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Highlights 

 A concept for maximum carbon sequestration in syngas was introduced 

 Stoichiometric CO2 excess was alleviated with in-situ exogenous H2 supply 

 Higher CH4 productivity was achieved at 60 oC compared to 37 oC 

 Natural gas grade biomethane was produced 

 Thermodynamic limitations on microbial metabolism were verified 

Abstract 

Biomass gasification generates a gas mixture (syngas) that constitutes a rich source of carbon and 

energy for the production of second-generation renewable fuels such as biomethane. However, the 

produced syngas composition (H2/CO/CO2) cannot be converted to natural gas grade biomethane due 

to stoichiometric limitations, and a waste stream of CO2 is released unexploited in the atmosphere. The 

present study introduces the concept of biomass gasification coupled to syngas biomethanation with in-

situ exogenous H2 supply for the complete sequestration of the syngas carbon, the valorization of 

renewable excess electricity from wind and solar power and the production of biomethane satisfying 

the criteria for injection in the natural gas grid. Syngas biomethanation was executed by mixed 

microbial consortia in a trickle bed reactor at 37 oC and 60 oC. The assessment of the effects of the net 
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inlet gas composition was performed according to a proposed syngas quality index (𝑆𝑄𝐼), which is 

based on the syngas content in compounds able to act as carbon and electron donors and the 

stoichiometry of methane production. The SQI of the stoichiometrically ideal syngas composition is 4. 

Values below 4 correspond to a stoichiometric carbon-moles excess while values above 4 correspond to 

a stoichiometric electron-moles excess.  It was demonstrated that switching the SQI of the supplied 

syngas from 1.44 to 3.67 increased the CH4 content in the outlet of the reactor from 30% to 72%, 

accompanied by an at least 1.2-fold increase of the CH4 productivity. A SQI of 4.78 (>4) resulted in a 

significant deterioration of the quality of the produced biomethane due to a high content (52%-54%) of 

unconverted H2 and because of thermodynamic limitations on carboxydotrophic hydrogenogenesis in 

thermophilic conditions. Maximal carbon sequestration and production of natural gas grade biomethane 

was shown to be feasible at a SQI = 3.98 in thermophilic conditions. 

Keywords: Syngas Biomethanation; Trickle Bed Reactor; Mixed Microbial Consortia; Carbon Sequestration; 

Natural Gas; Thermodynamics 

Statement of Novelty 

Syngas is the product of biomass gasification with high energy and carbon content. The composition of 

syngas does not allow its complete conversion to natural gas grade biomethane due to a significant 

stoichiometric surplus of CO2. The novelty of the presented work is the in-situ supply of exogenous H2 

in a trickle bed bioreactor for the full exploitation of the excess carbon. The conversion was performed 

by enriched mixed microbial consortia. The results showed that, under certain conditions, natural gas 

grade biomethane (fully complying with the specifications for introduction to the natural gas grid of 
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European countries) could be produced. The produced biomethane composition as a function of the H2 

inflow rate and deviations from the ideal stoichiometry were explained thermodynamically.   

 

1. Introduction 

A key element of the route towards a biobased economy is the emancipation of the global energy 

production from fossil fuels and the transition to green energy with net-zero CO2 emissions. 

Biomethane is considered an important renewable fuel for the implementation of the directives of the 

European Commission because it can supplant natural gas, serve as a fuel for transport applications and 

as a platform chemical in a wide range of chemical and biochemical processes [1]. Consequently, the 

development of innovative technologies for the sustainable production of biomethane has recently 

attracted attention in the scientific community [2, 3]. 

An emerging technology presenting high potential is 2nd generation biomass gasification followed by 

syngas fermentation to biochemicals from mixed microbial consortia (MMC) [4 - 6]. The 

thermochemical conversion of biomass produces a gas mixture (mainly CO, CO2 and H2) called 

synthesis gas or syngas, the composition of which depends primarily on the gasification conditions, 

such as temperature and pressure and the mechanical design of the gasifier [7]. Syngas can be 

subsequently converted to biomethane by microorganisms, which, compared to chemical catalysts, 

present higher resiliency to impurities (inhibitory compounds), last longer, are cheaper, and their 

selectivity is independent of the syngas composition [8]. Furthermore, syngas biomethanation is 

performed at mild temperatures (30 oC – 70 oC) and atmospheric pressure. 
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The composition of syngas is an indicator of the quality of the biomethane that will be produced from 

the biomethanation process. Assuming no losses of CO, H2 and CO2 to byproducts and cells, the 

stoichiometrically (theoretically) ideal syngas composition should satisfy the equation: 𝑆𝑄𝐼 =

%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
= 4 (𝑒𝑞. 1), when CH4 is the targeted product. This is, however, not the case with the 

available biomass gasification technologies which result in a Syngas Quality Index (SQI) between 1 

and 2 [9, 10]. As a result, the produced gas from syngas biomethanation consists of a high fraction of 

CO2, which will be released unexploited to the atmosphere unless it is further upgraded to CH4. An 

attractive alternative to the present downstream processing technologies is the in-situ exogenous H2 

supply to the syngas biomethanation unit in order to counterbalance the stoichiometric excess of CO2 

[11]. To comply with the biobased circular economy agenda, H2 should derive from sustainable 

sources, such as water electrolysis from the surplus electricity produced from solar panels or wind 

turbines. The described concept is under the power-to-gas framework which is founded on the fact that 

the electricity grid gets periodically overcharged due to intermittent fluctuations of the weather 

conditions [12]. An important advantage of this technology is, not only the exploitation of the surplus 

electricity, but also the carbon sequestration from the conversion of the remaining CO2 to CH4. To the 

best of our knowledge, this is the first study that addresses the concept of biomass gasification coupled 

with syngas biomethanation including in-situ upgrade of biomethane to natural gas grade levels.  

The limiting factors of syngas fermentation processes are the mass transfer of the sparingly soluble 

syngas components (H2 and CO) to the water based media and the low concentrations of microbes [13]. 

A solution is the use of a bioreactor configuration that can circumvent both of them simultaneously. A 

bioreactor that fulfills these specifications is the trickle bed reactor and has recently been on the 

spotlight for biological hydrogen methanation processes [14 - 16]. Trickle bed bioreactors consist of a 
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fixed bed with high surface to volume ratio, where biofilm is formed and converts the gaseous substrate 

flowing co-currently or counter-currently to the recirculating trickling liquid flow [17]. A recent review 

has shown that bioreactors with biofilms provide higher gas-to-liquid mass transfer rates than 

conventional stirred tank and bubble column reactors and thus, they are more suitable for syngas 

biomethanation [18].  

While several studies focus on biological hydrogen methanation for biogas upgrade [19], syngas 

biomethanation has not yet received the attention it deserves. Recent research activities show potential 

in this technology, when the major challenges it faces are properly addressed [20 - 23]. The selected 

syngas composition in this work simulated the effluent of a fluidized bed steam gasifier fed with wood 

pellets. The aim of this study was to assess the impacts of exogenous H2 supply on syngas 

biomethanation performed by enriched mixed microbial consortia in a trickle bed reactor under 

mesophilic and thermophilic conditions and demonstrate a technology for the complete conversion of 

the carbon in syngas to natural gas grade biomethane. In addition, the role of thermodynamics and its 

effects on the microbial interactions under different syngas compositions was investigated. To our 

knowledge, this is the first study that addresses the effect of the syngas composition on syngas 

biomethanation by MMC at two different temperatures (37 oC and 60 oC) in a trickle bed reactor 

operated in a continuous mode.    

2. Materials and Methods 

2.1 Inocula 

The inocula employed in the present study were enriched mixed microbial consortia originating from a 

mixture of two anaerobic sludges deriving from the Lundtofte Wastewater Treatment plant (Lundtofte, 
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Denmark) and from a lab-scale manure treating anaerobic digester (Chemical Engineering Department, 

Technical University of Denmark). The handling of the sludges and the microbial enrichment process 

in mesophilic and thermophilic conditions is thoroughly described in a previous study [24]. An actively 

growing culture of the last transfer of the microbial enrichment was used as inoculum for the respective 

mesophilic and thermophilic trickle bed reactor. 

2.2 Growth Medium  

A modified basic anaerobic medium (BA) was used to buffer the pH in the reactor at 7 and to provide 

the necessary trace elements and nutrients to the microbes. A detailed description of the BA 

composition is available at Supplementary Data (S1 – Growth Medium Composition). Fresh medium 

was prepared on a weekly basis. 

2.3 Trickle Bed Reactor  

Two identical trickle bed reactors were used in this study; the first one was operated at 37 oC and the 

second at 60 oC. The design of the bioreactor configuration was a modified version of a unit presented 

in a previous study [20]. Fig. 1 shows the schematic diagram of the setup and the direction of the flow 

of the fluids in it. A detailed description of the trickle bed reactor configuration is provided in the 

Supplementary Data (S2 – Trickle Bed Reactor Configuration). The molar composition of the syngas 

was suggested from an external partner (Danish Gas Technology Center) as the produced gas from the 

gasification of wood pellets in an allothermal fluidized bed gasifier utilizing steam as a fluidization and 

gasification agent. The suggested syngas composition was 45% H2, 25% CO2, 20% CO and 10% CH4. 

However, in this study, influent CH4 was replaced with N2 in order to avoid the masking of produced 

CH4 when the proportion of the produced CH4 was small compared to the influent one. An additional 
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advantage of N2 in the influent gas was that with N2 being an inert (not participating in any of the 

reactions) it allowed for error detection in gas flowmeters through mass balances. 

   

 

 

Figure 1. Schematic diagram of the trickle bed reactor. Red arrows depict the flow of fluids in the gas phase, light blue arrows depict the 

flow of fluids in the liquid phase, and green arrows depict the combined flow of gas and liquid fluids. See Supplementary Data for a 

more detailed description. 
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2.4 Analytical Methods  

The composition of the gas phase (H2, N2, CH4, CO and CO2) at the exit of the reactor was analyzed 

with the use of a SRI 8610C gas chromatograph (GC) equipped with a TCD detector, while the analysis 

of the concentration of volatile fatty acids (VFAs) and alcohols was performed with high performance 

liquid chromatography (Shimadzu, USA). The applied methods of each instrument have been 

previously described [20]. However, no alcohols were detected in the reactor throughout the performed 

experiments. 

2.5 Syngas Quality Index (SQI) 

The syngas quality index is defined as the ratio of the moles of electron donors per moles of carbon 

donors in the syngas entering the reactor. That is, 𝑆𝑄𝐼 =
%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
, where %𝐻2, %𝐶𝑂 and %𝐶𝑂2 are 

the molar fractions of H2, CO and CO2 in syngas. The oxidation of each mol of H2 and each mol of CO 

releases 2 electron-moles and thus, the ratio of electron-moles per carbon-moles in the substrate can be 

expressed as: 
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛−𝑚𝑜𝑙𝑒𝑠

𝐶𝑎𝑟𝑏𝑜𝑛−𝑚𝑜𝑙𝑒𝑠 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
=

2𝑥 (%𝐻2 + %𝐶𝑂)

1𝑥 (%𝐶𝑂2 + %𝐶𝑂)
 (𝑒𝑞. 2). When CH4 is the desired product, the 

synthesis of each mol of CH4 demands 1 carbon-mol and 8 electron-moles, and can be expressed as: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛−𝑚𝑜𝑙𝑒𝑠

𝐶𝑎𝑟𝑏𝑜𝑛−𝑚𝑜𝑙𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
=

8𝑥 (𝑚𝑜𝑙𝑒𝑠 𝑜𝑓𝐶𝐻4)

1𝑥 (𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4)
= 8 (𝑒𝑞. 3). Assuming no carbon losses to cell growth, 

maintenance and byproducts, full conversion of the substrate to CH4 can be achieved when (eq. 2) = 

(eq. 3) or 
2𝑥 (%𝐻2 + %𝐶𝑂)

1𝑥 (%𝐶𝑂2 + %𝐶𝑂)
= 8 ⇔

%𝐻2 + %𝐶𝑂

%𝐶𝑂2 + %𝐶𝑂
= 4 (𝑒𝑞. 4). Therefore, when the SQI takes the value of 4, 

the available electron moles are exactly at the stoichiometrically required ratio with the available 

carbon moles for the production of CH4. The stoichiometrically ideal (for methane production) SQI of 

4 will be mentioned hereafter as SQIId (Syngas Quality Index Ideal). When the SQI takes values below 

4 the available carbon-moles are in stoichiometric excess compared to the available electron moles for 
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the production of CH4 as the end product, and when the SQI takes values above 4 the available 

electron-moles are in excess. More details on the SQI and other calculations (such as molar 

productivity of CH4, conversion efficiency of different gas compounds Ri, electron recovery or electron 

yield Yj, hydraulic retention time HRT) are available in the Supplementary Material Sections S3 and 

S4. 

2.6 Startup of the reactors and description of the experimental conditions 

Before inoculation, the trickle bed column and the liquid reservoir were covered with black tape to 

avoid any potential photosynthetic growth. They were also flushed with N2 overnight to establish an 

anaerobic environment. After inoculation (10% volume of inoculum per total liquid volume in the 

reactor) with an actively growing culture of enriched mixed microbial consortia, the pumping speed of 

the recirculation pump was set at 200 ml∙min-1, the HRT at 8 d and the flow from the syngas cylinder at 

1 ml∙min-1. Based on previous experience these conditions were retained for 1 month in order to secure 

a stable biofilm [20].  The described procedure was applied for both mesophilic and thermophilic 

conditions. 

The full set of experiments performed in this study is presented in Table 1 and contains 15 operating 

conditions, seven of them at 37 oC and eight at 60 oC. The chosen parameters allow for a direct 

comparison between mesophilic and thermophilic conditions, between a higher (3 h) and a lower (1.5 

h)  EBRT (empty bed residence time, see supplementary data section S3 for the calculation of EBRT) 

and, most importantly, shed light on the impact of the inlet gas composition (or the SQI) on the 

biomethanation process. Operating condition 15 was tested in order to assess the results from a 

stoichiometrically ideal syngas composition (SQIId = 4). For the calculations of the values presented in 

Table 1 see supplementary material “Graphical Explanation of SQI”. 
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The inlet gas composition was dependent on the flow rate from the syngas cylinder and the high purity 

H2 cylinder. For example, at a total inflow rate of 1 ml∙min-1, in order to increase the SQI from 1.44 to 

2.93 the flowrate from the syngas cylinder should drop from 1 ml∙min-1 to 0.6 ml∙min-1 and the flowrate 

from the H2 cylinder should increase from 0 ml∙min-1 to 0.4 ml∙min-1. In this case the net inlet gas 

composition changes from 45% H2, 20% CO, 25% CO2 and 10% N2 to 67% H2, 12% CO, 15% CO2 

and 6% N2. The aforementioned example refers to operating conditions No. 1 and No. 2 in Table 1. 

Table 1. Overview of the tested experimental conditions. Syngas cylinder column refers to the percentage of the total flow supplied 

from the syngas cylinder and H2 cylinder column refers to the percentage of the total flow supplied from the high purity H2 cylinder. The 

inlet molar gas composition column refers to the final gas composition of the gas entering the reactor. The Syngas Quality Index (SQI) is 

calculated according to eq. 1. 

No. Temperature 
(oC) 

Total 
Inflow rate 
(ml∙min-1) 

Syngas 
cylinder 

(%) 

H2 
cylinder 

(%) 

EBRT 
(h) 

Inlet molar gas 
composition (%) 

SQI 

H2 CO CO2 N2 

1 37 1.0 100 0 3.0 45 20 25 10 1.44 

2 37 1.0 60 40 3.0 67 12 15 6 2.93 

3 37 1.0 50 50 3.0 72.5 10 12.5 5 3.67 

4 37 1.0 40 60 3.0 78 8 10 4 4.78 

5 37 2.0 100 0 1.5 45 20 25 10 1.44 

6 37 2.0 60 40 1.5 67 12 15 6 2.93 

7 37 2.0 50 50 1.5 72.5 10 12.5 5 3.67 

8 60 1.0 100 0 3.0 45 20 25 10 1.44 

9 60 1.0 60 40 3.0 67 12 15 6 2.93 

10 60 1.0 50 50 3.0 72.5 10 12.5 5 3.67 

11 60 1.0 40 60 3.0 78 8 10 4 4.78 

12 60 2.0 100 0 1.5 45 20 25 10 1.44 

13 60 2.0 60 40 1.5 67 12 15 6 2.93 

14 60 2.0 50 50 1.5 72.5 10 12.5 5 3.67 

15 60 1.5 47 53 2.0 74.3 9.3 11.7 4.7 3.98 
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2.7 Thermodynamic feasibility study 

2.7.1 Computational Methods 

The thermodynamics of hydrogenotrophic methanogenesis, syntrophic acetate oxidation and 

carboxydotrophic hydrogenogenesis were evaluated based on the Gibbs free energy change (∆rG´T) and 

the thermodynamic potential factor (FT) of net biochemical reactions as described in [24]. The ΔrG´T 

was corrected for the partial pressure of gases and the concentration of acetate, while the effect of the 

pH was taken into account as described in Steinbusch et al.  [25].  

The FT,i, derived by Jin & Bethke [26], was used to study the feasibility of the microbial interaction 

between hydrogenotrophic methanogens and syntrophic acetate oxidizers and was calculated according 

to eq. 5 and 6, where ∆GA,i represented -∆rG´T,i in kJ per mol of product for reaction i; ∆GC,i 

corresponds to the energy conserved calculated as a function of the ATP yield of the metabolic 

pathway i and the Gibbs free energy of phosphorylation (∆Gp); and χi represents the average 

stoichiometric number of reaction i. FT,i values above zero (∆GA,i = ∆GC,i) indicate that the reaction is 

feasible as the ∆GA,i is greater than ∆GC,i. When FT,i approaches 1, at ∆GA,i >> ∆GC,i, there is a strong 

thermodynamic driving force for the reaction to proceed forward, and thus the rate of the reaction can 

be considered strictly dependent of the kinetics of the microbial species carrying out the conversion. In 

turn, when FT,i approaches 0, at ∆GA,i ≈ ∆GC,i, the thermodynamic driving force of the reaction is low, 

and the reaction rate can be considered thermodynamically controlled. 

𝐹𝑇,𝑖 = 1 − exp (−
∆𝐺𝐴,𝑖−∆𝐺𝐶,𝑖

𝜒𝑅𝑇
) (eq. 5) 

∆𝐺𝐶,𝑖 =  𝑌𝐴𝑇𝑃,𝑖 ∙ ∆𝐺𝑝 (eq. 6) 
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All ∆GC,i calculations were made using a ∆Gp of 45 kJ/mol ATP. The ∆GC,i, ATP yields and χi used for 

FT,i calculations are summarized in table 2.  

 

 

Table 2. Overall biochemical reactions, ATP yield and average stoichiometric number used in thermodynamic potential factor (FT) 

calculations. FT calculations were not used for carboxydotrophic hydrogenogenesis and thus the average stoichiometric number (χ) is not 

given.  

Stoichiometry of biochemical reactions ∆GC 

(kJ per mol of 

product) 

ATP yield 

(mol per mol of 

product) 

χ Ref. 

Carboxydotrophic hydrogenogenesis     

CO + H2O → H2 + CO2 15 0.33  [24] 

Syntrophic acetate oxidation     

CH3COOH + 2 H2O → 4 H2 + 2 CO2 12  1 [27] 

Hydrogenotrophic methanogenesis     

4 H2 + CO2 → CH4 + 2 H2O 22.5 0.5 2 [28] 

 

2.7.2 Experimental Confirmation of Thermodynamic Interpretations 

The thermodynamic analysis of the effect of the syngas composition on syntrophic acetate oxidation 

and hydrogenotrophic methanogenesis in mesophilic conditions was performed by switching from a 

SQI = 2.83 to a SQI = 3.67 at an EBRT of 2.3 h and an HRT of 8 d. The total duration of this study was 

21 days. 

In thermophilic conditions, the thermodynamic interpretation of the effects of the increase of the SQI 

on carboxydotrophic hydrogenogenesis was performed at an EBRT = 3 h and an HRT = 8 d. The 

duration of the study was 12 days, during which two SQI transitions were performed (2.93 → 3.67 → 

4.78). 
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The aforementioned experiments were performed after the completion of the experiments described in 

section 2.6 for the interpretation of observations made during the main core of the study. 

3. Results and Discussion 

3.1 Effect of the SQI/syngas composition on the performance of the trickle bed 

reactors 

Eight operating conditions were selected for the assessment of the impact of the SQI on syngas 

biomethanation. Half of them were under mesophilic conditions and the rest under thermophilic 

conditions (Table 1). The EBRT at these operating conditions was 3.0 h (net gas flow of 1 ml∙min-1). 

The tested SQIs were 1.44, 2.93, 3.67 and 4.78. SQI = 1.44 corresponded to the scenario when no 

supply of exogenous H2 takes place. SQI = 2.93 and SQI = 3.67 addressed the effects of the increased 

H2 fraction in the inlet gas, as the SQIId was approached, and SQI = 4.78 allowed for an assessment of 

the consequences of a stoichiometric excess of H2 on syngas biomethanation. 

An increase of the SQI from 1.44 to 3.67 resulted in a respective increase of the conversion efficiency 

of CO2 from 44.7% to 92.7% in mesophilic conditions and from 26.7% to 86.0% in thermophilic 

conditions (Fig. 2c). This was also reflected in the outlet gas composition where the percentage of CO2 

in biomethane decreased from 33.7% to 4.0% and from 41.7% to 7.4% in mesophilic and thermophilic 

conditions, respectively (Fig. 2b). When the SQI was further increased to 4.78, CO2 was fully 

converted in both temperatures and a high H2 percentage was observed in the produced biomethane 

(54.9% in mesophilic and 52.7% in thermophilic conditions). Furthermore, approaching the SQIId, the 

fraction of CH4 in the produced gas increased from 31.0% (SQI = 1.44) to 71.7% (SQI = 3.67) in 

mesophilic conditions and from 32.4% (SQI = 1.44) to 71.2% (SQI = 3.67) in thermophilic conditions 
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but, when the SQI was set over the SQIId, CH4 plummeted back to 32.4% and 28.7% (Fig. 2b), 

respectively. The aforementioned results indicated that the stoichiometry from H2, CO and CO2 to CH4 

was strictly followed in the trickle bed reactor from the MMC independent of the temperature.  

An interesting difference between mesophilic and thermophilic conditions was that at SQI = 4.78 

partial inhibition of the carboxydotrophic activity at 60 oC (Fig. 2c) was observed (RCO = 54.0%), while 

no apparent inhibition occurred at 37 oC (RCO = 90.6%). This observation is discussed and explained in 

detail in section 3.5. 
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Figure 2. Effect of the SQI on [(a) volume specific CH4 productivity, (b) produced biomethane composition, (c) conversion efficiency of 

the substrate and (d) electron yield to CH4, VFAs and other unidentified sinks] at 1 ml∙min-1 net gas inflow rate.  

 

The volume specific CH4 productivity increased in both mesophilic and thermophilic conditions when 

exogenous H2 was supplied (Fig. 2a). More specifically, by raising the SQI from 1.44 to 2.93, the 

achieved CH4 productivity  increased from 1.71 mmol∙lbed
-1∙h-1 and 1.92 mmol∙lbed

-1∙h-1 to 2.14 

mmol∙lbed
-1∙h-1 and 2.26 mmol∙lbed

-1∙h-1 in mesophilic and thermophilic conditions, respectively. This 

was expected since an increase of the SQI at a constant inflow rate increases the convertible carbon-
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moles for CH4 production (Table 3), and thus higher CH4 productivity can be achieved. Based on the 

stoichiometry of the reactions, at SQI = 1.44 only 36% of the supplied carbon is stoichiometrically 

convertible to CH4, while at SQI = 2.93 the convertible carbon to CH4 increases to 73% (Table 3). 

Regarding the electron yield, it was observed that under both temperatures the electron yield to biomass 

(YUnidentified) presented an upward trend (Fig. 2d) with the increase of the SQI, and consequently, the 

electron yield to CH4 decreased. The cause of this could be a potential change of the microbial 

populations and the microbial metabolism in the biofilm because of the lower partial pressure of CO 

and the higher partial pressure of H2. Accordingly, Jing et al [29] showed that CO addition in anaerobic 

granular sludge converting wastewater, changed significantly the microbial communities. At SQI = 

4.78 the volume specific CH4 productivity dropped harshly compared to the SQI = 3.67 both in 

mesophilic and thermophilic conditions while the minimum electron yield to CH4 was observed.  

 

 

 

 

Table 3. Distinction of the total supply of carbon in the reactor vs the stoichiometrically available carbon for CH4 production. 

Stoichiometrically means that it is assumed that no carbon is used for synthesis of cell biomass or production of liquid byproducts. The 

fourth column refers to the percentage of the stoichiometrically available carbon for CH4 production over the total carbon supplied. If 
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the percentage is below 100% the carbon supply is in stoichiometric excess, and if it is above 100% the carbon supply is in 

stoichiometric deficiency. 

SQI Volume specific carbon inflow 
rate (C-mmol∙lbed

-1∙h-1) 
Stoichiometrically maximum 
convertible carbon flow rate for CH4 
production (C-mmol∙lbed

-1∙h-1)  

Percentage of 
convertible 
carbon over the 
total carbon 
supply 

EBRT = 3 h EBRT = 1.5 h EBRT = 3 h EBRT = 1.5 h 

1.44 6.05 12.10 2.20 4.40 36% 

2.93 3.63 7.26 2.66 5.32 73% 

3.67 3.02 6.04 2.77 5.54 92% 

4.78 2.42 4.84 2.90 5.80 120% 
 

Overall, the major observations from this set of experiments were: a) as the SQI increased towards the 

SQIId, the quality of the produced biomethane was significantly improved, the electron yield to CH4 

was slightly decreased and the CH4 productivity was increased, and b) surpassing the SQIId resulted in 

much lower CH4 productivity, lower electron yield to CH4 and a high percentage of H2 in biomethane. 

Consequently, the exogenous H2 supply should be regulated at flowrates that result in an inflow gas 

composition with SQI close to 4 and SQIs much higher than 4 should be avoided. It is noteworthy that 

the trickle bed reactor responded efficiently to exogenous hydrogen addition and according to the 

anticipated stoichiometry both in mesophilic and thermophilic conditions without changes of the 

product distribution, which remained CH4 with negligible intermediates (such as acetate) accumulation. 

3.2 Impacts of temperature on syngas biomethanation with respect to the SQI 

The assessment of the impacts of temperature on syngas biomethanation at different SQIs was 

performed at a net gas inflow rate of 2 ml∙min-1 (EBRT = 1.5 h) and was based on six operating 

conditions.  Operating conditions No. 5, 6 and 7 correspond to mesophilic conditions at SQIs 1.44, 2.93 
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and 3.67, respectively, while operating conditions No. 12, 13 and 14 correspond to thermophilic 

conditions at the same SQIs (Table 1).  

The thermophilic trickle bed reactor achieved higher CH4 productivity and higher conversion efficiency 

of the electron donors (CO and H2) at each SQI tested compared to the mesophilic trickle bed reactor, 

(Fig. 3a and Fig. 3c). The superiority of the thermophilic reactor can also be observed from the 

biomethane composition (Fig. 3b), where, at SQI = 3.67, the percentage of CH4 was 72.0% at 

thermophilic conditions and 46.4% at mesophilic conditions. This observation is in line with relevant 

research activities reporting that the specific carboxydotrophic methanogenic activity of an anaerobic 

sludge at 60 oC was 5 times higher than at 35 oC [30], and that a 5.3 fold increase of the maximum 

specific hydrogenotrophic activity was achieved at 60 oC compared to 37 oC in batch experiments 

performed with MMC and syngas as the only available substrate [24].  

In the present study at thermophilic conditions CO and H2 were almost fully converted at the three 

examined SQIs (EBRT = 1.5 h). On the other hand, at mesophilic conditions at SQI = 1.44 the 

conversion efficiency of CO and H2 was 67.5% and 70.8%, respectively, and at SQI = 3.67 the 

conversion efficiency of CO and H2 was 85.1% and 87.0%. In another study with a thermophilic 

synthetic coculture (Carboxydothermus hydrogenoformans and Methanothermobacter 

thermoautotrophicus) and a gas mixture (66.6% H2 and 33.3% CO) with a SQI = 3, the fraction of CH4 

in the produced gas was 72% (96% of the maximum stoichiometric fraction = 75%) [31], while in this 

study at a similar SQI of 2.93 the fraction of CH4 in the produced gas was 58.8% (98.3% of the 

maximum stoichiometric fraction = 59.8% due to N2 in the syngas cylinder). This shows that the MMC 

have the capability to perform syngas biomethanation as effectively as defined co-cultures, a 
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noteworthy observation taking also into account that reactors operated with MMC do not demand 

sterilization prior to inoculation and do not face any risk of contamination. 

The decrease of the percentage/partial pressure of CO in the gas inflow from 20% to 12% and 10% 

resulted in improved conversion efficiency of the electron donors (H2 and CO) in mesophilic conditions 

(Fig. 3c), thus implying an inhibitory effect of CO on the metabolism of the developed biofilm. Guiot 

et al. [30] reported a steep increase of the consumption rate of CO by anaerobic granules for the 

production of CH4 when its partial pressure dropped below 0.15 atm (15%).  
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Figure 3. Effect of the temperature and the SQI on [(a) volume specific CH4 productivity, (b) produced biomethane composition, (c) 

conversion efficiency of the substrate and (d) electron yield to CH4, VFAs and other unidentified sinks] at 2 ml∙min-1 net gas inflow rate.  

Regarding the electron yield to CH4 (Fig. 3d) no significant differences were observed between 

mesophilic and thermophilic conditions, whereas an at least 2-fold higher electron yield to VFAs was 

observed in mesophilic conditions at each SQI tested. Nevertheless, the electron yield to VFAs was 

lower than 5% in all operating conditions examined in the present study, thus pointing out a high 

selectivity of the enriched mixed microbial consortia to CH4 independent of the temperature. The low 

yields to VFAs were also important from a microbiological perspective since it has been reported that 

acetate inhibits hydrogenotrophic methanogenesis and diverts the carbon flow towards 
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homoacetogenesis [32]. Moreover, byproducts such as VFAs are undesired due to the fact that they 

divert the actual biomethane production from the theoretically expected one for each SQI. 

3.3 Effect of the EBRT on syngas biomethanation with respect to the SQI 

The required data for the assessment of the effect of the EBRT on syngas biomethanation are included 

in Fig. 2 and Fig. 3, which correspond to an EBRT of 3 h and an EBRT of 1.5 h, respectively. 

Comparing the electron yield to CH4 (YCH4) and biomass (YUnidentified) (Fig. 2d and Fig. 3d), it was 

deduced that when the supply of substrate was doubled, the losses to biomass decreased in both 

mesophilic and thermophilic conditions at all SQIs tested, and thus the electron yield to CH4 increased. 

For example, at SQI = 3.67 and an EBRT of 3 h the YUnidentified was 19.3% and 15.1% at mesophilic and 

thermophilic conditions, respectively, whereas at SQI = 3.67 and an EBRT of 1.5 h the YUnidentified was 

12.7% and 10.4%, respectively. The aforementioned results indicated that the demanded electron moles 

for microbial cell growth and maintenance were not linearly correlated with the substrate supply rate. 

Further investigation is required to explain this response of the mixed microbial consortia. 

Schwede et al. [33] performed batch mesophilic (38 oC) experiments with non-acclimated anaerobic 

sludge and a headspace syngas composition of 48.4% H2, 26.4% CO2, 23.3% CO and 1.9% CH4 which, 

coincidentally, has a SQI = 1.44 and achieved a 50% electron yield to CH4. In the present study at the 

same SQI in mesophilic conditions a much higher electron yield of  84% and 90% was observed at an 

EBRT of 3 h and 1.5 h, respectively. This indicates a better carbon selectivity of the enriched MMC 

used in the present study study towards CH4, albeit the comparison of a batch reactor with a continuous 

reactor should be done cautiously. 
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In section 3.1 (EBRT = 3 h) it was mentioned that as the SQI approached the SQIId, the volume specific 

CH4 productivity (Fig. 2a) increased in both mesophilic and thermophilic conditions and this 

observation was attributed to the big increase of the stoichiometrically convertible carbon to CH4 

(Table 3). The same expected trend was observed at an EBRT of 1.5 h. When the convertible carbon 

supply was increased from 4.40 C-mmol∙lbed
-1∙h-1 (SQI = 1.44) to 5.32 C-mmol∙lbed

-1∙h-1 (SQI = 2.93), 

the volume specific CH4 productivity was increased from 2.75 mmol∙lbed
-1∙h-1 to 3.99 mmol∙lbed

-1∙h-1 in 

mesophilic conditions and from 3.95 mmol∙lbed
-1∙h-1 to 4.82 mmol∙lbed

-1∙h-1 in thermophilic conditions.  

Overall, the major outcome from the comparison of the two EBRTs was that the lower EBRT enhanced 

the selectivity to CH4 and decreased the carbon and energy losses for the synthesis and maintenance of 

cell biomass (Fig 2d and Fig 3d). It can also be concluded that an increase of the SQI led to a decrease 

of the electron yield to CH4 irrespective of the temperature and the EBRT, due to thermodynamic 

limitation generated by excessive H2 supply, as discussed in section 3.5.  

3.4 Operation of the thermophilic trickle bed reactor at the SQIId 

Due to the fact that the mass flow controllers had an increment of 0.1 ml∙min-1, the closest value to the 

SQIId that could be achieved was 3.98 at a net gas inflow rate of 1.5 ml∙min-1 (Syngas Cylinder: 0.7 

ml∙min-1 and high purity H2 cylinder: 0.8 ml∙min-1). The conversion efficiency of the substrate at SQI = 

3.98 was 99.7% for H2, 99.0% for CO and 97.2% for CO2, resulting in a biomethane composition of 

77.3% CH4, 1.4% CO2, 1.0% H2, 0.4% CO and 19.9% N2. As expected, the CO2 content (1.4%) in 

biomethane was the lowest amongst all operating conditions tested with a SQI < 4. Additionally, at SQI 

= 3.98 the fraction of CH4 (77.3%) in biomethane was the highest observed in the present study.  
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In section 2.3, it was stated that the syngas composition in the syngas cylinder was chosen according to 

a suggestion from a collaborating company with expertise in gasification technologies, and that a slight 

modification from this suggestion was made by replacing the 10% CH4 with 10% N2. Assuming that 

CH4 had not been substituted by N2 and that both gases are inert in this process, the content of CH4 in 

biomethane at SQI = 3.98 would be 97.2%. The Upper Wobbe Index of biomethane with a gas 

composition of 97.2% CH4, 1.0% H2, 0.4% CO and 1.4% CO2 is 51.76 MJ∙Nm-3 (calculated based on 

ISO 6976:2016), a value that lies within the allowed bandwidth for substitution of natural gas in the 

European Union. For example, in France the allowed range is 48.24 – 56.52 MJ∙Nm-3 and in Germany 

46.1 – 56.5 MJ∙Nm-3 [15]. Furthermore, the presented gas composition complies with additional 

requirements such as CO2 content < 2% and H2 content < 5% [15]. As a result, operating the 

thermophilic trickle bed reactor with the enriched MMC at a SQI ≅ SQIId can produce a gas mixture 

able to be injected in the natural gas grid without the need of downstream processing applications. 

 

3.5 Thermodynamic interpretation of the effect of H2 and CO2 on catabolic routes 

In the sections above, it was demonstrated that the addition of exogenous H2 to a synthetic syngas 

mixture allowed for increasing the CH4 productivity in both mesophilic and thermophilic trickle bed 

reactors and in case of the thermophilic trickle bed it further allowed for producing a natural gas grid 

standard biomethane. Based on previous work on the same enriched microbial consortia, an additional 

expected benefit from the addition of exogenous H2 was a significant reduction in byproducts 

formation [24]. In this study, the electron yield to VFAs did not exceed 5% in any of the conditions 

tested. However, other studies, including mixed and co-cultures, reported a rather high fraction of e-

moles diverted to VFAs of 10% and higher during the biomethanation of syngas [20, 31, 34].  
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Figure 4. Partial pressure of gases in the effluent and acetate concentration profile of the mesophilic trickle bed reactor operated in 

continuous mode at SQI 2.83 and 3.67. 

Reduction of the net VFAs production, through control of the active catabolic routes used by the 

mesophilic microbial consortium, was evaluated based on the effects of the decreasing effluent partial 

pressure of CO2 (PCO2) during a transient state from a SQI = 2.83 to a SQI = 3.67. As shown in Fig. 4, 

the PCO2 exerted a clear effect on the concentration of acetate at mesophilic conditions.  A decrease of 

the PCO2 from 0.12 atm to 0.02 atm resulted in a 10-fold decrease in the acetate concentration in the 

reactor. In this case, the lower acetate concentration could not be attributed to a higher aceticlastic 

activity since the latter should not be significantly affected by changes in CO2 concentration in the 

liquid at the range tested [35]. Additionally, in previous work from our research group it was found that 

the aceticlastic microbial group was probably absent in this enriched microbial consortium [36]. 

Instead, the lower acetate concentration could be explained by the fact that the syntrophic interaction 

between syntrophic acetate oxidizers (SAO) and hydrogenotrophic methanogens (HM) was enabled or 

significantly enhanced due to the drop of the concentration of H2 and CO2 in the liquid. The 
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thermodynamic feasibility of this syntrophic interaction was evaluated through the thermodynamic 

potential factor (FT), which takes values above zero when a specific biochemical reaction is 

thermodynamically feasible. According to FT calculations as a function of the partial pressures of H2 

and CO2 (PH2 and PCO2) using the process conditions found experimentally, the syntrophic interaction 

between SAO and HM would not be possible at a PCO2 of 0.1 atm since HM would not be able to 

decrease the PH2 to levels low enough to allow syntrophic acetate oxidation (Fig. 5). However, 

decreasing the concentration of CO2 in the liquid to levels equivalent to a PCO2 of 0.001 atm would 

make this syntrophic interaction clearly feasible, as it can be seen that both HM and SAO could be 

active at the same range of H2 concentrations (intersection of the yellow and red line corresponding to 

PCO2 = 0.001 in Fig. 5b). Considering that the CO2 concentration in the liquid should be significantly 

below its saturation level due to the fact that there is net consumption of CO2, it can be concluded that 

the drop in acetate concentration was due to a higher syntrophic acetate oxidation activity. Therefore, 

paradoxically, adding exogenous H2 to the mesophilic trickle bed reactor favored a higher acetate 

conversion into H2 and CO2 by SAO (and ultimately into CH4 by HM), resulting in lower byproduct 

formation. 
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Figure 5. (a) Gibbs free energy change (ΔrG´310K) as a function of PH2 in kJ per mol of product (according to the stoichiometry given in 

table 2) for hydrogenotrophic methanogenesis and syntrophic acetate oxidation calculated at different PCO2. (b) Thermodynamic potential 

factor (FT) as a function of PH2 for hydrogenotrophic methanogenesis and syntrophic acetate oxidation calculated at different PCO2. The 

operating conditions considered in the calculations were PCO2 of 0.1 atm, 0.01 atm and 0.001 atm; PCH4 of 0.6 atm; acetate concentration 

of 17 mM; temperature of 310 K; pH 7.4; and ionic strength of 0.25 M. 

In previous work it was shown that the carboxydotrophic and hydrogenotrophic microbial groups 

present in the thermophilic microbial consortium used here corresponded strictly to HM and 

carboxydotrophic hydrogenogens [24]. Consequently, the VFA production observed in the 

thermophilic reactor was attributed to the acetogenic metabolism of carboxydotrophic hydrogenogens, 

which has been shown to be dependent on the intrinsic thermodynamic limitation of the 

hydrogenogenesis [37]. The high sensitivity of the thermodynamic feasibility of the carboxydotrophic 

hydrogenogenesis is shown in Fig. 6, where it can be seen that the minimum threshold PCO is strongly 

affected by changes in PH2 and PCO2 (with the minimum threshold PCO changing 6 orders of magnitude 

depending on PH2 and PCO2). According to this, decreasing the PCO2 through the addition of exogenous 

H2 at SQIs < 4 would be expected to result in lower acetate concentrations in the reactor, as this should 
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make carboxydotrophic hydrogenogenesis more exergonic. The effect of the PCO2 on carboxydotrophic 

hydrogenogenesis and the formation of acetate as byproduct was evaluated experimentally through the 

increase of the SQI from 2.93 to 3.67 and 4.78, where the H2 supply was increased gradually to achieve 

a lower PCO2. In this case, the decrease of the PCO2 from 0.23 atm to 0.07 atm resulted only in a modest 

decrease in the acetate concentration from 16.8 mM to 11.4 mM, probably due to the fact that the CO2 

concentration was not low enough to avoid acetate production (Fig. 7). It should be noted, though, that 

the production of acetate in thermophilic conditions also occurs due to the high abundance of dead cell 

scavengers such as the proteolytic genera Coprothermobacter and Lutispora[36], as observed in 

previous work from our research group. Subsequently, adding excess H2 to decrease further the PCO2 

resulted in a drastic drop in the conversion of CO arising from the increase in PH2 and the saturated 

concentration of H2 in the liquid, which limited the thermodynamic feasibility of hydrogenogenesis. 

This shows that the partial inhibition of carboxydotrophic hydrogenogenesis in thermophilic conditions 

abovementioned (see section 3.1), observed at SQI of 4.78, was grounded on a thermodynamic 

limitation of this reaction. 
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Figure 6. Gibbs free energy change (ΔrG´333K) as a function of PCO in kJ per mol of product for carboxydotrophic hydrogenogenesis 

calculated using different PH2 and PCO2. The dashed line indicates the minimum energy conservation requirements (ΔGc or ΔGmin) 

assumed for carboxydotrophic hydrogenogenesis and the minimum threshold PCO at each of the conditions considered. The calculations 

were made using a PH2 of 1 atm, 0.1 atm, 0.01 atm, 0.001 atm and 0.0001 atm; PCO2 of 0.4 atm and 0.01 atm; and temperature of 333 K. 

  

Figure 7. Partial pressure of gases and acetate concentration profile of the thermophilic trickle bed reactor operated in continuous mode at 

SQI 2.93, 3.67 and 4.78. 
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3.6 Potential and Future Prospects 

The proposed technological platform in this work is an alternative and an addition to the current routes 

for biomethane production, mainly driven by anaerobic digestion followed by biogas upgrade. Woody 

biomass is a recalcitrant feedstock for anaerobic digestion due to its complex structure and its high 

lignin content [38], and thus only a small fraction of its carbon can be converted to CH4 while the rest 

would accumulate in the digestate. Conversely, the gasification of woody biomass can achieve carbon 

conversion efficiencies higher than 90% [39] since lignin and hemicellulose can also be converted to 

syngas. However, the syngas composition does not allow for the production of biomethane complying 

with the criteria for injection in the natural gas grid, due to its high stoichiometric carbon excess. For 

example, a syngas composition of 45% H2, 25% CO2, 20% CO and 10% CH4 will stoichiometrically 

result in the production of a biogas containing 47.7% CH4 and 52.3% CO2. The currently used biogas 

upgrade techniques are energy intensive, they may demand the use of chemicals (organic solvents, 

amine solutions), and the carbon in the excess CO2 is released unexploited to the atmosphere [40]. On 

the other hand, the use of the in-situ exogenous H2 supply methodology for simultaneous syngas 

biomethanation and upgrade, as described in this work, takes place at a temperature of 60 oC and 

atmospheric pressure, while almost all the carbon in syngas gets converted to CH4. In addition, surplus 

electricity produced from photovoltaic panels or wind turbines is stored as methane in the natural gas 

grid leading, thus, to both energy storage and grid stabilization. 

The results presented in this study are a source of optimism for further research in the field of 

biomethane production from recalcitrant 2nd generation lignocellulosic biomasses. Future research 

activities could focus on pilot-scale testing of the integrated process and a thorough technoeconomic 

assessment for the identification of the cost-intensive factors that need to be optimized. 



30 
 

4. Conclusions 

The present study demonstrated a technology for optimal conversion of syngas to biomethane satisfying 

the criteria for injection in the natural gas grid. For the complete conversion of CO2 and CO in syngas to 

CH4, the necessary reducing equivalents were provided from H2, which can be renewably produced via 

water electrolysis driven by excess electricity generated from solar or wind farms. The experimental 

results showed that the supply rate of H2 was significantly affecting the quality of biomethane produced 

in the trickle bed reactors in mesophilic and thermophilic conditions. Natural gas grade biomethane was 

produced at 60 oC, when the ratio of the moles of the electron donors (CO and H2) to the moles of the 

carbon donors (CO2 and CO) in the substrate was equal to 3.98, which was in agreement with the 

theoretically expected stoichiometric ratio of 4.0 (SQI = 4). Finally, it was demonstrated that observed 

changes in the catabolic routes of the mixed microbial consortia related to carboxydotrophic 

hydrogenogenesis, syntrophic acetate oxidation, hydrogenotrophic methanogenesis and acetogenesis 

could be explained thermodynamically, and therefore, applying thermodynamic control strategies may 

have the potential to induce and control such changes. Under the perspective of zero-carbon economies, 

the proposed platform could lead to an effective recycling strategy of residual biomasses.  
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