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Chapter 1 

 

General Introduction 
 

1.1 Background 

Biomass is biological material derived from living, or recently deceased organisms, 

which has stored sunlight in the form of chemical energy. This trapped energy can be 

reclaimed thermally, chemically or biochemically for further utilization. One of the 

most important energetic uses is the generation of biogas via anaerobic digestion, which 

contributes greatly to the future realization of a sustainable energy system. Various 

research projects to improve biogas technologies have been or are being conducted, 

including seeking alternative feedstock for biogas production [1-6], optimizing and 

further developing process technologies [7-12], and increasing the end product (biogas 

and digestate) utilization efficiency [13-15]. Biogas technology is not limited to the 

laboratory; it is also put into wide application. By June 2013, there were 7,500 biogas 

plants in operation in Germany, with a total installed capacity of 3,200 MWel [16]. 

Globally, the biogas industry is under development and becoming prosperous, as well. It 

is expected that the number of industrial biogas plants worldwide will increase up to 

13,500 plants with a total installed capacity of 7,400 MWel by 2016 [17].  

However, only a small number of the biogas plants efficiently utilize the energy 

content of the biogas. In Germany, biogas is generally recovered in the form of 

electricity in a combined heat and power plant (CHP) [18]. Because most biogas plants 

are located in rural areas, they are far from the majority of heat users [19]. Considering 

the inevitable heat loss during transportation, it is not always economically feasible to 

connect the CHPs to nearby heat users via heat mains. Therefore, apart from digester 

thermal control and heating purposes at the biogas plants, a great amount of the 

cogenerated heat is dissipated into the air and wasted. Without utilizing this produced 

heat, the overall energy utilization efficiency of the biogas CHP plants is only 

approximately 35% [20]. Hence, increasing the energy utilization efficiency of biogas is 

currently a challenge.  
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1.2 Advantages of Biomethane 

Upgrading biogas to pipeline-quality gas and injecting it into the natural gas grids 

is a good option to greatly increase energy utilization efficiency. In this way, biogas 

production can be decoupled from utilization temporally and spatially. The upgraded 

biogas is called biomethane, because it is identical in properties to natural gas, but not 

derived from fossil fuels. Biomethane has many advantages [20-22]. The main reported 

benefits are summarized as follows: 

  

Versatility of application 

As previously mentioned, biomethane offers a utilization mode, in which energy 

consumers are not limited to the local area where biogas is produced. Therefore, it can 

be used where both electricity and heat are in high demand. In this case, the cogenerated 

heat can be much better utilized due to a broad base of potential consumers, and the 

overall energy utilization efficiency is accordingly increased. Since the supply of 

biomethane can be maintained at any season, it also helps to stabilize the energy system 

by balancing out fluctuating renewable energy sources such as solar-, wind- and hydro 

power. Biomethane can also be used as biofuel in the transportation sector, because it 

can be freely intermixed with natural gas [23]. Thereby, it can be directly applied to 

vehicles using natural gas without additional technical modification.      

 

Minimal carbon footprint 

In September 2010, the German Federal Government established an energy concept 

in light of global warming, which outlined the country’s energy policy until 2050. The 

energy concept proposed explicit climate protection targets – greenhouse gases (GHG) 

emissions shall be reduced by 40% by 2020 and at least 80% by 2050, with 1990 

emissions as reference [24]. Fossil-based natural gas can be substituted with biomethane, 

which can effectively decrease the GHG emissions, For instance, when used in the 

transportation sector, it could reduce GHG emissions by 49–84%, compared with 

traditional fossil fuels [25]. When electricity is generated from biomethane instead of 

natural gas, GHG emissions are reduced by 77% [26]. Therefore, biomethane 

production and utilization helps to achieve the political goal in terms of climate 

protection. 
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Secure energy supply 

In the past decade, the natural gas consumption in Germany has been stable in the 

range of 85-100 billion cubic meters [27]. Due to limited domestic energy reserves, 

Germany relies heavily on imports [28]. More than 85% of the country’s natural gas is 

imported, mainly from Russia, Norway and the Netherlands [29]. The dependency on 

energy imports is also a political concern. Since biomthane originates in renewable 

resources, it has a large energy potential. According to the estimates, Germany has a 

sufficient amount of resources for biomethane to meet ten percent of the country’s 

natural gas demand by 2030 [22]. By this means, the dependency on energy imports can 

be reduced and energy security can be accordingly increased. 

Biomethane technology also provides socio-economic benefits. It creates new jobs, 

especially in agriculture, supply logistics, engineering and construction [23, 30]. 

Furthermore, the technologies for the gas feed-in, storage and distribution are mature. 

Germany, as well as the rest of Europe, has well-developed natural gas grids [31, 32]. 

All the existing infrastructures can be directly used, which can facilitate biomethane 

utilization. At this point, biomethane is superior to hydrogen (H2), which usually 

requires high infrastructure costs for widespread distribution [33].     

 

1.3 Status Quo of Biomethane Market in Germany and Europe 

Biomethane offers an efficient and flexible solution to energy issues, and therefore, 

this application has received increasing attention in recent years [34]. In April 2008, a 

specific target was set forth in an amendment to the German Gas Network Access 

Ordinance (German: Gasnetzzugangsverordnung — GasNZV), which was applied in 

September 2010. This set a target of annually injecting 6 billion cubic meters 

biomethane into the gas grids by 2020, and 10 billion cubic meters by 2030 [35]. 

Meanwhile, several measures to stimulate biomethane production were passed into law. 

The amendment of the Renewable Energy Sources Act (German: Erneubare-Energie-

Gesetz — EEG), released in 2012, introduced a bonus for gas processing including 

biogas upgrading [36]. Based on the Renewable Energy Heat Act (German: Erneubare- 

Energien Wärmegesetze — EEWärmeG), a certain incentive is given to biomethane 

utilization in CHPs for pure heat supply [37]. The Biofuel Quota Act (German: 
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Biokraftstoffquotengesetz — BioKraftQuG) stipulated that fuel tax did not apply to 

biomethane [38].  

With diverse supporting mechanisms, biomethane technology is booming in 

Germany. As of January 2014, 130 biomethane plants were already in operation with a 

total hourly feed-in capacity of 80,920 m3 biomethane. In addition, there are another 27 

plants under construction and 29 plants in the planning stage [39]. Probably because 

other European countries have not yet defined any specific targets for replacing natural 

gas with biomethane, the European biomethane market is not as active as that of 

Germany. The rest of Europe currently has 55 plants, mainly located in the Netherlands, 

Sweden, Switzerland and Austria, feeding biomethane into gas grids with a total 

capacity of 14,965 m3 per hour. The number of currently constructed and planned 

biomethane plants is 4 and 20, respectively [40].  

In order to ensure a safe and reliable operation of gas grids as well as related gas 

infrastructures and facilities, produced biomethane must meet specific standards. 

Several countries have issued standards for grid injection or for utilization as vehicle 

fuel [41]. However, the requirements of each country vary in gas quality (methane-, 

carbon dioxide-, oxygen- and hydrogen-content) and Wobbe Index. That is because 

each country has designed its own gas market according to the gas quality of the supply 

source, which in turn determines the operational standards of the gas network as well as 

the infrastructure design and installation requirements. As a consequence, the 

specifications of the gas for grid injection are different among each country. 

Considering the possibility of interregional transportation, a lack of a common 

European biomethane specification for grid injection and use as fuel could be a barrier 

for further spreading biomethane application across Europe [42]. In 2011, the European 

Committee addressed a mandate (M475) to a new CEN (European Committee for 

Standardization) technical group TC 408 for the development of a common standard for 

biomethane which can be accepted by all European nations. Currently the standards are 

still under development: the technical body structure is complete and drafts have been 

issued [43]. 

In addition to the gas quality, the pressure level of the natural gas is also regulated. 

According to the use purpose, the German gas grids can be mainly divided into three 

categories: interregional transportation grid (usually > 16 bar), regional transportation 

grid (approximately 4–16 bar) and distribution network (usually < 4 bar) [44].   
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1.4 Conventional Technologies for Gas Purification and Upgrading  

Depending on the substrate composition, raw biogas mainly consists of 50–75% 

methane (CH4), 25–45% carbon dioxide (CO2), and trace amounts of other components 

including water (H2O), hydrogen sulfide (H2S), ammonia (NH3), siloxane, oxygen (O2) 

and nitrogen (N2) [45]. In order to reach the specific injection standard, CO2 must be 

separated from the raw biogas, which can be accomplished in a gas upgrading process. 

Nevertheless, a series of gas purification treatments must be carried out in earlier stages 

to remove the impurities of the biogas, so that the subsequent facilities, infrastructures 

and gas grids can be protected from corrosion, fouling and mechanical wearing. 

The removal of water can be achieved by condensation through cooling, adsorption 

on silica or alumina, absorption with glycol or hygroscopic salts or membrane 

separation [23, 41, 46]. H2S removal, also known as desulfurization, can be realized 

either by precipitation during digestion or by chemical absorption after digestion [23, 41, 

46-48]. Other methods such as activated carbon adsorption, biological filter and 

membrane separation are also widely applied [7, 49, 50]. Basically, siloxanes can be 

eliminated at the same time as H2S separation [41]. NH3, O2 and N2 can be removed by 

adsorption with activated carbon, as well  [41, 51]. 

The CO2 separation is an important part in the biogas upgrading process, making 

methane enrichment. The commercially available upgrading technologies have four 

major categories: 1) adsorption, including pressure swing adsorption (PSA) and vacuum 

swing adsorption (VSA); 2) absorption, including pressure water scrubbing (PWS), 

physical absorption and chemical absorption; 3) membrane separation; 4) cryogenic 

separation. Currently, absorption technology is most widely implemented. 

Approximately 56% of the existing biomethane plants in Europe (including Germany) 

have adopted absorption for gas upgrading; among of these, nearly half are using PWS 

[39, 40]. A quarter of the European biomethane plants are using PSA technology. There 

are only fourteen and three biomethane plants upgrading biogas with membrane and 

cryogenic separation, respectively, which might be due to very high investment costs 

[51]. 

As a matter of fact, each of the technologies mentioned above has its own pros and 

cons, all of which have been compared and reviewed [51-54]. In practice, local 

conditions could be very different (capacity, water supply, heat availability, emission 

limits, etc), so both technical and economic aspects should be taken into consideration 
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when choosing an upgrading technology. However, in general, all of the current 

technologies are expensive in investment and/or operation [19, 51]. Therefore, an 

economical upgrading technology is vital.    

 

1.5 Concept of Two-phase Pressurized Anaerobic Digestion 

The investigated two-phase pressurized anaerobic digestion is a promising process, 

integrating biogas production, CO2 removal and biogas pressurization in one system, 

thereby considerably reducing the expenses involved in the subsequent treatment. In 

this system, hydrolysis/acidification and acetogenesis/methanogenesis are separated 

technically, so that optimum environmental conditions for each group of 

microorganisms (acid- and methane-formers) can be maintained [55]. The biomass is 

hydrolyzed and acidified in the first phase. The effluent rich in organic components 

from the first phase, such as fatty acids and alcohols, is converted to biogas in the 

second phase. Compared to the conventional two-phase anaerobic digestion, the novel 

system features a pressurized reactor for methanogenesis. It is intended to directly 

remove CO2 and H2S from the biogas in the digester, taking advantage of their high gas 

solubility under pressure. The innovative concept has been patented by University 

Hohenheim together with DVGW - Research Center at the Engler-Bunte-Institute. It is 

proposed upon the following theoretical basis: 

 

1.5.1 Gas Solubility under Pressure 

CH4, CO2 and H2S are the main components of biogas. Their solubility in water has 

been widely studied and evaluated [56-59]. As shown in Figure 1, CH4 hardly dissolves 

in water, while CO2 and H2S are more soluble. At a given temperature, the dissolved 

gas concentration increases in varying degrees with rising pressure. That is in 

accordance with Henry’s Law, which can be used for modeling the solubility of CO2 in 

water for pressure up to 100 bar [60]. It should be noted that all the data shown in 

Figure 1 were measured with a single gas component in pure water. In this case, the gas 

partial pressure was almost equal to the total pressure.  
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Figure 1: The solubility of methane, carbon dioxide and hydrogen sulfide in water 

 

1.5.2 Microbial Growth Rate under Pressure 

When the methane reactor is to be operated under pressure, another question arises 

whether or not the microbial metabolic activity will be inhibited by pressure. Different 

microbes are characterized with different pressure thresholds [61]. Based on pressure 

adaptability, microorganisms can be divided into three categories: piezosensitive, 

piezotolerant and piezophilic microbes. Abe and Horikoshi sum up the properties of 

microbial growth under elevated hydrostatic pressure conditions [62]. Piezosensitive 

microbes have optimal growth at atmospheric pressure and stop reproduction around 

500 bar [63]. Both piezotolerant and piezophilic microbes are bacteria that are able to 

grow and proliferate up to a pressure of 1000 bar [64]. The optimal growth rate of 

piezotolerant microorganisms, however, occurs at atmospheric pressure [62]. Since 

most microbes in anaerobic digesters are inoculated from sewage slurry, excrement or 

wastewater treatment sludge under atmospheric pressure, they are normally 

piezosensitive or piezotolerant [64]. That means, their growth rates are hardly inhibited 

by pressure up to 20 bar. In fact, anaerobic digestion for methane production under 

pressure is not rare in natural ecosystems or in the wastewater treatment industry. It is 

also common in marine sediments, hundreds of meters deep [65], in landfills [66] and at 
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the lower part of anaerobic digestion towers or biogas tower reactors [67] that are used 

in wastewater treatment to save ground space. 

 

1.6 Objective of this Study 

Since two-phase pressurized anaerobic digestion was a brand new idea, the goal of 

the research was to explore the technical feasibility and potential of the concept by 

developing a lab-scale pressurized methane reactor in a two-phase anaerobic digestion 

system. The goal was reached in three stages:    

 

Feasibility verification: Does it work under pressure? 

Unlike other operational parameters (e.g. temperature and pH value), pressure is 

not given enough recognition in anaerobic digestion. There have been few discussions 

on the effect of pressure on anaerobic digestion, mainly because of the limitations in the 

available techniques and facilities suitable for experimental investigation [67]. The 

limited knowledge was solely based on a theoretical physical or biological perspective, 

as previously described. However, pressure change in an anaerobic digester could 

induce complicated physical and biochemical interactions. Therefore, it was essential to 

first examine how pressure affects anaerobic digestion (Chapter 2). With different 

pressure levels, biogas production as well as process stability were analyzed and 

compared. In this way, the working mechanism could be revealed and technical 

feasibility could be verified. 

    

Efficiency investigation: How efficiently can it work? 

After the technical possibility was proven, the research was then focused on the 

efficiency of the new system. Organic loading rate (OLR) is an important operational 

parameter which represents the biological conversion capacity of an anaerobic digestion 

system. With low OLR, the anaerobic digester is running inefficiently, while with high 

OLR, a risk of system failure due to overloading exists [68]. In order to explore the 

potential of organic substance degradation, the performance of the pressurized reactor 

was studied by stepwise increases of the OLR (Chapter 3). By this means, the critical 

OLR, the maximum organic substance the reactor can digest in a day, could be found. 
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This value can be used as a reference for system upscale design and process control (e.g. 

substrate feeding).     

 

Process optimization: How to make it work even better? 

In the previous research stages, the two-phase pressurized anaerobic digestion 

system showed great potential in methane enrichment [69]. However, the methane 

content was still insufficient for injection into the natural gas grids. Thus, further 

increasing the methane content of the biogas became the research focus. In the third 

stage, a process optimization method to the system was developed and tested (Chapter 

4). A flash tank, as a new component, was introduced to the system. The fermentation 

liquid of the pressurized reactor was circulated periodically via the flash tank. Due to 

the pressure drop, part of dissolved CO2 was released from the liquid phase in the flash 

tank. The depressurized fermentation liquid was then recycled to the pressurized reactor. 

In this way, it was expected that more CO2 could be removed from the pressurized 

reactor, thereby leading to further methane enrichment and an increase of the pH value. 

The improvement strategy was studied in a series of experiments, together with 

mathematical modeling based on mass balance.       
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Abstract 

Two-phase pressurized anaerobic digestion integrates fermentative biogas 

production with biogas purification and upgrading in one system, which makes injection 

of the produced biogas into the natural gas grids easier. For better understanding of the 

innovative process, it is essential to know how pressure affects anaerobic digestion. In 

this study, a lab-scale two-phase anaerobic digestion system was developed, which was 

composed of three acidogenesis-leach-bed-reactors and one pressure-resistant anaerobic 

filter. The anaerobic filter was successively operated at four different pressures (the 

absolute pressure of 1 bar, 3 bar, 6 bar and 9 bar), while the organic loading rate was 

maintained at approximately 5.1 kgCOD m-3·d-1. During the entire experiment, no 

additional caustic chemicals were introduced for pH adjustment. When the pressure was 

increased from 1 bar to 9 bar, the pH value declined from 7.2 to 6.5, the methane 

content rose from 66% to 75%, and the specific methane yield was slightly reduced 

from 0.33 lN·g-1COD to 0.31 lN·g-1COD. Throughout the experiment, almost no acids 

accumulated in the anaerobic filter. The average COD-degradation grade remained 

more than 93%, and the average alkaline buffering capacity (VFA/TIC ratio) never 

exceeded 0.2 at any pressure level. The anaerobic filter showed a stable performance 

despite different working pressures.    
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Chapter 5 

 

General Discussion 

 

5.1 Introduction 

Two-phase pressurized anaerobic digestion is an innovative concept, which aims to 

facilitate the subsequent biogas upgrading and reduce the corresponding cost by 

integrating biogas production, purification and compression in one system. Within the 

research project, two identical lab-scale pressurized anaerobic filters were developed. 

Several experiments, as demonstrated in Chapter 2–4, were carried out, in order to 

verify the technical feasibility and explore the potential of the concept. In this chapter, 

overall performance of the pressurized anaerobic filter in terms of biogas production 

and process stability will be discussed. The application prospect of this new concept, 

together with possible measures for further optimization will also be presented.   

 

5.2 Process Stability 

5.2.1 pH Value 

Generally, methanogens are very sensitive to adverse environmental conditions. 

One of the most critical factors is pH value. In the conventional anaerobic digestion, pH 

value is directly related to the process stability, because at low pH value organic acids 

are apt to be in an undissociated form, which enables acids to easily penetrate the 

microbial cell wall, exerting toxic effect on methanogens [70]. Thus, the process of 

anaerobic digestion tends to be at a risk.  For the sake of stable performance, a near 

neutral pH value (between 6.8 and 7.4) is recommended [71]. In this study, when the 

pressurized anaerobic filter was running at 9 bar without liquid circulation for 

depressurization, the pH value inside the reactor was decreased to 6.5, outside the 

optimal range. That could be explained in this way: The partial pressure of CO2 

increases with the working pressure of the reactor increasing, According to the Henry’s 

Law, the solubility of CO2 is proportional to the partial pressure, indicating that CO2 
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solubility is also rising. The dissolved CO2 forms carbonic acid (H2CO3), which 

dissociates immediately to bicarbonate (HCO3
-). During dissociation, protons are 

liberated in the solution, which causes a reduction of the pH value. Based on theoretical 

calculation, without any alkaline substances, the pH value should be 3.8, when the CO2 

partial pressure is 2 bar [72]. Although the system was buffered with ammonia and 

other alkaline substances contained in the substrate, which was fed into the reactor, the 

pH value inside the pressurized anaerobic filter still fell from 7.2 at 1 bar to 6.5 at 9 bar. 

For conventional digesters operated at atmospheric pressure, this value indicates a 

heavy process disturbance, leading to reduced methane production. In contrast, the 

pressurized anaerobic filter performed well at OLR(COD) up to 12.5 kg·m−3·d−1, in spite of 

such low pH value. That might be attributed to the use of sintered glass as a carrier 

material in the reactor. Its large and porous specific surface facilitates biofilm 

development. As reported, a pH gradient might exist in the biofilm system and 

consequently the pH value inside methanogenic aggregates was higher than that in the 

process liquid [73, 74]. In this way, the negative impact of low pH value could be 

alleviated to some extent.  

When the fermentation liquid was circulated through a flash tank, the carbonic acid 

was also flushed out of the reactor. The depressurized liquid with low CO2 

concentration could absorb carbon dioxide again. By this means, the pH value in the 

pressurized anaerobic filter was increased, from 6.5 without circulation to 6.7 with 40 

l·d−1 circulation. As a result, the process stability was also improved. 

 

5.2.2 VFA/TIC ratio 

To monitor the anaerobic digestion process, a so called VFA/TIC ratio is widely 

used. It represents the ratio of the sum of volatile fatty acids and total inorganic carbon, 

and is used as a guide value for assessing the process stability. In order to avoid process 

failure, it was recommended that the VFA/TIC ratio should not exceed 0.5 [75]. In this 

study, when the pressurized anaerobic filter was operated at 9 bar at OLR(COD) of 5–

12.5 kg·m−3·d−1, the VFA/TIC ratio remained between 0.1 and 0.2 all the time. At 

OLR(COD) of 15 kg·m−3·d−1, the VFA/TIC ratio was rising to 0.33, but still below the 

critical value. However, at that time, a significant acid accumulation was observed and 

SMY was reduced, indicating that the process was in a suboptimal situation or even 

pending failure. Compared to a conventional anaerobic digester, more CO2 is dissolved 
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physically or stored chemically as bicarbonate in fermentation liquid of the pressurized 

anaerobic filter, and therefore the value of TIC might be high which results in a 

relatively low VFA/TIC ratio. In other words, the VFA/TIC ratio might respond slowly 

to the overloading in pressurized anaerobic digestion. Therefore, the critical value of 

VFA/TIC ratio for the conventional reactor may not be directly applicable to the 

pressurized reactor.      

  

5.2.3 Critical OLR and HRT 

In the experiment of OLR effect, the best performance of the pressurized anaerobic 

filter at 9 bar was observed at OLR(COD) of 12.5 kg·m−3·d−1 and HRT of 1.8 d. At higher 

OLRs and shorter HRTs, the efficiency was declined and the process became unstable. 

When a working pressure of 1.5 bar was applied to the same pressurized anaerobic 

filter, it performed quite well even at OLR(COD) of 17.5 kg·m−3·d−1 and HRT of 1.3 d 

without any problem. The low pH value inside the reactor, induced by high CO2 partial 

pressure, seemed to limit the reactor performance at high OLRs and short HRTs. As 

previously mentioned, the thick biofilm in the reactor, in a manner, could protect 

methanogens from acidic condition. However, with OLR further rising, more VFAs 

were introduced to the pressurized anaerobic filter, depressing the local pH value, which 

could cause biofilm detachment [76]. Therefore, the protection from the biofilm was not 

effective anymore. Methanogens were directly exposed to the low pH value and the 

metabolic activity was inhibited, which resulted in an even slower conversion from 

VFAs to biogas. The acids, which were not timely digested, accumulated gradually in 

the reactor, further depressing the pH value. At this point, the reactor fell into a so-

called vicious circle, indicating fermenter souring. 

With fermentation liquid circulation for depressurization (from 9 bar to 1 bar), the 

pH value in the reactor was increased. Therefore, the pressurized anaerobic filter at 9 

bar is expected to perform at even higher OLR and shorter HRT. Nevertheless, even in 

the case without pH adjustment, the critical OLR(COD) of 12.5 kg·m−3·d−1 and HRT of 

1.8 d was still outstanding, compared with conventional fixed bed reactors in practice. 

Most of them were reported to be operated at OLR(COD) of 6–10 kg·m−3·d−1 with HRT 

of 0.75–7 d [77]. Therefore, the efficiency of the pressurized anaerobic filter can be 

regarded as high.   
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5.3 Biogas Production 

5.3.1 Biogas Composition 

In the study of pressure effect (Chapter 2), the methane content was observed to 

rise from 66% to 75%, as the working pressure increased from 1 bar to 9 bar. A similar 

result was also observed in the study of OLR effect (Chapter 3). That was primarily due 

to the significant difference in solubility between CH4 and CO2. The Henry coefficient 

of CO2 and CH4 in pure water (37°C, 9 bar) were reported to be HCO2,H2O =2235 bar 

[78] and HCH4,H2O = 49191 bar [79], respectively. Because CO2 dissolves much more 

readily in solution, less CO2 enters the gas phase, and thus, CH4 tends to be dominant in 

the biogas.   

In order to optimize the process, a flash tank was introduced to the system. It was 

found that the circulation of fermentation liquid in the pressurized anaerobic filter 

through the flash tank led to further methane enrichment. As shown in Chapter 4, as the 

daily circulation amount increased from 0 to 40 l·d-1, the methane content of the biogas 

from the anaerobic filter rose from 75% to 87%. This was attributed to the difference in 

CO2 partial pressure between the anaerobic filter and the flash tank. With circulation of 

fermentation liquid, the carbon dioxide, which was either dissolved in the liquid or 

chemically stored as carbonic acid, was also flushed out of the reactor. At lower 

(partial) pressure in the flash tank, CO2 was partly released from the liquid phase. 

Therefore, as the liquid returned from the flash tank to the pressurized anaerobic filter, it 

regained the capacity to absorb a certain amount of CO2. The more fermentation liquid 

was circulated, the more CO2 in the pressurized anaerobic filter would enter the liquid 

phase from the gas phase. In this way, methane content was further increased. 

Methane enrichment in anaerobic digestion under pressure was also documented in 

other studies [80-82]. Nevertheless, in terms of the absolute value, the methane content 

achieved in the presented experiments was not as high as reported in other studies (e.g. 

93% by Hayes et al [81] and 90–95% by Lindeboom et al [82]). This was primarily 

caused by the differences in pH values of the fermentation liquid in the reactor among 

those experiments. The pH value of the pressurized anaerobic filter in this study was not 

controlled by adding additional alkaline chemicals. As a result, the reactor was running 

with the pH value of approximately 6.5, much lower than other studies. Like pressure, 

the pH value also influences the amount of dissolved CO2. The reduction of the pH 

value tends to depress CO2 solubility [83], which favors a CO2 shift from liquid phase 
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to gas phase. This counteracts the pressure effect on methane enrichment. In further 

investigation, it should be tested and clarified whether it is possible to remove even 

more CO2 when the buffer capacity of the pressurized reactor is increased.    

 

5.3.2 Methane Production 

For better comparison, the term specific methane yield (SMYMR) is adopted, which 

represents the amount of methane collected from the pressurized anaerobic filter per 

gram fed COD. According to the results from the different experiments, pressure, OLR 

and fermentation liquid circulation affected SMYMR, but to different degrees. Among 

them, pressure had the least influence. As shown in Chapter 2, as pressure rose from 1 

bar to 9 bar, the SMYMR was only slightly decreased from 0.33 lN·g-1COD to 0.31 lN·g-

1COD, but still on the same level. The subtle difference was attributed to the change in 

methane solubility induced by pressure. Because the pressure dependency of Henry’s 

coefficient for methane in the low pressure range (1–10 bar) is negligible [84], the 

amount of methane that dissolves in the liquid is directly proportional to the partial 

pressure. Thus, methane solubility rose nearly nine fold, as the pressure was elevated 

from 1 bar to 9 bar, indicating that at higher pressure more produced CH4 tends to stay 

in the solution. However, considering the very low CH4 concentration with respect to 

the absolute value, the SMYMR was not significantly affected by pressure. Nevertheless, 

that effect was magnified in fermentation liquid circulation experiment. Although only a 

small amount of dissolved methane was transferred to the flash tank and released to the 

gas phase there, when fermentation liquid was circulated, those small amounts 

accumulated over time. With increasing daily fermentation circulation amount, more 

methane was flushed out of the pressurized anaerobic filter. As a result, the SMYMR was 

only 0.25 lN·g-1COD with 40 liters fermentation liquid circulated through the flash tank 

per day, six times as much as the daily feeding. Anyhow, regarding the sum of methane 

collected from the anaerobic filter and flash tank, the total SMY remained in the same 

range, approximately 0.32 lN· g-1COD, independent of circulation amount.   

It is worthwhile noting that the shift of methane from the pressurized anaerobic 

filter to the flash tank does not only affect the efficiency, but might also make impact on 

climate, because methane is a potent GHG, with a global warming potential of 34 over 

100 years [85]. For reasons of economy and environment, the methane released from 

the flash tank shall be reclaimed and used. It can be either directly oxidized thermally or 
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combusted with catalyst for heat recovery. Moreover, it was found that with high daily 

circulation amount (40 l·d-1), methane accounted for more than 40% in the gas mixture 

released from the flash tank. In this case, the gas can be alternatively fed into an existing 

CHP gas engine.  

In the study of OLR effect, the SMY of the pressurized anaerobic filter operated at 

9 bar was in the range of 0.31–0.32 lN·g−1COD, at OLR(COD) of 5–12.5 kg·m−3·d−1. This 

value is consistent with the results of other experiments in this study and also 

comparable to other research results [86, 87]. With OLR further increased, the SMY at 

9 bar dropped significantly and ended at 0.25 lN·g−1COD at OLR(COD) of 17.5 

kg·m−3·d−1. This turned out to be a consequence of overloading with excessive 

substrate. The fed acids could not be completely converted to biogas in a short 

hydrolytic retention time (HRT) of 1.4 days, as previously discussed. 

 

5.4 Possible Measures for Further Optimization 

5.4.1 Substrate  

Typically, maize silage has a C:N ratio of 35:1–45:1 [88]. During the entire 

research project, the two-phase pressurized anaerobic digestion system was fed with 

mono maize silage. It led to a relatively low nitrogen level in the reactor, evidenced by a 

total ammonia nitrogen concentration of less than 0.8 g·kg−1. An optimal range of C:N 

ratio for anaerobic digestion lies in between 10 and 30 [89]. Since manure or grass 

silage usually contains more nitrogen, with relatively low C:N ratio [88, 90], a co-

fermentation of maize silage with grass silage and/or manure is recommended in 

practice [91]. On one hand, the C:N ratio can be optimized by adjusting the proportion 

of each substrate. On the other hand, ammonia alkalinity is expected to increase the 

buffer capacity of the percolate, which might help to resist the pH decrease in the 

pressurized anaerobic filter. 

 

5.4.2 Hydrolysis/Acidogenesis Phase 

In this study, the research was only focused on the performance of the pressurized 

anaerobic filter. The main task of the acidogenesis-leach-bed reactors in the first phase 

was to produce enough leachate as an intermediate substrate for the second phase 
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(acetogenesis/methanogenesis). The hydrolysis/acidogenesis phase worked via a batch 

process, in which three kilograms of maize silage (oDM) and 12–20 liters of water were 

loaded into individual leach-bed reactors on a 21-day cycle. There, the maize silage was 

gradually decomposed and a leachate rich in organic aids and alcohols was produced. 

Every week 12–20 liters of leachate from each leach-bed reactor was pumped into a 

tank for storage and homogenization. The same amount of the digestate, which was 

eluted from the pressurized anaerobic filter and collected in another tank, was returned 

to the leach-bed reactor. This process is called “liquid exchange”. By this means, the 

volumetric balance of the reactor could be maintained. The leachate collected in the 

tank, had a uniform chemical composition. It was an amount adequate to feed as 

substrate into the pressurized anaerobic filter for one week.  

Although leach-bed reactors offered some advantages such as easy operation and 

low water requirement, they also had limitations. In this study, the leach-bed reactors 

were operated under thermophilic condition. The “liquid exchange” process usually 

caused a large temperature drop in the reactor by introducing a great amount of liquid at 

ambient temperature. Rapid temperature drops negatively affected anaerobic 

acidification [92]. In addition, the leach-bed reactors were usually characterized by a 

low pH value, due to acids accumulation overtime. The pH value of the leachate 

throughout the experiments was 4.4-5.3. In an investigation of the pH effect on the 

acidogenesis over the range of 4.5 to 7.9, a pH range between 5.7 and 6.0 was 

recommended for the acid reactor to provide a stable and most favorable substrate for 

the methane reactor [93]. Apparently, the operation condition of the 

hydrolysis/acidogenesis phase in this study was not optimal. Moreover, as the leachate 

with such a low pH value was introduced into the pressurized anaerobic filter, it 

encouraged dissolved CO2 in the reactor to enter the gas phase, which in turn decreased 

the methane content of the biogas. Therefore, a continuously operated hydrolysis reactor 

is recommended for the first phase, in which a large temperature drop, as well as low 

pH value, could be avoided. It is reported that in a two-phase anaerobic digestion 

system, composed of a continuously operated hydrolysis reactor and a normal pressure-

free anaerobic filter, the methane content of the biogas was already more than 80% [94]. 

Therefore, it is expected to directly produce biogas with even higher methane content 

from the pressurized anaerobic filter when it is connected to a high-performance 
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continuously operated hydrolysis reactor. In addition, the overall conversion grade of 

biomass could be also improved.  

 

5.4.3 Anaerobic Filter 

In order to further improve the biomass-substrate contact, the liquid upflow 

velocity in the anaerobic filter should be optimally regulated. In this study, the 

fermentation liquid was internally recycled for five minutes every ten minutes at a flow 

rate of 0.6 l·min−1, leading to an average upflow velocity of 0.5 m·h-1. This value was in 

the recommended range for a conventional anaerobic filter (0.5–2 m·h-1) [95]. 

Nevertheless, after two years of continuous operation, the pressurized anaerobic filter 

was filled with a large amount of granular sludge which could cause clogging problems. 

A high upflow velocity might overcome the problem by increasing the turbulence in the 

system. However, an upflow velocity that is too high might also be harmful to biomass 

growth. Therefore, this parameter needs to be studied for better performance of the 

pressurized anaerobic filter.  

   

5.4.4 Fermentation Liquid Circulation for Depressurization 

This study showed that the circulation of fermentation liquid through a flash tank 

could increase the pH value and methane content of the biogas. However, every time the 

liquid was circulated, a small amount of dissolved methane was also transferred to the 

flash tank. In the flash tank, a part of CO2 was released from the liquid phase due to 

partial pressure drop. At the same time, the pH value in the flash tank was rising 

because carbonic acid shifted from the liquid to gaseous phase, thus leading to a higher 

CO2 solubility. These two factors (decrease of CO2 partial pressure and increase of pH 

value) counteracted each other, resulting in only approximately 19% of CO2 dissolved 

in the effluent being released per liter circulation.  

A suggested economical alternative for further improvement of the system could be 

circulating the fermentation liquid of the pressurized anaerobic filter through a 

hydrolysis reactor. The hydrolysis/acidogenesis phase is generally operated at 

temperature of 55–60 °C and pH value of 5–6. High temperature and low pH value 

decreases CO2 solubility significantly. An experiment showed that the depressurized 

liquid (from the flash tank in this study) could still release approximately 2.5 l·kg−1 CO2 
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in a thermal acidic condition (T=60 °C and pH=5) [96]. That means, every time the 

fermentation liquid is circulated in this way, more than 85% of carbon dioxide is 

expected to be released from the liquid. This estimate is calculated based on the CO2 

concentration of the effluent given in Chapter 4. When this liquid is returned to the 

pressurized anaerobic filter, it can take in more CO2 from the gas phase, further 

increasing the pH value and methane content. With such high efficiency, the amount of 

circulation can be also considerably reduced, and thereby the methane loss through 

circulation is also expected to be remarkably decreased. Since the 

hydrolysis/acidogenesis phase, as suggested previously, shall be operated continuously, 

the circulation of fermentation liquid and feeding can be integrated, which can reduce 

further energy consumption for pumping.      

 

5.5 Conclusions and Outlook 

In this study, a two-phase pressurized anaerobic digestion system was developed. 

Under different operation condition (by varying pressure, OLR and liquid circulation 

flow), the performance of the pressurized anaerobic filter was analyzed in terms of 

biogas production and process stability. Based on the results obtained from three 

different experiments, it is clear to see that biogas can be produced in a semi-

continuously operated reactor up to a pressure of 9 bar and an OLR (COD) up to 12.5 

kg·m-3·d-1 without any problems. Under these conditions, both pressure and OLR had 

little effect on SMY. Rising pressure led to methane enrichment: CH4 content was 

increased from 66% to 75%. Circulation of fermentation liquid through a flash tank 

helped to increase the methane content of the raw biogas even further, reaching up to 

87%. Since the compressed (up to 9 bar), CH4-rich biogas (up to 87%) can be directly 

produced in the pressurized anaerobic filter, the cost for the subsequent process of gas 

purification and upgrading can be largely reduced. Even without additional 

compression, the produced gas can be injected into biogas grids and transported to a 

large centrally located CHP where there is high electric power and heat demand. 

Therefore, the novel technology is particularly suitable for biomethane production in 

decentralized small-scale biogas plants.  

The regulation of pH value might be the key to further optimization of the whole 

system, through which the process stability can be better guaranteed and the CO2 
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content of the biogas can be further reduced. Because part of the produced methane 

shifted to the flash tank by liquid circulation, it is necessary to economically reclaim 

and utilize the methane released in the flash tank. In order to reduce such methane loss 

and increase the system efficiency, the circulation of fermentation liquid through the 

hydrolysis reactors is an alternative solution and deserves investigation. In the two-

phase pressurized anaerobic digestion system, the leachate fed into the 

acetogenesis/methanogenesis phase was the product of the hydrolysis/acidogenesis 

phase. In other words, it also influenced the performance of the pressurized anaerobic 

filter. Therefore, speaking of the optimization of the whole system, the first phase also 

needs improvement, in terms of substrate choice and hydrolysis reactor performance. 

For example, co-fermentation in a continuously operated hydrolysis reactor might help 

to improve the process stability of the pressurized anaerobic filter by providing a 

leachate with a higher pH value and buffer capacity. In addition, the overall conversion 

efficiency of the system can be assessed. Such research is highly recommended. 

Furthermore, this study reveals the possibility that the methane reactor can be operated 

continuously at an even higher pressure, where the gas suitable for injection into the 

natural gas grids might be directly produced. The results presented in this thesis can be 

used as a reference for the related investigation.  
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Chapter 6 

 

Summary/Zusammenfassung 
 

6.1 Summary 

Generation of biogas from biomass through anaerobic digestion is receiving 

increasing attention. Over the past decade, the biogas industry has been developing 

rapidly in Germany, as well as the rest of the world. In Germany, biogas is generally 

used in a heat and power plant (CHP) for electricity and heat production. However, 

most biogas plants are located in a rural area, where heating demands are quite low. 

Except for biogas plant thermal control, a huge amount of cogenerated heat is often 

wasted. In order to increase the overall energy utilization efficiency, biogas can be 

alternatively converted to biomethane of natural gas quality and injected into existing 

gas grids. By making use of the mature gas transportation and storage systems, biogas 

production and end utilization can be temporally and spatially separated. Therefore, it is 

regarded as an efficient and flexible solution to energy issues. Nevertheless, in terms of 

this application, raw biogas requires, above all, gas purification and upgrading. Carbon 

dioxide content, in particular, must be reduced from 40–50% in the raw biogas to 

approximately 4% in the purified gas. Conventional technologies are generally 

expensive in investment and/or operation. Therefore, an economical option is desired.  

Within this research project, a two-phase pressurized anaerobic digestion system 

was developed. The innovative concept aimed to reduce the cost involved in 

biomethane conversion and injection into the natural gas grids by integration of biogas 

production, purification and compression in one system. It was expected that a great 

amount of carbon dioxide could be directly removed from the pressurized digester due 

to its high solubility. In addition, the methane-rich biogas could be produced at an 

elevated pressure which could meet the injection standard, and therefore could reduce or 

even avoid the expenses for further compression. In order to gain better understanding 

of two-phase pressurized anaerobic digestion, three major studies were conducted:  

x The pressure effects on two-phase anaerobic digestion 
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x Effects of organic loading rate (OLR) on the performance of a pressurized 

anaerobic filter in two-phase anaerobic digestion 

x Effects of liquid circulation on two-phase pressurized anaerobic digestion 

By this means, the system performance could be examined and the technical 

feasibility and potential of the new concept could be explored. Moreover, an 

optimization of the process in a two-phase pressurized anaerobic digestion system could 

be realized. 

In the study of pressure effect, it was found that the pH value was decreasing from 

7.2 to 6.5, as the working pressure of the anaerobic filter rose from 1 bar to 9 bar. 

Meanwhile, the methane content increased from 66% to 75%, and the SMY was only 

slightly reduced from 0.33 lN·g−1COD to 0.31 lN·g−1COD. The COD degradation grade 

remained above 93% and VFA/TIC ratio stayed below 0.2. The study of OLR effect 

showed that the biogas from the anaerobic filter running at 9 bar contained 

approximately 75% methane, in spite of OLR variation. At OLR (COD) of 5–

12.5 kg·m-3·d-1, the SMY was still more than 0.31 lN·g−1COD. When the OLR was 

further increased, the process became unstable. The pH value and COD degradation 

grade dropped sharply. At OLR(COD) of 17.5 kg·m-3·d-1, the average SMY was only 

0.25 lN· g−1COD. During the research on the liquid circulation effects of a two-phase 

pressurized anaerobic digestion, it was observed that the methane content of the biogas 

from the anaerobic filter was increased significantly from 75% to 87%, when the daily 

circulation amount was increased from 0 to 40 l·d-1. At the same time, the pH value rose 

from 6.4 to 6.7. Nevertheless, by increasing the daily circulation amount, more 

produced methane was transferred to the flash tank. In spite of variation in liquid 

circulation, the pressurized anaerobic filter was quite stable throughout the experiment. 

The presented studies revealed the working mechanisms of the pressurized 

anaerobic filter in a two-phase anaerobic digestion system. The promising results 

showed that anaerobic digestion under pressure had great potential in on-site methane 

enrichment. It facilitates the subsequent gas treatment, -upgrading and -injection into 

the natural gas grids while considerably reducing the corresponding energy demand. A 

proper pH-regulation could increase both the process stability and the methane content. 

Therefore, the two-phase pressurized anaerobic digestion is expected to be operated 

under much higher pressure (> 9 bar) as well as higher OLR(COD) (> 12.5 kg·m-3·d-1). 

Based on the current state of knowledge, it seems possible for the system to even 
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produce gas which can be directly injected into the natural gas grids. From both 

economic and ecological perspective, two-phase pressurized anaerobic digestion offers 

an interesting process option for biomethane production, making a great contribution to 

sustainable energy supply.          

          

6.2 Zusammenfassung 

Die Erzeugung von Biogas aus Biomasse durch anaerobe Vergärung erfährt vor 

dem Hintergrund einer nachhaltigen Energieversorgung eine immer größere 

Aufmerksamkeit. Im letzten Jahrzehnt hat sich, nicht nur in Deutschland, sondern auch 

weltweit, eine wachsende Biogasindustrie entwickelt. Traditionell wird in Deutschland 

bisher Biogas in einem Blockheizkraftwerk in Wärme und Strom umgewandelt. Die 

meisten Biogasanlagen sind jedoch in ländlichen Gebieten angesiedelt, wo der 

Wärmebedarf eher gering ist. Abgesehen von der Wärmenutzung für die Biogasanlagen 

wird eine große Menge der erzeugten Wärme ungenutzt an die Umwelt abgegeben. Um 

die Effizienz der gesamten Energieverwendung zu steigern, kann Biogas alternativ auch 

in Biomethan umgewandelt werden, welches in das vorhandene Gasnetz eingespeist 

wird. Auf diesem Weg kann die Biogasproduktion von der Endnutzung räumlich und 

zeitlich entkoppelt werden, da mit dem Erdgasnetz ein leistungsfähiges Transport- und 

Speichersystem zur Verfügung steht. Vor der Einspeisung muss Rohbiogas jedoch 

einem aufwendigen Reinigungs- und Aufbereitungsverfahren unterzogen werden. 

Insbesondere ist der Kohlenstoffdioxidgehalt des Biogases von 40–50 % im Rohgas auf 

ca. 4 % im Reingas zu reduzieren. Die dazu verwendeten konventionellen Technologien 

sind häufig technisch sehr aufwändig und nur für Großanlagen geeignet. Daher ist eine 

ökonomische Lösung wünschenswert.  

Im Rahmen des Forschungsprojektes wurde ein zweiphasiges 

Druckfermentationssystem entwickelt. Das innovative Konzept strebt eine 

Kostenreduzierung der Biomethanerzeugung und -einspeisung, indem die 

Biogasproduktion, -reinigung und -verdichtung in ein Verfahren integriert werden. Es 

wurde erwartet, dass, aufgrund der höheren Wasserlöslichkeit im Vergleich zu Methan, 

eine große Menge Kohlenstoffdioxid direkt aus dem unter Druck stehenden Fermenter 

entfernt werden kann. Darüber hinaus konnte das methanreiche Biogas unter erhöhtem 

Druck produziert werden, welcher dem Einspeisungsstandard entspricht und somit die 
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Kosten einer weiteren Verdichtung reduzieren oder sogar vermeiden könnte. Um ein 

besseres Verständnis der zweiphasigen anaeroben Druckfermentation zu gewinnen, 

wurden drei umfassende Studien in folgenden Bereichen durchgeführt: 

x Der Einfluss des Drucks auf die zweiphasige anaerobe Vergärung 

x Der Einfluss der Raumbelastung (BR) auf die Leistung eines unter Druck 

gesetzten Methanreaktors bei der zweiphasigen anaeroben Vergärung 

x Der Einfluss der Flüssigkeitszirkulation auf die zweiphasige Druckfermentation 

Auf diese Weise konnten die Leistung des Systems untersucht und die technische 

Durchführbarkeit sowie das Potenzial des neuen Konzepts erforscht werden. Des 

Weiteren konnte eine Optimierung des Prozesses im zweiphasigen 

Druckfermentationssystem realisiert werden. 

In der Studie zum Druckeinfluss wurde festgestellt, dass der pH-Wert von 7,2 auf 

6,5 abfiel, wenn der Betriebsdruck des Methanreaktors von 1 bar auf 9 bar anstieg. 

Unterdessen konnte der Methangehalt von 66 % auf 75 % erhöht werden und der 

spezifische Methanertrag wurde nur geringfügig von 0,33 lN�g-1 CSB auf 0,31 lN�g-1 CSB 

gesenkt. Der CSB-Abbaugrad blieb bei über 93% und der FOS/TAC-Wert hielt sich bei 

unter 0,2. Die Studie zum Einfluss der Raumbelastung zeigte, dass das Biogas des 

Methanreaktors, trotz variierender Raumbelastungen, bei einem Betriebsdruck von 9 bar 

noch 75% Methan enthielt. Bei Raumbelastungen von 5 bis 12,5 kg CSB�m-3�d-1 lag der 

spezifische Methanertrag immer noch bei über 0,31 lN�g-1 CSB. Bei einer weiteren 

Steigerung der Raumbelastung wurde der Prozess instabil und der pH-Wert sowie der 

CSB-Abbaugrad fielen stark ab. Bei einer Raumbelastung von 17,5 kg CSB�m-3�d-1 lag 

der durchschnittliche spezifische Methanertrag bei nur 0,25 lN�g-1 CSB. In den 

Untersuchungen zum Einfluss der Flüssigkeitszirkulation auf die zweiphasige 

Druckfermentation konnte beobachtet werden, dass der Methangehalt des Biogases des 

Methanreaktors signifikant von 75 % auf 87 % anstieg, wenn die tägliche 

Zirkulationsmenge von 0 auf 40 l�d-1 angehoben wurde. Gleichzeitig stieg der pH-Wert 

von 6,4 auf 6,7. Bei einer täglich steigenden Zirkulationsmenge wurde jedoch mehr 

produziertes Methan in den Flash-Tank geleitet. Während der Versuche arbeitete der 

unter Druck stehende Methanreaktor, trotz variierender Flüssigkeitszirkulation, jederzeit 

stabil.  

Die vielversprechenden Ergebnisse der Studien belegen, dass die 

Druckfermentation ein großes Potenzial bei der Methananreicherung vor Ort aufweist. 
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So können die nachfolgenden Gasaufbereitungsverfahren und die Einspeisung des 

Gases in das Erdgasnetz vereinfacht und der damit verbundene Energieaufwand 

erheblich verringert werden. Eine optimierte pH-Wert-Regulation kann sowohl die 

Prozessstabilität als auch den Methangehalt weiter verbessern. Daher wird erwartet, 

dass die zweiphasige Druckfermentation auch bei einem viel höheren Druck (> 9 bar) 

sowie einer höheren BR (> 12,5 kg CSB�m-3�d-1) ablaufen kann. Sogar die direkte 

Erzeugung eines einspeisefähigen Gases scheint vom momentanen Kenntnissstand aus 

möglich. Zusammenfassend ist festzuhalten, dass die zweiphasige Druckfermentation 

sowohl unter ökonomische als auch unter ökologischen Gesichtspunkten ein 

interessantes Verfahren der Biomethanerzeugung darstellt und somit zu einer 

nachhaltigen Energieversorgung beitragen kann.  
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