental impacts generated from synthetic fertilizer production and transport. Emerging thermal 153 

technologies such as pyrolysis or hydrothermal carbonization can also be used at wastewater treatment 154 

plants to treat septage and recover beneficial products such as biochar or hydrochar, which is a durable 155 

carbon product and can be applied to land for agricultural purposes or used to treat wastewater.29,30  156 

 157 

Table 1. Potential septage management strategies and their opportunities for resource recovery and 158 

important operational variables.  159 

Management 

Strategies 

Current Status Opportunity for 

Resource Recovery 

Important Operational Variables 

surface land 

application 

established N and P content volume, nutrient content, trash 

contamination 

landfill established CH4 capture volume, C content, liquid content 

composting established N and P content storage space and distribution 

anaerobic digestion established CH4 yield temperature, time, pH, feedstock 

quantity 

aerobic digestion established none temperature, residence time 

chlorine oxidation established none contact time 

stabilization lagoon established none Time 

pyrolysis emerging biochar, bio-oil yield temperature, time 

struvite precipitation emerging N and P recovery pH, molar ratio of Ca Mg, or NH4 to 

PO4 

ammonia stripping emerging N recovery temperature, pH, NH4 N load ratio 

 160 

4.  Barriers to Change and Paths Forward 161 

The lack of comprehensive data on septic systems at a national level presents a formidable barrier 162 

to improving septage management practices and capturing resources. Since the US Census Bureau 163 

discontinued collecting national data on septic systems in 1990, there has been no centralized effort to 164 

track the number, location, and condition of these systems across the country.32 This data gap severely 165 

hampers efforts to assess the full scope of environmental impacts, identify high-risk areas, and develop 166 

targeted interventions. The National Environmental Services Center previously attempted to fill this void 167 



by conducting periodic national assessments, but these efforts were limited in scope and frequency and no 168 

longer occur.33 Efforts are underway in the industry to revive data collection regarding septic use; septic 169 

use will be added to the American Community Survey by the U.S. Census Bureau.34  170 

  The state-specific manner of septic system regulation and management further requires 171 

coordinated efforts by governments, businesses and academia to reimagine septage management due to 172 

varying standards and best practices. The authority in charge of permitting septic systems varies by state: 173 

41% health department, 27% county, 19% state, and 13% other.33 This fragmented regulatory landscape 174 

leads to significant variations in installation standards, maintenance requirements, and enforcement 175 

practices across different regions. For instance, some jurisdictions require regular inspections and 176 

pumping, while others have no such mandates. This lack of uniformity makes it difficult to implement 177 

widespread improvements or innovations in septage management without regional or state coordination. 178 

Public perception and awareness issues may also present significant barriers to changing septage 179 

management practices. Many homeowners lack understanding of proper septic system maintenance and 180 

the potential environmental impacts of failing systems.35,36 Research in rural communities has found a 181 

disconnect between perceived and actual water quality, with many residents unaware of the potential 182 

impact of their septic systems on local water resources.35,36 This knowledge gap can lead to neglect and 183 

delayed repairs, exacerbating environmental risks. The "out of sight, out of mind" nature of septic systems 184 

often results in homeowners paying little attention to their systems until a failure occurs, by which time 185 

environmental damage may have already occurred. Furthermore, most people remain unaware of what 186 

septage is and how it is processed, compounding the broader issue of inadequate education regarding 187 

proper septic system maintenance. 188 

Financial constraints also pose a significant challenge to improving septage management 189 

practices, particularly in economically disadvantaged areas. Upgrading or replacing septic systems can be 190 

prohibitively expensive for many homeowners, with costs potentially running into tens of thousands of 191 

dollars.37 In areas with aging infrastructure or systems vulnerable to climate change impacts, the need for 192 

upgrades may be widespread, creating a substantial financial burden for entire communities. Many 193 



communities have limited staff to permit systems and ensure compliance with regulations. Technical 194 

assistance opportunities, such as the EPA’s Closing America’s Wastewater Access Gap Initiative, can 195 

provide under resourced communities in rural areas with help to apply for funding and perform the 196 

technical and engineering analysis needed for community-oriented solutions. However, this Initiative 197 

takes a localized approach to assist specific communities across the US and does not address issues of 198 

septage management. The high costs associated with system improvements and limited regulatory 199 

professionals can result in continued use of outdated or failing systems, perpetuating environmental risks 200 

and limiting the capture of septage. 201 

Emerging contaminants, particularly per- and polyfluoroalkyl substances (PFAS), represent 202 

another significant barrier to septage management and resource recovery. The ubiquitous presence of 203 

PFAS in domestic wastewater and their persistence in the environment have prompted increasing 204 

regulatory scrutiny, creating substantial uncertainty for wastewater utilities.38,39 Maine has implemented 205 

stringent regulations restricting land application of biosolids containing PFAS, while others like Georgia 206 

are considering regulations requiring land application site monitoring wells to meet drinking water 207 

maximum contaminant levels.40,41 These evolving regulatory frameworks have the potential to severely 208 

limit conventional septage management options, particularly land application and the acceptance of 209 

septage at wastewater treatment plants that produce biosolids for land application. Advanced thermal 210 

treatment technologies, such as high-temperature incineration, pyrolysis, and hydrothermal processes, 211 

offer promising methods for PFAS destruction in septage and biosolids.42,43 However, these technologies 212 

often require significant capital investment, specialized expertise, and higher operational costs compared 213 

to traditional management methods, potentially limiting their widespread adoption despite their 214 

effectiveness in breaking down PFAS compounds.44 While the evolving PFAS regulatory landscape 215 

presents challenges, it also creates opportunities for innovation in septage treatment technologies that can 216 

simultaneously address contaminant concerns and enhance resource recovery potential, driving the 217 

industry toward more sustainable management approaches.45,46 218 



The lack of standardized protocols for assessing damage to septic systems from natural disasters 219 

is another significant barrier. When systems are damaged from flooding, fires, or earthquakes but 220 

continue operating without proper assessment, they may leak septage into the environment rather than 221 

retaining it for beneficial collection and reuse. Cox et al. highlighted the need for a centralized system to 222 

collect post-storm inspection reports and performance monitoring data.37 Such a system would help 223 

identify compromised tanks that require repair to properly contain septage, while also informing pumping 224 

schedules to maximize resource recovery before potential system failures. Visual inspections alone may 225 

not be sufficient to determine if a system’s septage containment has been compromised. Advanced 226 

monitoring approaches like flow metering and virtual tracking could help optimize septage collection 227 

timing and identify tanks at risk of failure before they begin leaking valuable resources.  228 

Many communities lack the data, tools, and regulatory frameworks to proactively address these 229 

vulnerabilities, resulting in lost opportunities for septage capture and resource recovery when systems 230 

fail. For example, communities often lack databases of septic tank locations, technology employes, and 231 

septage generated. Managerial staff with expertise to handle many septage regulatory frameworks is often 232 

lacking, leaving management to the property owner. These barriers collectively impede the effective 233 

management and utilization of septage as a valuable resource. Overcoming these challenges through 234 

improved monitoring and assessment is crucial for maximizing septage collection and realizing its full 235 

potential as a source of nutrients, energy, and water. By addressing these barriers, we can pave the way 236 

for more sustainable and efficient septage management practices that benefit both communities and the 237 

environment.  238 

 Moving forward, these barriers to change will need to be overcome at each step of the septage 239 

process to fully realize the social, environmental, and economic benefits associated with reimagined 240 

septage management (Figure 2). All steps of the septage process would benefit from policy best practices, 241 

increased stakeholder engagement, data collection, integration of machine learning, and climate change 242 

adaptation to overcome these barriers. For example, opportunities exist to use satellite imagery to fill in 243 

missing data like locations of septic systems.47,48 The barrier of lack of comprehensive data could also be 244 



addressed by integrating data collection protocols into the regulatory framework, using academic models 245 

or developing voluntary collection efforts for permitting authorities. These data collection protocols could 246 

also include data from stakeholders including homeowners, septic service providers, local health 247 

departments, environmental agencies, and wastewater treatment plant operators.  248 

A lack of centralized economic resources can further complicate the situation.49 Financial 249 

constraints for maintenance and climate change adaptation could be addressed by increased funding (and 250 

awareness of such funding) to decentralized communities. The Bipartisan Infrastructure Law provides 251 

$11.7 billion for the Clean Water State Revolving Fund (CWSRF), plus an additional $1 billion for the 252 

CWSRF to address emerging contaminants.1 These funds can be used for technical assistance to help 253 

communities gain access to resources but cannot be used for long-term maintenance or septage 254 

management.50 Despite this level of funding, a gap in necessary funding is still projected and the level of 255 

state investments across the US is also unclear. The barrier of inconsistent septic system design, 256 

permitting, operation, and maintenance could be addressed by developing and implementing best 257 

practices that could be modified at the State or County level. 258 

While this Perspective focuses primarily on the US context, valuable lessons can be drawn from 259 

international approaches to septage management. In Europe, Ireland has implemented a National 260 

Inspection Plan for domestic wastewater treatment systems that employs a risk-based approach to 261 

inspections, with 1,110 inspections conducted in 2020, finding a 54% compliance rate. 51,52 Costa Rica 262 

has developed a National Wastewater Sanitation Policy with goals to increase proper septage 263 

management in rural areas where approximately 76.4% of households use septic systems.53 Developing 264 

countries have opportunities to leapfrog conventional approaches by implementing innovative septage 265 

management technologies from the outset. The Gates Foundation’s Reinvent the Toilet initiative 266 

exemplifies this potential through next-generation technologies that treat waste onsite without sewers or 267 

external water sources.29,54–56  Such advanced systems complement the emerging strategies outlined in 268 

Table 1 and demonstrate how innovations from abroad can inform and potentially accelerate the 269 

transformation of septage management approaches in U.S. rural and underserved communities. 270 



 Many challenges and opportunities exist for septic tank management and septage utilization in the 271 

US. As we seek more sustainable approaches, we must consider how changing precipitation patterns and 272 

rising temperatures may impact septic system functionality and environmental risks. More frequent 273 

pumping of septic tanks could play a dual role in promoting resilience and adaptation. By improving the 274 

efficiency of septic tank pumping intervals with data or technologies that validate operation and treatment 275 

effectiveness, we can potentially decrease methane emissions, a potent greenhouse gas.57 For example, 276 

septic tanks at risk of failure, such as tanks that were designed for part-time use that are now in full-time 277 

use, could be identified using advanced meter reading and infrastructure. Additionally, the recovered 278 

septage can be leveraged for resource recovery through technologies like anaerobic digestion with 279 

biomethane capture or pyrolysis for biochar production. These processes not only reduce greenhouse gas 280 

emissions but also create valuable products like renewable energy and soil amendments. 281 

 282 

 283 

Figure 2. The septage value chain for septic tanks, illustrating opportunities for improved management, 284 

resource recovery, and environmental protection. The chain encompasses construction, operation, 285 

transport, treatment, and safe reuse.  286 

  287 



5.  Conclusion 288 

 Septage is an untapped waste stream that could be utilized for resource recovery and its potential 289 

economic, environmental, and social benefits. Current approaches for septage management including land 290 

application, treatment at wastewater treatment plants, and treatment at independent septage treatment 291 

plants can result in negative environmental impacts such as groundwater contamination and greenhouse 292 

gas emissions, both of which will be exacerbated due to climate change. Reimagined septage management 293 

could promote recovery of beneficial nutrients, energy, and water. Barriers such as lack of comprehensive 294 

data, decentralized regulation and management, negative public perception, and climate change can be 295 

overcome via policy best practices, increased stakeholder engagement, increased data collection, 296 

integration of machine learning, and climate change adaptation. Improved management of the annual 5.5 297 

billion gallons of US septage could provide substantial economic, environmental, and social benefits due 298 

to reduced environmental contamination and increased recovery of resources. 299 

 300 
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