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Valorization of Biomass through Anaerobic Digestion

• Anaerobic Digestion is an exothermal four-step breakdown of a wide range of biomass
(carbs, protein, fat) into C1/C2 molecules, reversing photosynthesis (= a mechanical cow)

• Methanogenesis, the last of the four steps, requires mcr activity only found in Archae, and releases 
methane as value product into the gas phase, lowering the thermodynamic cost of separation

• AD is rate limited by Archaea growth rates (doubling times) to 20d HRT
• Seaweed is largely an inconvenient, high-ash, high-salt substrate with challenging logistics and 

moderate conversion performance as feed, and hence as AD substrate, while competing with 
abundant terrestrial biomass that is now left unused to decompose, with easier to accessibility

• Various LCA models have shown irrecoverable CI scores (+120 - +150 g CO2eq / MJ)
• Key value drivers for CNG are ecosystem services, i.e. methane and pollution avoidance or carbon 

sequestration, resulting in renewable fuel production (i.e. LCFS, REDD2), and not merely the 
commodity revenue
Ø Price is a function of amount, form, location, use, time and environmental attributes

• Conversion rates of 60-80% leave biomass digestate as burden and boon
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AD is a four-step degradation with known stoichiometry and 
known inhibitions (temperature, pressure, salinity, ammonia) 
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screened for encoded enzymes involved in homolactic 
and heterolactic acid fermentation. With the expection of 
the strain Sporanaerobacter sp. PP17-6a, all other bacte-
rial genomes were predicted to perform homolactic acid 
fermentation. "ey harbor all genes encoding necessary 
enzymes including the gene for lactate dehydrogenase 
Ldh (EC: 1.1.1.27) converting pyruvate to lactic acid. Fur-
thermore, some genetic determinants of the heterolac-
tic acid fermentation pathway were identified. However, 
none of the strains encodes a full set of the genes needed. 
Hence, the question which strains are responsible for lac-
tic acid production remains unsolved.

Prediction of methanogenesis pathways based 
on sequence information for the subset of archaeal 
genomes
"e formation of  CH4, the last step in the AD of bio-
mass, is performed by methanogenic Archaea (Fig.  3). 
Based on their genetic repertoire, methanogens are able 
to perform either the hydrogenotrophic, acetoclastic, or 
methylotrophic pathway utilizing  CO2 and  H2, acetate, 
or methylamine and methanol, respectively, for  CH4 
production [67]. To predict the pathway by which the 
analyzed Archaea produce  CH4, genes involved in the 
different methanogenesis pathways mentioned above 

Fig. 3 Overview of the four phases of the conversion of biomass into biogas and allocation of the analyzed microbial strains to the different con-
version steps. Functional roles of the organisms were determined considering relevant KEGG pathways, namely the propionic acid, ethanol, formic 
acid, butyric acid, and lactic acid fermentation

Buswell & Boyle (1940)
CcHhOoNnSs+ ¼(4c-h+2o+3n+2s) H2O

1/8 (4c-h+2o+3n+2s) CO2
+ 1/8 (4c+h-2o-3n-2s) CH4
+ n NH3 + s H2S

Examples:
Carb: 790 l Biogas/kg VS
Prot: 700 l Biogas/kg VS
Fat: 1250 l Biogas/kg VS

Bremges et al. GigaScience  (2015) 4:33 Page 4 of 6

Fig. 1Methane metabolism pathway analysis. Genes reconstructed in our assembly that are involved in the methane metabolism [PATH:ko00680,
(http://www.genome.jp/kegg-bin/show_pathway?ko00680)], are highlighted: genes with only metagenomic support are in yellow and genes with
metatranscriptomic support as well, suggesting active gene expression, are in orange. Methane is synthesized from CO2, methanol or acetate. KEGG
pathway map courtesy of Kanehisa Laboratories

Discussion
We report extensive metagenomic and metatranscrip-
tomic profiling of the microbial community from a
production-scale biogas plant. Given the unprecedented
sequencing depth and established bioinformatics, our
data will be of great interest to the biogas research
community in general and microbiologists working on
biogas-producing microbial communities in particular.
In a first applied study, our metagenome assembly was
used to improve the characterization of a metaproteome
generated from biogas plant fermentation samples and
to investigate the metabolic activity of the microbial
community [17].
By sharing our data, we want to actively encourage

its reuse. This will hopefully result in novel biological
and biotechnological insights, eventually enabling a more
efficient biogas production.

Availability of supporting data
Data accession
Raw sequencing data are available in the European
Nucleotide Archive (ENA) under study accession
PRJEB8813 (http://www.ebi.ac.uk/ena/data/view/PRJEB
8813). The datasets supporting the results of this article
are available in GigaScience’s GigaDB [2].

Reproducibility
The complete workflow is organized in a single GNU
Makefile and available on GitHub [18]. All data and
results can be reproduced by a simple invocation of
make. To further support reproducibility, we bundled all
tools and dependencies into one Docker container avail-
able on DockerHub [19]. docker run executes the afore-
mentioned Makefile inside the container. Reproduction
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• Methyl-Co-enzyme M Reductase
• Vitamin B12 Analog
• Ni-center
• Only known pathway to get

from CO2 and H2 to CH4
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Ideal feedstock characteristics for AD conversion differ 
significantly from cellulosic ethanol feedstock criteria
Ø High specific biogas yield per organic dry matter content
Ø High fresh matter biomass yield per acre (more than 30t FM/ac)
Ø Dry matter content between 20% and 35%

ü Malolactic fermentable
Ø Low lignin content (less than 5-6%)

ü Easy hydrolyzation without the use of external enzyme addition
Ø Low protein content, high fat content

ü Favorable C:N ratio
Ø Wide, local, existing availability

ü Dual purpose crop that has demand in energy, food and fuel
Ø Perennial, low water use, drought resistant, low/no till requirement
Ø Easy harvesting protocol with field shredder or mower
Ø Low cost or preferably revenue at digester gate
Ø Sugar beet, corn/sorghum silage, energy cane, camelina, bana/napier grass
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The US has massive amounts of underutilized biomass substrates, including 
sorghum, soybean straw, corn stover and manure with easy access
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From those substrates alone,
biogas could generate 51% of US fossil transportation fuel
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Ø US Potential = 8.81 Quad / 77 billion GGE
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High yielding US biogas substrates include sorghum, corn stover

Substrate mN
3 Gas/ t 
oDM DM [%] oDM

[%DM] CH4 [%] Lignin
[%]

Yield
[t/ac]

Conversion
[% of theor.]

Corn Stover 420 90.8% 95.1% 54.6% 8.5% 4.35 35-55%
Sorghum 555 90.8% 91.9% 52.0% 10.3% 7.55 50-65%
Dairy Manure 490 1.5-3.5% 70-90% 58% 50%
Gracilaria 450 5-17% 20-70% 55% 0% ? 11-88%
Macrocystis 400 18.7% 69.5% 55% 1-5% ? 45%
Sargassum 200-500 5% 65-77% 58% 7-15% ? 25-57%

Ø Sorghum is the highest yielding biogas energy crop
Ø Corn stover is the highest yielding crop residue

Ø Seaweed has low dry matter content and average specific conversion
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Conversion of biomass to biogas and methane follows 
composition conversion yields (Buswell), driving economics

Composition of oTS fractionStuff you want

Stuff that costs you 
money to handle

Biomass composition of seaweed is imbalanced 
for feed stuff (USDA/NOAA 2011), lacking nutrients
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Europe has a history of (cast) seaweed with mixed outcomes
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Solrød Biogas A/S
• 226,000 tpy feedstock
• 7,400 tpy seasonal seaweed
• <6% of methane
• Cadmium, salt limited

• LCA showed CI irrecoverable above +120 g CO2eq/MJ
• Mostly lack of suitable business proposition

• Specialty Foods, ex-EU applications
• Hypothetical Magic Molecules
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Reported methane yields are inconsistent and vary widely 
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Literature Review of BMP for seaweed
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But seaweed stinks!
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Wang et al. 2019

20 million ton annually
Tegtmeier et al. 2015

220,000 t CH4 / year, >1,000 ppm H2S

Next Steps:
• Assess overall ecological impact of Sargassum blooms

Ø Tourism, native marine ecology, fishing, atmosphere
• Collection method at scale
• Scale continuous AD process at low-temp / high-salinity
• Develop monetization through ecosystem services

Coastal Suffocation


