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EXECUTIVE SUMMARY 
 

From the mid-1980s to the present, the Department of Energy (DOE) has developed, tested, and deployed 
diverse bioremediation strategies for chlorinated volatile organic compounds (cVOCs). A systematic 
review of these projects after decades of activity provides an opportunity to identify crosscutting themes 
and lessons learned. The knowledge provided by a DOE bioremediation retrospective represents a resource 
to support current and future bioremediation operations, and future decisions related to cVOC 
bioremediation. This systematic review examined the design, objectives, performance and outcomes for 
remediation projects at DOE sites including Savannah River, Hanford, Idaho, Mound and Pinellas. The 
results were used to identify emergent themes to provide actionable insights. The bioremediation 
retrospective technical team first developed standardized criteria to support the systematic review. Then,
the evaluation was performed using a sequential process that was informed by local technical experts who 
identified and provided the structured information that served as the basis for the evaluation. The 
participation of these experts was invaluable to the effort.  
 
Importantly, DOE cVOC bioremediation efforts were implemented based on the foundational knowledge 
developed by U.S. Department of Defense (DoD) strategic and applied environmental technology 
development and certification programs, as well as technical, policy and regulatory guidance from the U.S. 
Environmental Protection Agency (EPA), Interstate Technology and Regulatory Council (ITRC), U.S. 
Geological Survey (USGS), industry, and universities. To maximize the value of the DOE cVOC 
bioremediation retrospective, the systematic review strategy focused on identifying important DOE-
specific experiences, trends and lessons learned that would extend the knowledge available from these other 
key entities.  
 
Overarching themes that were identified during the DOE cVOC bioremediation retrospective include:  

1) The most successful DOE cVOC bioremediation efforts focused on transitioning the site from 
active treatment to passive attenuation-based remedies using Enhanced Attenuation (EA). DOE 
provided technical support in developing and implementing ITRC Technical and Regulatory 
Guidance for EA protocols in collaboration with state and federal regulators, other federal 
agencies, industry, and universities. A key product of that collaboration was a technical and 
regulatory guidance document from the Interstate Technology and Regulatory Council (ITRC). 
EA provides a roadmap and bridge to move from active to passive remediation. The sites that 
were designed and deployed using the ITRC guidance documents have performed well. 

2) Designs that created structured geochemical zones to combine anaerobic and aerobic 
bioremediation processes provided significant benefits at several DOE case study sites  such 
designs leverage the complementary strengths of anaerobic biological processes to rapidly 
degrade parent cVOCs and aerobic biological processes to degrade daughter cVOCs, 
minimizing the buildup of toxic daughter products.    

3) Detailed monitoring, including multiple lines of evidence, has proven effective in 
implementing and documenting cVOC bioremediation projects. Key performance metrics, use 
of DNA and other molecular biological tools (MBTs), have been particularly useful at some 
case study sites  demonstrating the robustness of the subsurface microbial community and 
their response and adaption to bioremediation amendments and bioremediation progress. 
Notably, the MBTs suggest that bioaugmentation (additional of supplemental and/or 
specialized bacteria) may not be needed at most sites. Collecting baseline and periodic data on 
the microbial ecology is recommended for current and future bioremediation projects. 

4) Underperformance of bioremediation projects generally resulted from either poor access and 
delivery of amendments or from unfavorable biogeochemical conditions. Poor access and 
delivery were associated with physical limitations such as low permeability or well spacing 
that was too far apart. Innovative access techniques matched to site conditions, such as use of 
horizontal wells, proved beneficial at some sites. An example of unfavorable biogeochemical 
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conditions was use of air sparging to stimulate aerobic biodegradation in a bulk anaerobic 
setting  in this example, the air travelled upward through preferential pathways and did not 
adequately aerate the target aquifer zone resulting in limited degradation and plume spreading.  

5) The most successful projects considered the balance of the direct beneficial bioremediation 
impacts (e.g., degradation of contaminant cVOCs) versus potential adverse collateral impacts 
such as generating a large area of unusable / unpalatable groundwater.   

6) Over time there is a trend toward sustainability in performance, consistent with EA and 
structured geochemical zone strategies and designs. A notable example of this is a shift toward 
longer lived electron donors such as vegetable oils versus the lactate and similar reagent 
compounds used in early bioremediation projects. 

7) Successful bioremediations were performed under both CERCLA and RCRA  most were part 
of a combined remedy that included other actions such as pump and treat and proposed/future 
monitored natural attenuation (MNA). In aerobic oligotrophic aquifers (groundwater systems 
with low biomass), MNA rates for the most common cVOCs are relatively slow with half lives 
in the range of 50 to 100 years  additional studies may be needed to confirm and refine 
attenuation rates. 

8) Several of the overarching themes identified in the cVOC bioremediation retrospective, 
particularly those related to EA, structured geochemical zones, and performance metrics based 
on multiple lines of evidence are somewhat universal/portable/durable and would apply to 
bioremediation and other in situ remediation strategies at sites contaminated with various 
organic contaminants, inorganic contaminants, radionuclides, or comingled contaminants.    

 
More specific technical findings from the retrospective are provided in the lessons learned section of the 
report and are briefly summarized below: 
 
For Anaerobic Bioremediation 

 Design Basis and Site Conditions  
 Most anaerobic bioremediation pilot and full-scale projects were designed as active 

bioremediations. 
 There are emerging opportunities in DOE to transition some of the full-scale anaerobic 

remediation projects to EA  particularly those that have used long lived electron donors. This 
transition can be performed by restructuring the metrics/monitoring and working with 
regulators and stakeholders to formally revise the governing record(s) of decision. 

 Anaerobic remediation projects have proven to be robust and relatively effective under a wide 
range of baseline hydrogeologic and biogeochemical conditions.  

 When deployed in an aerobic system, anaerobic bioremediation results in a shift in redox status 
and an associated degradation of overall groundwater quality that limits beneficial use. 

 Biostimulation and Bioaugmentation  
 All tested and deployed electron donors have been shown to be effective in supporting 

bioremediation.  
 Over time the preferred electron donors have shifted from pure or blended reagents such as 

lactate, alcohols, benzoate and similar chemicals to lower cost materials such as industrial 
byproducts (e.g., whey) and vegetable oils. Vegetable oil amendments provide a longer 
performance period. In some cases, a single injection has supported effective remediation 
performance for ten or more years, based on cVOC concentration trends and characterization 
of the structure and function of the subsurface microbial community.  



SRNL-STI-2025-00051 
Revision 0 

 

 
 

viii 

 Two case studies effectively deployed neat (pure) vegetable oil in the lower portion of the 
vadose zone to form a shield at the water table interface. This supplemental electron donor 
deployment strategy was developed by DOE and represents a cost-effective beneficial action. 

 The evidence from the systematic review regarding the need for bioaugmentation to support 
anaerobic designs is equivocal. Bioaugmentation should be considered only if there is site 
specific data or evidence that the microbial ecology at the site is deficient in a key capability 
or if testing indicates that the site will experience a significant lag in the initiation of 
bioremediation under site-specific field conditions.  

For Aerobic Bioremediation 
 Design Basis and Site Conditions 

 DOE aerobic bioremediation pilot and full-scale projects were designed as active 
bioremediations.  

 DOE aerobic bioremediation projects exhibited highly variable levels of success. Compared to 
anaerobic bioremediation, aerobic remediation for cVOCs was found to be less robust and 
resilient and successful projects were limited to a narrower range of environmental conditions.  
For aerobic bioremediation of cVOC, cometabolism is a primary mechanism for moderately 
chlorinated molecules like TCE and chloroform. Less chlorinated cVOCs such as DCE and VC 
are subject to more efficient and more rapid direct aerobic metabolism.  

 Most of the DOE aerobic remediation projects were performed using biosparging.  
 Due to the variable performance of aerobic cVOC bioremediation, recent projects that 

incorporated aerobic processes into the bioremediation design were performed as combined 
anaerobic and aerobic structured geochemical zones.  

 
 Biostimulation and Bioaugmentation 

 Air was used as the electron acceptor in all the documented aerobic cVOC bioremediation 
projects. 

 Methane was used as the cometabolite for all the DOE aerobic cVOC bioremediation projects. 
 Gas phase nutrients (ammonia and triethylphosphte) were used for the SRS aerobic cVOC 

bioremediation project. The phosphorus addition process was patented by DOE and licensed 
to industry for commercial use in bioventing, biosparging and bioremediation. 

For Combined Anaerobic-Aerobic Bioremediation  Structured Geochemical Zones 
 Design Basis and Site Conditions  

 DOE exemplars of combined anaerobic-aerobic bioremediation strategies were based on the 
EA design paradigm as specified in the ITRC technical and regulatory guidance.  

 Monitoring the numbers, structure and function of the subsurface microbial community has 
been integral to the success of the combined anaerobic-aerobic remediation projects. 

 The use of structured geochemical zones provided optimal conditions for rapid degradation of 
parent cVOCs in the anaerobic areas and less chlorinated daughter cVOCs in the adjacent 
aerobic areas.  

 Structured geochemical zones minimize the accumulation of DCE and VC and minimized the 
volume of the aquifer that was impacted by collateral water quality impacts, reduced costs and 
remediation time, and sites where this strategy was implemented can be immediately and 
efficiently transitioned to a passive attenuation upon completion.  

 Biostimulation and Bioaugmentation 
 Electron donors with higher longevity such as emulsified and neat vegetable oils were used for 

creating the structured geochemical zones.  
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 No added electron acceptors were used between the anaerobic treatment zones. 

 
The portfolio of cVOC bioremediation projects and project experience in DOE has yielded significant 
success. Two sites have formally transitioned to a passive EA remedy from pump and treat  discontinuing 
expensive active treatment and now moving rapidly toward closure with no further action. All wells and all 
constituents at both EA sites are near or below MCLs. Some of the full-scale anaerobic bioremediations are 
also approaching ROD reviews where they may be able to formally transition to a passive EA remedy. 
Within these projects DOE has developed, tested, and deployed several innovative technologies, some of 
which are patented and licensed. Finally, DOE led the collaboration to develop technical guidance for 
implementing EA for cVOCs. This 30+ year period of DOE cVOC bioremediation experience as 
summarized in this systematic review can serve to support DOE managers/decision makers as well as 
contractors in their project management, project design and field operations responsibilities for current and 
future cVOC bioremediation.  
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1.0 Problem Statement 
Department of Energy (DOE) Office of Environmental Management (EM) has responsibilities to manage 
and remediate complex groundwater plumes across the nation with contaminants that include a broad range 
of chemical and radiological contaminants. Notably, chlorinated volatile organic compounds (cVOCs) are 
a principal contaminant in many of the groundwater plumes. A variety of in situ bioremediation 
technologies have been tested and deployed to address DOE cVOC plumes since the mid-1908s.  
Bioremediation involves the use of naturally occurring microbiota/bacteria or introduction of specific 
bacteria species to biodegrade/transform contaminants into less toxic or more stable substance. This 
retrospective evaluation will focus exclusively on the application and performance of bioremediation for 
cVOCs and critical aspects of project development: design principles; electron donors and nutrients; 
bioaugmentation; subsurface access and deployment; and monitoring performance and metrics. The final 
report will provide an overview of cVOC bioremediation across DOE EM and DOE Legacy Management 
(LM) sites based on case studies from EM/LM sites. The specific case studies will be consolidated to inform 
a more comprehensive picture of the complexities involved in successful bioremediation.   

2.0 Objectives 
DOE EM, in collaboration with their field sites, have pursued numerous bioremediation projects throughout 
the last three to four decades of environmental cleanup. Success of these projects has varied widely, 
depending on the contaminant, hydrogeologic conditions, available technologies, and state of the science. 

complex to conduct a historical retrospective that can be used to inform future bioremediation efforts. This 
review of lessons learned dovetails with current DOE bioeconomy initiatives.   

3.0 Introduction 
Chlorinated solvents were used extensively as degreasers beginning in the 1940s and 1950s to support the 
U.S. Cold War mission. The accepted disposal path for these organic compounds often included deposition 
on porous soils or into unlined basins. As a result, unintended releases were common during this time. 
These factors lead to widespread organic contamination, both in soil and groundwater, across DOE sites, 
as well as Department of Defense (DoD) military and industrial locations. 
 
In aerobic groundwater (typically dissolved oxygen content > 1 mg/L), chlorinated solvent plumes attenuate 
(reduce in concentration) slowly and the plumes can expand over large areas with large portions of the 
plumes
costs and difficulties in effectively treating the plume because of the high volumes of contaminated water 
and large areal footprint. Further, source solvent can migrate as a separate phase and secondary source 
zones (areas where residual solvent accumulates and dissolves slowly) are common even after the primary 
source mass is remediated. Bioremediation strategies can be applied in situ or ex situ and under aerobic (in 
the presence of oxygen) or anaerobic (very little or no oxygen present) conditions. Often the bioremediation 
of cVOCs relies on addition of an electron donor and the resulting anaerobic processes (e.g., reductive 
dechlorination) due to higher degradation rates of the typical solvents (e.g., perchloroethylene (PCE) and 
trichloroethylene (TCE))  however this strategy can lead to the buildup of hazardous daughter products 
such as vinyl chloride (VC) in some situations. Complete anaerobic dechlorination of TCE and PCE results 
in the generation of ethylene, a non-toxic compound, in place of VC which is a known carcinogen and more 
toxic than TCE or PCE. A combined anaerobic/aerobic strategy (structured geochemical zones) has been 
used to better control and balance the rate of parent and daughter destruction rates. For the large and dilute 
portions of plumes in aerobic settings, enhancing aerobic co-metabolism is a primary method that has been 
considered for bioremediation.  
 
Several treatment technologies are effective for chlorinated solvent remediation, but site conditions play an 
important role in the efficacy of each approach and must be carefully considered during the selection and 
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implementation processes. Bioremediation approaches are often favored because they utilize natural 
processes to degrade chlorinated hydrocarbons and are typically considered more of a passive approach to 
cleanup. These approaches make use of microorganisms capable of contaminant breakdown in the 
subsurface through use or transformation of the contaminants. This saves time and costs over more active 
methods, minimizes maintenance activities, as well as limits the environmental impact of cleanup 
operations. 

4.0 Technical Approach 

4.1 Overview
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Figure 4-1. Simplified Structure of Categories used for DOE Systematic Review of cVOC 
Bioremediation.

4.2 Remediation Design Strategy Design Basis
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4.2.1 Active Bioremediation 

4.2.2 Enhanced Attenuation 

 

  

Active Bioremediation for cVOCs  An 
engineered treatment that uses biostimulation 
or/and bioaugmentation to support microbial 
processes to destroy cVOCs, reduce risk and 
accelerate progress toward remedial goals. 

Enhanced Attenuation An engineered 
treatment that uses biostimulation or/and 
bioaugmentation to sustainably alter microbial 
process to destroy cVOCs and beneficially 
alter the plume mass balance such that the 
remedial objectives are met in a reasonable 
timeframe.  
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Figure 4-2. ITRC Technical Guidance on Enhanced Attenuation for Chlorinated Organics --   
Enhanced attenuation p
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Figure 4-3. Natural Attenuation Mass Balance Paradigm (ITRC, 2008).
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Figure 4-4. General Structure of ITRC MNA/EA Decision Flowchart (ITRC, 2008). 
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Figure 4-5. Expanded ITRC MNA/EA Decision Flowchart (ITRC, 2008).
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4.2.3 Monitored Natural Attenuation

 

  
  
  
  

 

  
  
  
 

 
 

 

 

4.3 Target-Predominant Biogeochemical (Redox) Condition 
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4.3.1 Anaerobic

 
 

 
 

 

4.3.2 Aerobic 
Conditions for growth or metabolism in which the organism is sufficiently supplied with molecular oxygen. 
Aerobic respiration, the process whereby microorganisms use oxygen as an electron acceptor to generate 
energy. Note that the degradation rates for typical industrial cVOCs (e.g., PCE, TCE, CT and chloroform) 

- ) chlorinated cVOCs are typically assumed to have very low or negligible 
degradation rates for aerobic conditions. Importantly, there are two major microbial and enzyme pathways 
for aerobic degradation of cVOCs: cometabolism and direct metabolism. Cometabolism relies on the poor 
specificity of some of oxidative enzymes that are targeted to different substrates (like methane or toluene) 
to fortuitously degrade cVOC contaminants. Cometabolism does not typically result in direct benefits for 
the organism (i.e., does not supply energy for growth and reproduction). Direct metabolism relies on 
enzymes that are targeted to a specific cVOC and which typically result in providing energy for growth and 
reproduction. An advantage of aerobic process is that the reaction pathways to mineralization (forming 
nontoxic inorganic byproducts) is more direct compared to anaerobic pathways with less buildup of 
daughter products. 

4.3.3 Combined Anaerobic-Aerobic (Structured Geochemical Zones) 
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Figure 4-6. Simplified Depiction of the Relative Rates of Chloroethene Degradation under 
Anaerobic and Aerobic Conditions (DOE, 2020). 

 

Figure 4-7. Example Depiction of the Relationship between Anaerobic and Aerobic Treatment 
Areas  A structured geochemical zone design would include additional coupled areas along the plume 
flow path (DOE, 2020). 
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4.4 Site-Specific Modifying Factors, Deployment Conditions and Deployment Details 

 

4.4.1 cVOCs Type(s) 
List of the site-specific predominant cVOCs that need to be addressed to mitigate risks and meet remedial 
objectives. 

4.4.2 cVOCs Concentration(s) 
The starting contaminant concentration will also inform monitoring activities and future assessments of the 
bioremediation once implemented. This technology has been shown effective for groundwater plumes with 
concentrations from 0.01 to 100 mg/L (Parsons, 2004). Sites with residual or sorbed dense non-aqueous 
phase (DNAPL) at concentrations > 100 mg/L can also potentially be treated with bioremediation 
approaches, but areas with significant DNAPL source zones may not be able to be remediated in a realistic 
timeframe (Parsons, 2004). This factor was set relative to solubility of the particular cVOC to account for 
the potential presence of residual (undissolved) cVOC dense nonaqueous phase solvents (DNAPLs). All 
bioremediation strategies are significantly adversely impacted by the presence of DNAPL. The case studies 
will be used to help assess relative success of various bioremediation strategies used at varying 
concentration levels. For purpose of the structured review the following definitions and log-based bins were 
developed:  
 

  
 

 
  
  
  

 
 

  
  
  
  

4.4.3 Lithology/Hydrogeology 

 

4.4.4 Size and Scale of Bioremediation (pilot- or full-scale target volume) 
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4.4.5 Amendments Used

Figure 4-8. Summary of Electron Donors used for Anaerobic Bioremediation.
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Table 4-1. Synopsis of Organisms/Genes that Contribute to Bioremediation (DOE, 2020). 

 

 

4.4.6 Subsurface Access Methods and Spacings 

 

4.4.7 Performance Metrics and Monitoring Strategies 
Effective monitoring of remedial performance is a crucial element in the design and implementation of 
bioremediation. This assessment will focus on the selected metrics  for example only tracking 
concentration versus multiple lines of evidence. If multiple lines of evidence are used the 
interview/evaluation will assess the alignment of the metrics with EPA or ITRC guidance such as the lines 
of evidence used for MNA. The review will also assess potential adverse collateral impacts (plume spread, 
accumulation of toxic daughter products, release of volatile contaminants, etc.). 


