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General Information
Proposal ID: 2027-383

Proposal Title: Climate-Resilient Landfill Volume Reduction and PFAS Control

Project Manager Information

Name: Roger Ruan
Organization: U of MN - College of Food, Agricultural and Natural Resource Sciences
Office Telephone: (612) 625-1710

Email: ruanx001@umn.edu

Project Basic Information

Project Summary: Pilot a mobile CMAP system to reduce landfill volume, mineralize PFAS, generates electricity, and
integrate leachate management—reducing methane emissions while protecting Minnesota groundwater, land
resources, and environmental quality.

ENRTF Funds Requested: $600,000
Proposed Project Completion: June 30, 2030

LCCMR Funding Category: Resiliency (A)

Project Location

What is the best scale for describing where your work will take place?
Region(s): NE

What is the best scale to describe the area impacted by your work?
Statewide

When will the work impact occur?
During the Project and In the Future



Narrative

Describe the opportunity or problem your proposal seeks to address. Include any relevant background information.

Minnesota’s management of municipal solid waste (MSW) remains a challenge as waste generation continues to
outpace reduction and diversion efforts. Approximately 3.3 million tons of waste are generated annually in the Metro
area alone, and 8 million additional tons could be landfilled statewide over the next 20 years if current trends persist.
Continued disposal increases long-term land use pressure and liability. Converting even a fraction of them into stabilized
materials could reduce environmental burdens across Minnesota landfill systems.

Landfilled MSW contains biodegradable and synthetic materials that create two persistent environmental pathways:
methane generation from anaerobic decomposition and contaminant transport through precipitation-driven leachate.
Climate trends intensify these risks. Minnesota’s annual precipitation has increased about 3.5 inches since 1895, with
more frequent heavy rainfall and a roughly 13% increase in the largest single-day event. These changes increase
leachate generation and hydraulic loading, raising the potential for contaminant migration to soils and groundwater.

PFAS are of particular concern because they persist and resist degradation. MPCA reports PFAS were detected at 100
closed landfill sites (62 exceeding health standard, 16 exceeding standards by tenfold). Minnesota lacks field-validated
data on whether active landfill volume reduction technologies can reduce methane generation and PFAS mobility.

What is your proposed solution to the problem or opportunity discussed above? Introduce us to the work you are
seeking funding to do. You will be asked to expand on this proposed solution in Activities & Milestones.

We will demonstrate an integrated landfill management approach designed to reduce landfill volume while
simultaneously reducing PFAS mass and mobility, with energy recovery and methane mitigation evaluated as secondary
co-benefits. A mobile Catalytic Microwave-Assisted Pyrolysis (CMAP) system will be deployed to thermally convert
landfill waste streams suitable for controlled energy recovery.

The primary objective is measurable landfill volume reduction through conversion of organic and polymer-rich materials
into stabilized carbon material and usable syngas. Microwave-induced volumetric heating, coupled with catalytic media,
enables uniform energy transfer and efficient thermal conversion while limiting uncontrolled emissions. This process
decreases residual mass requiring disposal and reduces future methane generation potential.

Under controlled operating conditions, the system is designed to promote PFAS mineralization in treated materials.
Solid, liquid, and gas streams will be systematically monitored to quantify mass reduction, PFAS transformation, and
fluoride formation using a fluorine mass balance framework.

Integrated vapor-phase reforming will upgrade syngas quality, improve thermal efficiency, and suppress incomplete
byproducts. Produced syngas will be evaluated for on-site electricity generation in coordination with existing landfill gas
collection. The resulting biochar will be evaluated for reuse within the landfill leachate management system as a retrofit
filtration medium to reduce PFAS mobility and strengthen groundwater.

What are the specific project outcomes as they relate to the public purpose of protection, conservation, preservation,
and enhancement of the state’s natural resources?

This project will provide municipalities and the MPCA with field-validated data to evaluate whether landfill volume
reduction and energy recovery can improve groundwater protection, reduce greenhouse gas emissions, and extend
landfill lifespan under Minnesota climate conditions. Quantified outcomes include landfill mass and volume reduction
rates and reduction in capacity demand, PFAS transformation and fluorine mass balance to assess destruction,
estimated reduction in methane generation potential, and energy recovery performance. These results, together with
life-cycle and cost analyses will enable Minnesota agencies and landfill operators to determine whether approaches
reduce long-term environmental risks and extend landfill lifespan under changing climate conditions.
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Activities and Milestones

Activity 1: Bench-Scale CMAP Optimization and Contaminant Fate Validation
Activity Budget: $135,000

Activity Description:

Bench-scale testing will validate operating parameters for the CMAP system prior to field deployment. Representative
landfill waste streams suitable for thermal conversion will be processed to evaluate temperature range (450-600°C),
residence time (10-40 min), catalyst loading (calcium-based and aluminosilicate media), and microwave power density
to achieve stable conversion and efficient mass reduction.

Mass reduction efficiency will be quantified through gravimetric measurement of feedstock input and residual solids.
PFAS transformation will be evaluated using targeted LC-MS/MS analysis of priority PFAS compounds, total oxidizable
precursor (TOP) assays to capture precursor transformation, and fluoride ion quantification via ion chromatography.
Bench testing will target 290% destruction or transformation of measured PFAS species where thermally feasible.

A fluorine mass balance will be constructed to verify mineralization pathways and account for fluorine distribution
across solid, condensate, and gas phases. Gas-phase monitoring will quantify hydrogen fluoride (HF) and screen for
fluorinated volatile organic compounds to verify emission control requirements.

Syngas composition (Hz, CO, CHa, CO;) will be analyzed by gas chromatography, and vapor-phase reforming performance
will be evaluated to assess tar reduction and gas upgrading efficiency. Bench-scale biochar will undergo preliminary
characterization (BET surface area, elemental composition) to confirm suitability for leachate filtration evaluation.

Activity Milestones:

Description Approximate
Completion Date
Validated CMAP operating parameters March 31, 2028
Fluorine mass balance closure and PFAS fate validation May 31, 2028
Finalized pilot deployment protocol and monitoring plan June 30, 2028

Activity 2: Pilot-Scale CMAP Demonstration and Integrated Gas Management
Activity Budget: $345,000

Activity Description:

A 200 kg/day mobile CMAP system will be deployed at the Bridgewater Township landfill for structured demonstration
campaigns led by the UMN. System commissioning will confirm stable temperature distribution, feed-rate control,
catalyst performance, and compliance with emissions monitoring requirements.

Operational campaigns will be conducted in defined intervals to quantify mass reduction, energy demand, and
contaminant transformation under field conditions. Load-cell and mass-flow measurements will determine feedstock
input, residual solids, condensate fractions, and syngas yield to calculate percent mass and estimated volume reduction.
Specific energy demand (kWh per ton processed) will be recorded.

PFAS fate will be evaluated using the analytical framework established in Activity 1. Gas-phase monitoring will screen for
fluorinated compounds, hydrogen fluoride, and criteria pollutants. If monitoring indicates incomplete fluorine capture,
secondary gas scrubbing will be evaluated to ensure emission control and regulatory compliance.



Vapor-phase reforming will operate within the gas treatment train to improve syngas quality and thermal efficiency.
Syngas composition will be evaluated for electricity-generation feasibility. Existing landfill gas (LFG) flow and methane
fraction will be monitored in coordination with landfill operations to assess potential combined greenhouse-gas
mitigation and operational compatibility.

Activity Milestones:

Description Approximate
Completion Date
System commissioning and stable startup December 31, 2028
Pilot-scale mass, fluorine, and energy balance dataset collection July 31, 2029
Field performance and gas utilization assessment September 30, 2029

Activity 3: Biochar Retrofit Evaluation for Leachate PFAS Control and Methane Generation Reduction
Activity Budget: $70,000

Activity Description:
Biochar produced under pilot conditions will be characterized for surface area (BET), elemental composition (CHNS), ash

content, and surface functional groups (FTIR). Batch adsorption studies will evaluate PFAS removal under representative
landfill leachate chemistry (pH 6-8, elevated ionic strength).

Dynamic column testing will simulate operational hydraulic loading conditions, including elevated flow scenarios
consistent with increased precipitation intensity. Hydraulic performance, pressure drop, adsorption capacity, and media

lifespan will be assessed to determine feasibility as a retrofit filtration component within existing leachate management
infrastructure.

Performance will be compared to baseline leachate treatment metrics to evaluate potential operational improvement.

Organic mass reduction achieved during CMAP processing will be incorporated into calibrated first-order decay
modeling to estimate reduction in methane generation potential relative to baseline landfill waste composition.

Activity Milestones:

Description Approximate
Completion Date
Biochar characterization completed December 31, 2029
PFAS adsorption capacity and breakthrough curves quantified February 28, 2030
Methane generation potential reduction modeled March 31, 2030

Activity 4: Life Cycle Assessment, Techno-Economic Analysis, and Implementation Framework
Activity Budget: $50,000

Activity Description:

A preliminary comparative life cycle assessment will quantify greenhouse gas emissions, avoided methane generation,
fossil energy displacement, and landfill expansion impacts associated with CMAP-integrated management relative to
conventional disposal. System boundaries will include waste preprocessing, CMAP operation, vapor reforming, syngas
utilization, landfill gas coordination, and avoided landfill cell construction.

A techno-economic analysis will evaluate capital costs, operating costs per ton processed, energy offsets, avoided landfill




expansion costs, and sensitivity to feedstock variability. Results will be synthesized into an operational decision
framework for Bridgewater Township and a replication guide for Minnesota landfill operators.

Activity Milestones:

Description

Approximate
Completion Date

Draft life-cycle and techno-economic analyses completed April 30, 2030

Deployment and replication guidance finalized May 31, 2030

Final report and stakeholder briefings

June 30, 2030




Project Partners and Collaborators

Name Organization Role Receiving
Funds
Glen Castore Bridgewater Co-PI No
Township
Juer Liu University of Co-PI Yes
Minnesota

Dissemination

Describe your plans for dissemination, presentation, documentation, or sharing of data, results, samples, physical
collections, and other products and how they will follow ENRTF Acknowledgement Requirements and Guidelines.
Findings from this project will be communicated to Minnesota regulatory agencies, landfill operators, municipal solid
waste authorities, researchers, and the public to support improved landfill management practices that protect
groundwater, reduce greenhouse gas emissions, and extend landfill capacity. Performance data including landfill mass
and volume reduction, PFAS transformation and fluorine mass balance results, methane generation potential changes,
syngas energy recovery metrics, and biochar performance in leachate treatment, will be documented in a final technical
report. This report will be shared with the MPCA Solid Waste and PFAS programs, which oversee landfill permitting,
leachate management, and PFAS monitoring across Minnesota. Technical summaries will also be provided to county
solid waste authorities and municipal landfill operators, with coordination through the project partner at Bridgewater
Township.

Because the work includes a pilot-scale CMAP demonstration, project results will also be communicated through site
visits, operational briefings, and technical walkthroughs during demonstration campaigns. These activities will allow
landfill managers, municipal officials, and waste management professionals to observe system performance and discuss
implications for landfill volume reduction, methane mitigation, and PFAS management under Minnesota conditions. The
project team will also share findings with waste management technology developers and environmental engineering
firms engaged in landfill management, thermal conversion, and PFAS mitigation technologies that could support future
deployment at municipal landfill facilities.

Scientific dissemination will occur through peer-reviewed publications and conference presentations in environmental
engineering and waste management forums. Anticipated publication venues include Waste Management, Journal of
Hazardous Materials, Environmental Science & Technology, and ACS Environmental Au. Conference presentations will be
submitted to the Air & Waste Management Association (A& WMA) Annual Conference, the Association of Environmental
Engineering and Science Professors (AEESP) Conference, and the American Society of Agricultural and Biological
Engineers (ASABE) Annual International Meeting, where emerging landfill treatment technologies and PFAS remediation
approaches are frequently discussed.

Data generated during the project including PFAS fate measurements, fluorine mass balance results, syngas
composition, and adsorption performance of CMAP-derived biochar, will be archived through the University of
Minnesota Digital Conservancy to ensure long-term accessibility for researchers, regulators, and environmental
professionals.

Public summaries describing the project goals, demonstration activities, and key findings will be shared through
University of Minnesota CFANS and Center for Biorefining outreach platforms, helping Minnesotans understand how
ENRTF-supported research is advancing landfill management strategies that reduce environmental risk and protect
groundwater resources.




All dissemination materials including reports, presentations, publications, demonstration signage, and electronic
outreach, will acknowledge support from the ENRTF using the required attribution language and logo in accordance with
ENRTF Acknowledgment Guidelines.

Long-Term Implementation and Funding

Describe how the results will be implemented and how any ongoing effort will be funded. If not already addressed as
part of the project, how will findings, results, and products developed be implemented after project completion? If
additional work is needed, how will this work be funded?

If pilot results demonstrate effective waste mass reduction, PFAS transformation, and regulatory compliance,
Bridgewater Township will evaluate continued CMAP operation as part of its landfill management strategy. Operating
costs could be supported through the Township’s solid waste enterprise fund using tipping fee revenue, avoided landfill
cell construction costs, and potential energy recovery offsets. The MPCA will receive performance data to inform
evaluation of landfill volume reduction and PFAS mitigation technologies. Replication at other Minnesota landfills may
be pursued through municipal capital financing, environmental infrastructure programs, or public—private equipment
partnerships, with additional research supported through federal programs (DOE, NSF, USDA).

Other ENRTF Appropriations Awarded in the Last Six Years

Name Appropriation Amount

Awarded
Methods to Destroy PFAS in Landfill Leachates M.L. 2022, , Chp. 94, Art., Sec. 2, Subd. 04a $200,000
Preventing PFAS and Microplastics Contaminants M.L. 2024, , Chp. 83, Art., Sec. 2, Subd. 08k $656,000
across Minnesota

Project Manager and Organization Qualifications

Project Manager Name: Roger Ruan
Job Title: Professor and Director

Provide description of the project manager’s qualifications to manage the proposed project.

Dr. Roger Ruan is inducted as a Fellow of the National Academy of Engineering (NAE, Class 2025) and the National
Academy of Inventors (NAI, Class 2023), and a Fellow of multiple other esteemed organizations, including ASABE, IFT,
IAAM, and Vebleo. He has received numerous awards, including the International Bioprocessing Association’s Pandey
Award, the CAFS Professional Achievement Award, and the Scientist of IAAM Award. Dr. Ruan’s research focuses on
renewable energy and environmental technologies for sustainable development and the circular economy. His work
spans biomass and solid waste pyrolysis and gasification, including plastic waste, to produce chemicals, materials, fuels,
and energy. He has also developed novel wastewater treatment technologies using anaerobic digestion, microalgae
cultivation, and hydroponics. Additionally, he specializes in pathogen disinfection and pollutant control using catalytic
non-thermal plasma, low-temperature and pulse microwave, photocatalytic intensive pulse light, and NMR/MRI
applications for nitrogen fixation, food safety, and food quality enhancement. Dr. Ruan has published over 600 peer-
reviewed journal articles, authored two books and 30 book chapters, and holds 21 U.S. patents. He ranks 83rd nationally
and 190th globally in Engineering and Technology according to research.com and holds the Number One global ranking
in microwave pyrolysis and microalgae and wastewater treatment research per Web of Science. His work has an h-index
of 105, an i10-index of 527, and over 43,000 citations on Google Scholar. He has secured over $45 million in research
funding from agencies such as USDA, DOE, DOT, and DOD. As a project manager on several LCCMR-funded projects, his
work has led to U.S. patents and technology licensing. His technical expertise and project management experience
ensure the successful execution of proposed projects.



Organization: U of MN - College of Food, Agricultural and Natural Resource Sciences

Organization Description:

The Center for Biorefining is a University of Minnesota research center affiliated with the College of Food, Agricultural
and Natural Sciences and helps coordinate the University efforts and resources to conduct exploratory fundamental and
applied research and provide education on science and technology for environment protection and circular economy;
stimulate collaboration among the University researchers, other public sector investigators, and private investigators
involved in biobased production technology development; promote technology transfer to industries; and foster
economic development in rural areas. The Center’s research programs are founded by DOE, USDA, DOT, DOD, LCCMR,
IREE, Xcel Energy, and other federal and state agencies, NGOs, and private companies. The Center is equipped with state
of the arts analytical instruments, and processing facilities ranging from bench to pilot scale.



Budget Summary

Category / Name | Subcategory Description Purpose Gen. | % # Class | $ Amount
or Type Ineli | Bene | FTE | ified
gible | fits Staff?
Personnel
Professor/Faculty PI - 9 month appointment (2 weeks summer salary) 36.6% | 0.15 $37,533
- lead the overall project, direct CMAP system
development and pilot demonstration strategy,
supervise integration across all activities, oversee
interpretation of pyrolysis, PFAS fate, gas
management, and leachate retrofit data.
Professional Co-PI - contract faculty (funding dependent) - co- 36.6% | 0.3 $28,052
Researcher lead pilot system coordination, support process
design and operational planning, assist with PFAS
and gas-phase monitoring strategy, and data
interpretation, implementation planning, and lead
project reporting and stakeholder communication.
Postdoctoral Cconduct day-to-day research across Activities 1— 26.1% | 1.5 $124,917
Researcher 4, including bench-scale CMAP testing, pilot
operation support, PFAS transformation analysis,
fluorine mass balance development, biochar
characterization, methane reduction modeling,
and LCA/TEA data integration.
Graduate Assist with experimental setup, feedstock 24.2% 1.5 $94,163
Research preparation, sample collection, analytical
Assistant measurements, emissions monitoring, adsorption
testing, data processing, and preparation of
technical reports and presentations.
Sub $284,665
Total
Contracts and
Services
Lab and Medical Internal Internal analytical service charges and instrument - $8,000
Services services or use fees with internal rates needed to support
fees project measurements, including PFAS analysis by
(uncommon) LC-MS/MS, fluoride and other inorganic ion
analysis by ion chromatography, gas composition
analysis, CHNS elemental analysis, BET surface
area characterization.
Sub $8,000
Total
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Equipment,

Tools, and
Supplies

Equipment Funds are requested to assemble the mobile pilot- | Essential modular components to $217,000
scale CMAP demonstration system from modular build and operate the pilot-scale
components, which are required for microwave- CMAP system used in Activities 1 and
assisted thermal conversion, controlled materials 2, including controlled thermal
handling, gas treatment, and monitoring during conversion, feed handling, gas
field demonstration, each below $5,000. e.g. upgrading, condensate
Magnetrons: 8 units x $4,800 = $38,400; management, and performance
Microwave power supplies: 8 units x $4,400 = monitoring under landfill field
$35,200; Reactor vessel/fabricated chamber conditions.
modules: 8 units x $4,500 = $36,000; High-
temperature insulation and shielding panel sets: 4
units x $2,600 = $10,400; Screw feeder and
variable-speed drive assemblies: 6 units x $4,500 =
$27,000; Mixer/agitator assemblies: 4 units x
$4,250 = $17,000; PLC/control and data acquisition
modules: 8 units x $3,000 = $24,000; Valves,
regulators, and gas-handling manifold modules: 6
units x $2,500 = $15,000; Condensate/reforming
train modules: 2 units x $4,500 = $9,000; Load cells
and in-line monitoring hardware: 2 units x $2,500
=$5,000

Tools and Representative landfill-derived feedstocks, catalyst | Research consumables necessary to $44,335

Supplies media, solvents and reagents for PFAS extraction perform CMAP conversion studies,
and TOP assays, fluoride and inorganic ion PFAS fate analysis, emissions
standards, gases, filters, sample bottles, SPE monitoring, biochar characterization,
cartridges, tubing, fittings, vials, pipette tips, and leachate treatment evaluation.
gloves, masks, and other routine laboratory
consumables.

Equipment Bench-scale quartz reaction tubes and fittings: 3 Bench-scale and field-testing items $44,000

units x $1,800 = $5,400; Gas sampling bags and
manifold kits: 2 units x $1,200 = $2,400; Benchtop
condensate traps/chillers: 2 units x $2,200 =
$4,400; Fluoride-compatible scrubber bottles and
tubing sets: 2 units x $1,400 = $2,800; Portable
emissions monitoring interface modules: 3 units x
$2,800 = $8,400; Leachate column assemblies: 2
units x $1,600 = $3,200; Peristaltic pumps and
tubing sets: 2 units x $1,700 = $3,400;
Replacement reactor liners/electrode assemblies:

required for reactor validation,
emissions sampling, leachate
adsorption testing, and process
monitoring.
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3 units x $2,200 = $6,600; Biochar adsorption
column hardware: 2 units x $1,800 = $3,600; Load-
cell interface and flow-monitoring modules: 2 units
x $1,900 = $3,800

Sub $305,335
Total
Capital
Equipment
Sub -
Total
Acquisitions and
Stewardship
Sub -
Total
Travel In
Minnesota
Miles/ Meals/ | Mileage reimbursement for approximately 26 Travel supports feedstock collection, $2,000
Lodging round trips (~100 miles per trip) between the pilot system setup and monitoring,
University of Minnesota and the Bridgewater sampling of solid/liquid/gas streams,
Township landfill demonstration site at the federal | and coordination with landfill
mileage rate (~$0.725/mile), with travel conducted | operators and stakeholders during
by the PI, postdoctoral researcher, and graduate demonstration campaigns.
student for field activities.
Sub $2,000
Total
Travel Outside
Minnesota
Sub -
Total
Printing and
Publication
Sub -
Total
Other Expenses
Sub -
Total
Grand | $600,000
Total
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Classified Staff or Generally Ineligible Expenses

Category/Name Subcategory or Description Justification Ineligible Expense or Classified Staff Request
Type
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Non ENRTF Funds

Category | Specific Source

Use

Status

Amount

State

State Sub
Total

Non-State

Non State
Sub Total

Funds
Total

Total Project Cost: $600,000

This amount accurately reflects total project cost?
Yes
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Attachments

Required Attachments

Visual Component
File: 9c811fc4-c7d.pdf

Alternate Text for Visual Component

Framework for climate-resilient landfill management using catalytic microwave-assisted pyrolysis (CMAP) to reduce
waste volume and destruct PFAS. The system produces syngas for potential electricity generation and stabilized carbon
for leachate filtration, with life-cycle and techno-economic analyses guiding scalable implementation across Minnesota
landfills....

Supplemental Attachments
Capital Project Questionnaire, Budget Supplements, Support Letter, Photos, Media, Other

Title File
Bridgewater Letter of Support 03e54394-68e.pdf
Letter of Approval to Submit a794cdea-46b.pdf

Administrative Use

Does your project include restoration or acquisition of land rights?
No

Do you understand that travel expenses are only approved if they follow the "Commissioner's Plan" promulgated by
the Commissioner of Management of Budget or, for University of Minnesota projects, the University of Minnesota
plan?

Yes, | understand the UMN Policy on travel applies.

Does your project have potential for royalties, copyrights, patents, sale of products and assets, or revenue
generation?
Yes

Do you understand and acknowledge IP and revenue-return and sharing requirements in 116P.10?
Yes

Do you wish to request reinvestment of any revenues into your project instead of returning revenue to the ENRTF?
No

Does your project include original, hypothesis-driven research?
Yes

Does the organization have a fiscal agent for this project?
No

Does your project include the pre-design, design, construction, or renovation of a building, trail, campground, or other
fixed capital asset costing $10,000 or more or large-scale stream or wetland restoration?
No

Do you propose using an appropriation from the Environment and Natural Resources Trust Fund to conduct a project
that provides children's services (as defined in Minnesota Statutes section 299C.61 Subd.7 as "the provision of care,
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https://lccmrprojectmgmt.leg.mn/media/map/9c811fc4-c7d.pdf
https://lccmrprojectmgmt.leg.mn/media/attachments/03e54394-68e.pdf
https://lccmrprojectmgmt.leg.mn/media/attachments/a794cdea-46b.pdf

treatment, education, training, instruction, or recreation to children")?
No

Provide the name(s) and organization(s) of additional individuals assisting in the completion of this proposal:
Wendy Moylan, Department Finance and Riana Fletcher, Sponsored Projects Administration

Do you understand that a named service contract does not constitute a funder-designated subrecipient or approval of
a sole-source contract? In other words, a service contract entity is only approved if it has been selected according to
the contracting rules identified in state law and policy for organizations that receive ENRTF funds through direct
appropriations, or in the DNR’s reimbursement manual for non-state organizations. These rules may include
competitive bidding and prevailing wage requirements

N/A
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