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Executive Summary of CRADA Work 
The research focuses on utilizing a new anaerobic digestion (AD) configuration to treat the 
aqueous by-product generated by hydrothermal liquefaction (HTL) of sewage sludge. This 
report found that for Anaerobic Digestion for HTL By-product, Anaerobic biofilms can degrade 
some HTL wastewater contaminants, but co-digestion is essential to address nutrient 
deficiencies and optimize performance.  Without AD, toxicity of HTL aqueous streams may limit 
broader adoption in wastewater treatment plants (WWTPs).  Great Lakes Water Authority 
(GLWA) used an innovative reactor design, involving a dynamic membrane anaerobic 
bioreactor to promote biofilm growth, improving contaminant degradation. The tree-like structure 
inside the reactor supports biofilm development with recirculation enhancing microbial activity. 
Overall, a 70% chemical oxygen demand (COD) removal was achieved, although nutrient 
supplementation is required for stability.  The reactor achieved a diverse microbial community, 
including methanogens and bacteria capable of degrading phenols and aromatics. 
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Summary of Research Results 

1. Introduction  

Municipal wastewater treatment generates substantial amounts of sludge, presenting both a 
disposal challenge and an opportunity for resource recovery. Traditional methods of sludge 
management, such as land application or incineration, have limitations due to environmental 
concerns and regulatory constraints. Hydrothermal liquefaction (HTL) has emerged as a 
promising technology to convert wet biomass like sewage sludge into valuable biofuels and 
bioproducts without the need for extensive dewatering. HTL processes sludge under high 
temperature and pressure in the presence of water, producing biocrude oil, gas, solids, and an 
aqueous byproduct (HTL-AB). 
 
While HTL effectively transforms sludge into energy-rich products, the resultant HTL-AB 
contains a complex mixture of organic compounds, including nitrogenous substances like 
pyrrolidine and pyrazine. These compounds can be toxic to microbial communities and pose a 
challenge for downstream treatment processes. Traditional wastewater treatment systems often 
require significant dilution of HTL-AB to mitigate toxicity before biological treatment, which is 
impractical for large-scale implementation due to increased volume and associated costs. 
 
Developing efficient methods to treat HTL-AB without excessive dilution is crucial to advancing 
HTL as a viable sludge management and resource recovery option. Anaerobic digestion 
presents a potential solution by converting organic contaminants in HTL-AB into methane-rich 
biogas, thus providing a pathway for energy recovery. However, standard anaerobic digesters 
may not effectively process HTL-AB due to its inhibitory compounds and nutrient imbalances. 
 
The Recirculating Anaerobic Dynamic Membrane Bioreactor (R-AnDMBR) is a novel treatment 
system designed to enhance anaerobic biodegradation of complex waste streams. By 
promoting biofilm formation on a dynamic membrane, the R-AnDMBR increases microbial 
retention and resilience against toxic compounds. The system recirculates the feedstock 
through the biofilm-coated membrane, allowing prolonged contact between microbes and 
contaminants, which can enhance degradation efficiency. 
 
This study explores the application of the R-AnDMBR for treating HTL-AB generated from 
municipal wastewater sludge. The primary objectives are to assess the system's efficiency in 
reducing chemical oxygen demand (COD) and toxic compounds without extensive dilution, to 
evaluate methane production for energy recovery, and to identify operational challenges such 
as nutrient limitations. By addressing these objectives, the research aims to contribute to the 
development of sustainable and integrated sludge management strategies that maximize 
resource recovery at wastewater treatment facilities. 
 
2. Results  

Substrate and Inoculum Preparation 
A mixture of primary and secondary sludge was collected from the Great Lakes Water Authority 
(GLWA) Water Resource Recovery Facility (WRRF) in Detroit, USA and transported under 
refrigeration to the Pacific Northwest National Laboratory (PNNL). Upon arrival, the sludge was 
stored at 4°C until processing.  The collected sewage sludge was subjected to continuous-flow 
hydrothermal liquefaction (HTL) at PNNL. The HTL system operated under subcritical water 
conditions at a temperature of 350°C and a pressure of 2900 psi. The sludge was processed as 



PNNL-37152 
 

6 
 

a 15.5% (wt/wt) slurry at a flow rate of 12 L/h, resulting in a liquid hourly space velocity of 
4 L L⁻¹ h⁻¹, corresponding to a residence time of 15 minutes. The biocrude oil produced was 
separated by gravity from the aqueous phase without the use of solvents. The aqueous 
byproduct (HTL-AB) generated from this process was collected and shipped to GLWA for 
subsequent treatment in the R-AnDMBR.  Other conditions, including lower temperature HTL 
were also tested with the HTL-AB being provided to GLWA. 
 
Recirculating Anaerobic Dynamic Membrane Bioreactor Setup 
The R-AnDMBR system consisted of a 7 L cylindrical bioreactor with a working volume of 5 L.  It 
has a mesh pore size of 25 microns and was fed with a raw COD of 75gCOD/L, a feedstock 
concentration of 2-10gCOD/L, an organic loading rate of 0.2-2.1 gCOD/LR/day and an HRT of 5-
10 days (Table 1).  The inoculum was sludge coming from digester treating food waste and 
sludge.  Figure 1 provides a schematic of the reactor. The design of the RAnDMBr involves a 
tree-like structure submerged in the bioreactor which branches were surrounded by a stainless-
steel mesh of 25 μm pore size. The goal of the tree-like structure if to build a high surface area 
biofilm to enhance the degradation of HTL-aq. The branches in the tree-like structure provided a 
very high surface area (19.79 m2 mreactor

-3) in the system where the biofilm (dynamic membrane) 
was developed. Contrary to common dynamic membrane bioreactors, the reactor bulk liquid 
was not permeated continuously through the dynamic membrane. To generate a biofilm on the 
branches of the tree-like structure and promote advective substrate transport, the bulk liquid 
was recirculated through the meshes. Therefore, the R-AnDMBR would work under cycles of 
recirculation and permeation (Figure 2). For a period of time of tR, the system would recirculate 
the bulk liquid through the stainless steel meshes and for a period of time tP the system would 
perform permeation. Permeation would take place by activating a three-way valve that would 
switch the direction of the fluid from recirculation to permeation (Figure S1B). Because the 
dynamic membrane permeability would not be constant, the time of recirculation and 
permeation varied during the study to keep the reactor at the desired HRT (5 or 10 days 
depending on the experiment stage, see Table 1). To determine how often the bulk liquid was 
recirculated through the dynamic membrane, the recirculation ratio was calculated by dividing 
the recirculation flow rate by the effluent flow rate. The R-AnDMBR operated under different 
organic loading rates by diluting the HTL-aq with DI water. The operating conditions of this study 
can be seen in Table 1. 
 

Table 1 Reactor operating parameters 
Time period 

(days) 0-25 26-75 76-115 116-
166 

167-
359 

360-
473 

474-
521 

522-
600 

OLR 
(g COD LR-1 day-1) 

0.5 ± 
0.2 

0.2 ± 
0.0 

0.4 ± 
0.2 

0.9 ± 
0.1 

0.5 ± 
0.2 

1.1 ± 
0.4 

1.5 ± 
0.2 

2.1 ± 
0.3 

HRT 
(days) 

6.7 ± 
2.1 

11.5 ± 
2.8 

10.7 ± 
1.6 

10.3 ± 
0.9 

10.9 ± 
2.0 

5.6 ± 
2.3 

6.5 ± 
0.6 

6.0 ± 
1.7 

Dilution factor for HTL-
AB 30.0 30.0 15.0 7.5 15.0 9.0 7.5 5.6 

Feedstock 
(g COD L-1) 

2.4 ± 
0.2 

2.4 ± 
0.2 

4.7 ± 
1.1 

8.6 ± 
1.7 

5.0 ± 
0.4 

6.0 ± 
1.6 

9.4 ± 
1.3 

12.5 ± 
0.8 

Recirculation ratio 
(L LR-1)* 20.0 3.8-

20.0 3.8 3.8-5.5 5.5 1.5 1.5 1.5 

*The recycle ratio shows maximum and minimums used during the specific period (see 
figure 2) 
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Figure 1. Schematic representation of the experimental apparatus 
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Figure 2. Schematic representation of the R-AnDMBR cyclic operational strategy. 
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The operating parameters and performance during the 600-day R-AnDMBR test are presented 
in Figure 3.  
 

 
Figure 3. Chemical oxygen demand (COD) removal and methane yield (A), hydraulic retention 
time (HRT) and organic loading rate (OLR) (B), and pH and volatile fatty acids (VFA) 
accumulation (C). The vertical line indicates changes made to the OLR.  
 
In the reactor, we achieved 70% COD reduction but at low organic loading rates as shown in 
Figure 3.  COD reduction fell off when the organic loading was increased to 1.0 gCOD LR

-1 day-1   
One of the reasons the R-AnDMBR could not work at an OLR higher than 0.5 g COD LR

-1 day-1 
could be the low nutrients concentration in the substrate (Table 2). As seen in Figure 3 the 
COD:P of the substrate and the digester content was not in the ideal range for anaerobic 
digestion (400-17) (Thaveesri et al., 1995; Janke et al., 2017). In this study, the HTL-aq was 
provided by PNNL and their HTL system has a settling separation vessel to enhance the 
separation of inorganics from the biocrude/HTL-aq mixture. The settling vessel promotes the 
separation of phosphates from the HTL-aq, producing a hydrochar rich in P that can use as 
fertilizer and an HTL-aq with very low concentration of P for bioprocesses (Elliott et al., 2016). 
To avoid inhibition in the system due to the lack of P and trace metals, on day 332 we started to 
mix the feedstock with a solution rich in nutrients (details about the nutrient stock solution can 
be found in Table 3). 
 
 
 
 
 
 
 
 

  

  

  

  

  

  

  

                    

                     

Nutrient addition started 
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Table 2   Nutrient composition of the HTL aqueous phase 
 

 
 
 

 
Figure 4. Ratio of Chemical oxygen demand over Phosphorous 

 

 

           

COD:P in HTl-aq used here COD:P recommended for anaerobic digestion 
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Table 3. Description of nutrient solution used in this study 

Solution A Solution B Solution C 

Compound 

Mass or 

volume added 

to 1L distilled 

water 

Compound 

Mass or 

volume added 

to 1L distilled 

water 

Compound 

Mass or 

volume added 

to 1L distilled 

water 

NaCl 10 K2HPO4•3H2O 200 FeCl2•4H2O 2 
MgCl2•6H2O 10   H3BO3 0.05 
CaCl2•2H2O 5   CuCl2•2H2O 0.038 
    MnCl2•4H2O 0.05 
    NiCl2•6H2O 0.092 
    ZnCl2•4H2O 0.05 
    (NH4)6Mo7O24•4H2O 0.05 
    ALCl3 0.05 
    CoCl2•6H2O 0.05 
    Na2SeO3 0.1 
    EDTA  
    HCl 1 ml 

The final stock solution used in this study was prepared by mixing 10 ml of solution A, 2 ml of 
solution B and 1 ml of solution D in 987 ml of distilled water. 

 
 
After adding the nutrient solution the system could operate with an OLR of 1.5 g COD Lr-1 day-
1 without inhibition (dilution of 7.5) 
 
The biofilm presented a diverse microbial community with important populations, including 
methanogens, aromatic and phenol compound degraders, and syntrophic bacteria as shown in 
Figure 5.   
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Figure 5.  Relative abundance of dominant groups in the inoculum and biofilm samples collected from the recirculating anaerobic 
dynamic membrane bioreactor over time. Only genera present at relative activities greater than 1% in at least 6 samples or present 
at a relative abundance of 5% at least once are shown.  
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Overall, the R-AnDMBR was able to treat diluted HTL-aq (dilution factor of 7.5) and degrade 
65% of the COD at 1.5 ± 0.2 g COD LR

-1 day-1 and 5.6 ± 2.3 days producing 0.19 ± 0.02 LCH4 
gCODfed

-1. However, co-digestion with a substrate like sewage sludge or sludge centrate would 
be necessary to overcome the deficiency of P and other nutrients in HTL-aq. The system 
presented severe inhibition after the OLR increased to 2.0 g COD LR

-1 day-1.  
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