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1 General introduction 

 
1.1 Waste availabilities 

Worldwide, 2.01 billion tons of municipal solid waste had been generated in 2016, which 

amounts to an average waste generation of 0.74 kg/day per person. The national waste volumes 

vary widely from 0.11 to 4.54 kg/day per person [1]. However, the global waste is expected to 

grow to 3.40 billion tons by 2050 [1]. There is a strong positive general correlation between 

waste generation and income level, where 34% of the world’s waste is generated by high-

income countries [2]. Predicting that by 2050, daily per capita waste generation is to be increased 

by 19% in high-income countries and approximately 40% or more in low-income and middle-

income countries [1]. Worldwide, most of the waste is currently disposed or dumped of in some 

form of a landfill. Roughly 37% of waste is disposed in a landfill, 8% of which is disposed of 

in sanitary landfills with landfill gas collection systems. Open dumping accounts for about 33% 

of waste, 19% recovered through recycling and composting and 11% is incinerated for final 

disposal [1]. 

Based on the generated volume of waste, its composition, and the way it is managed, it is 

estimated that 1.6 billion tons of carbon dioxide (CO2) equivalent greenhouse gas emissions 

were generated from solid waste treatment and disposal in 2016 [1]. This is about 5% of global 

greenhouse gas emissions, mainly driven by food waste and improper waste management by 

open dumping and disposal in landfills without gas capture systems. Solid waste related 

emissions are anticipated to increase to 2.6 billion tons of CO2-equivalent per year by 2050 if 

no improvement steps are made in the sector [1]. Even basic systems improvements of waste 

management can reduce these emissions by 25% or more [1]. The greenhouse gas emissions 

can be mitigated through improved waste collection, waste reduction, reuse of products, 

recycling, organic waste management, and energy recovery [1]. 

1.2 Sustainable waste management 

There are many ways to treat the organic fraction of municipal solid waste (OFMSW) and 

extract energy out of it as an alternative to fossil fuels. A sustainable waste management system 

first requires a reduction in the amount of waste generated and a separate collection of the 

organic fractions for composting and waste to energy concepts [2, 3]. The best example for this 

is Germany, where about 15.6 million tons of biowaste were treated biologically in 2016 and 

the volume of separately collected biodegradable waste increased further in 2017 [4]. 
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This OFMSW in Germany mainly included biowaste and green waste from households, 

municipal solid organic waste from park and lawn maintenance as well as food waste. A large 

proportion (app. 51.3%) of the biogenic waste has been composted, but the energy it contains 

cannot be used [4]. Composting of OFMSW is resulting in 4.4 million tons of compost per year. 

Also, the share of biowaste which is used energetically via anaerobic digestion has been 

increasing for some years, thus leading to 3.6 million tons of fermentation residues used as 

fertilizer in agriculture [4]. There are currently around 9,523 biogas plants in Germany as of July 

2019 (204 more than in 2018) [5]. By 2019, in Germany biowaste has been used as feedstock in 

400 waste digestion plants, and in 2019 alone, two million tons of source-separated organic 

waste from households were utilized by 135 of these plants [6]. In 2018, around 51.3 TWh of 

electricity was provided from biomass in Germany [7]. The most important factors for 

electricity generation from biomass include biogas (29.5 TWh), solid biomass (10.7 TWh) and 

the biogenic share of waste (6.2 TWh) [7]. In Germany, 12.8% of electricity generated from 

renewable energies in 2018 was from biogas [7]. The anaerobic digestion (AD) systems 

operated with biodegradable wastes including energy crops in Germany produced 626 million 

m³ of biogas in 2017 [4]. 

In the European Union (EU), around 110 million tons of biowaste are produced every year of 

which only around 20% is collected and recycled separately [8]. The EU has defined that waste 

to energy technology is able to create synergies with the EU energy and climate policy, without 

compromising the achievement of higher reuse and recycling rates [9]. In many countries of the 

world, however, organic waste is still disposed of in landfills or incinerated together with other 

combustible municipal wastes. However, these two approaches are facing more and more 

economic and environmental stresses. Due to its organic- and nutrient-rich composition, 

especially food waste can be utilized easily as a useful resource for production of biofuel 

through various fermentation processes targeting different forms of end products [10]. 

1.3 Waste to bioenergy production 

There is a variety of ways of turning the OFMSW into energy [11]. Wastes are convertible to 

useful energy forms like hydrogen (biohydrogen), biogas, bioalcohol, biodiesel, bioethanol, 

bioelectricity etc., through waste-to-energy technologies [4, 11–15]. These conversion methods 

involve biological treatment, thermal treatment of waste, landfill gas utilization and 

biorefineries and the intense research that has been conducted in the last decade has resulted in 

improved yields of product or energy formation together with decreased environmental impact 

[15, 16]. 
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AD is one of the important renewable energy technologies for OFMSW treatment aiming the 

production of biogas [17]. Two different process concepts based on anaerobic microbial 

conversion of biomass are used to recycle biowaste: single stage AD or two-stage AD [14, 18]. 

In single stage AD systems all the biochemical reactions take place in one reactor while in two- 

stage AD systems the hydrolysis/acidification and acetogenesis/methanogenesis processes are 

separated to different reactors [19]. Problems with biological process stability and control in 

conventional single-stage applications have led researchers to find new solutions [20]. Pohland 

and Ghosh [20] firstly proposed the physical separation of acid‐formers and methane‐formers 

in two separate reactors, where optimum environmental conditions for each group of organisms 

would be provided to enhance the overall process stability and control, thus increasing operation 

flexibility and enabling the use of a wide variety of substrates [21]. Additionally, two-stage 

hydrogen/methane fermentation has significantly greater potential for recovering energy than 

methane-only fermentation and is a very suitable process for producing hydrogen and methane 

simultaneously [22, 23]. Biogas from an anaerobic bio-digestion process can produce heat in a 

boiler, heat and electricity in combined heat and power (CHP) or vehicle fuel after upgrading 

and compressing [16]. 

In addition to these “traditional” microbial conversion systems, microbial electrochemical 

technology (MET) have become prominent and bio-electrochemical systems (BES) are 

described in literature as new systems for the conversion of renewable biomass and wastewaters 

into biohydrogen and bioelectricity. BES are broadly classified to microbial fuel cell (MFC), 

which focus on the production of electricity and microbial electrolytic cells for the production 

of fuels and chemicals (MEC) [24–28]. BES are characterized by the fact that microorganisms 

interact with electrodes and, in the course of their metabolic processes, take up electrons from 

or transfer them to electrodes. Until now, production of hydrogen peroxide, hydrogen, methane, 

ethanol, electricity and value added chemicals in BES have been described in the research [29– 

36]. Furthermore, bio-electrochemical systems can be used as biosensors or denitrification of 

wastewater [26, 36]. This new conversion technology is a potential source to produce renewable 

energy, which has not yet been exploited to its full potential. Significant progress has recently 

been made to increase the power output of MFC systems designed to convert organic wastes to 

electricity, but substantial additional optimization will be required for large-scale electricity 

production [29]. 
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Furthermore, with BES systems production of some valuable biochemicals directly from organic 

wastes is the new research with high interest [37]. BESs are capable of energy and valuable 

organic and inorganic chemical production by removing wastewater, these systems are 

considered promising sustainable waste-to-energy/industrial chemical platforms. [38, 39]. 

Research shows that efficient hydrogen peroxide generation from organic matter in a 

bioelectrochemical system, which is a strong oxidant used for bleaching and a life-cycle analysis 

suggests that production of hydrogen peroxide in MECs is more sustainable than presently used 

routes [39-41]. The BES is able to perform a variety of value-added element conversion reactions, 

including production of electric energy from organic carbon, synthesis of chemicals from carbon 

dioxide, oxidation of sulfide into element sulfur, reduction of nitrate/nitrite into nitrous oxide and 

reduction of metal ions into solid metals and/or metal oxides [42]. 

 

1.4 Acidification of substrates 

To make waste treatment possible in BES systems, it is necessary to disintegrate OFMSW to 

liquids rich in organics. Therefore, organic residues like lignocellulosic biomass has to be 

converted to soluble monosaccharides, volatile fatty acids (VFA) or other low-molecular- 

weight components prior to the addition into MFCs or MECs [43]. VFA are valuable 

intermediate products produced by AD of various substrates including waste streams such as 

primary sludge, waste activated sludge and food waste [44]. 

Hydrolysis, acidogenesis, acetogenesis and methanogenesis are the four major steps involved 

in the AD process [44–47]. In the two-stage AD procedure described by Pohland and Ghosh 

[20], the first stage features the formation of VFA, while the conversion of VFA to methane 

and carbon dioxide takes place in the second stage [48, 49]. pH is one of the most critical 

parameters that affects the VFA concentration and composition in the first stage since it 

influences both acidogenic process and hydrolysis rate [50, 51]. Anaerobic batch tests using 

food waste from a university canteen revealed that, in the acidic range of pH tested (4-6), 

improved VFA production was obtained at pH 6 [52, 53]. As a pretreatment step, the 

hydrolysate enriched with VFA achieved from waste in the first stage of two-stage AD can be 

fed either to an anaerobic filter (AF) for methane production or to BES for hydrogen, methane 

or bioelectricity production. 
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1.5 Membrane filtration 

In addition to dissolved sugar compounds, alcohols and VFA, the hydrolysates also contain 

particles and fiber components. which can lead to technical problems. When using the process 

fluids in BES, these solid fibers can cause several problems (e.g. clogging) in long-term 

operation making a solid-/liquid separation necessary. Membrane filtration is one of the optimal 

methods to separate small particles from the liquid. Membranes have gained an important place 

in chemical technology and are used in a broad range of applications. Its basic principle is to 

allow one component of a mixture to permeate through the membrane freely, while hindering 

the permeation of other components [54]. The developed industrial membrane separation 

processes are microfiltration, ultrafiltration, nanofiltration, reverse osmosis, and electro dialysis. 

Although reverse osmosis, ultrafiltration, microfiltration and nanofiltration are conceptually 

similar processes, they differ in pore diameter of the membrane. Microfiltration porous 

membranes with diameters between 0.1 and 10 μm are used for the filtration processes to 

separate suspended particles [54]. The most widely used process designs are the dead-end or in-

line filtration and cross-filtration method. In the dead-end method, the entire fluid flow is 

forced through the membrane under pressure. As particles accumulate on the membrane surface 

or in its interior, the pressure required to maintain the required flow increases, until at some 

point the membrane must be replaced or cleaned [54]. In cross-flow systems, the feed solution 

is circulated across the surface of the filter, producing two streams: a clean particle-free 

permeate and a retentate (also known as concentrate) containing the particles. The equipment 

required for cross-flow filtration is more complex, but the membrane lifetime is longer than 

dead-end filtration [54]. 

The filtration of hydrolysates can also be advantageous in two-stage AD systems since 

microfiltration enhances the methane production and protects the fixed bed of the methane 

reactor against blockages by particles [55]. According to Tuczinski et al. 2018 [56], for an 

undisturbed operation of two-stage high-pressure fermentation up to 100 bar, a particle-free 

hydrolysate called permeate appears to be necessary and this is even more important if the 

second stage, i.e., the methane reactor, is designed as pressurized fixed bed. Tuczinski et al. 

2018 [56] investigations show that solid-liquid separation of hydrolysate from first-stage into 

permeate and concentrate with ceramic microfiltration membranes can be a reliable tool to avoid 

clogging and blocking in a fixed bed methane reactor. Furthermore, Tuczinski et al. 2018 

achieved a sustainable membrane flux of up to 33 L/ (m2 h) to produce permeate through 

crossflow filtration operated at thermophilic temperature [56]. 
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1.6 Bio-electrochemical conversion 

BES like MECs and MFCs are an emerging technology for converting organic matter into 

hydrogen, methane and other value-added products [57]. A basic BES is typically designed as 

a two-chamber system consisting of an anode and a cathode chamber separated by a proton 

exchange membrane (PEM) [58]. The provided substrate is anaerobically degraded by the 

microorganisms present in the anode chamber and the generated hydrogen protons pass through 

the PEM to the cathode chamber [59]. An MFC is a device that converts chemical energy into 

electrical energy as a result of oxidation of complex organic carbon sources which are utilized 

as substrates by microorganisms [60]. Further it was found that the production of electrical 

power is not necessarily the only outcome of a BES. By adding power to the system, it was 

shown that hydrogen could also be produced at the cathode, which is referred as a MEC [27]. 

Despite of hydrogen and bioelectricity being the important products of BES, novel research 

findings with new reactor concepts aim to achieve high calorific biogas by providing surplus 

CO2 at the cathode chamber [61, 62]. 

BESs have proved to be a robust technology able to deal with a wide range of organic substrates. 

For instance, according to Liu et al. 2005 [63] simple VFA such as acetate, butyrate and 

propionate are evidently preferable substrates in BES. Solid waste degradation and electric 

current generation at the same time are achieved when MFCs are integrated with anaerobic 

digestion/fermentation or composting of agricultural by-products so that waste hydrolysate 

obtained after hydrolysis can be used as substrate [64]. 

Microorganisms that can couple the oxidation of organic compounds to electron transfer to 

electrodes offer the promise of self-sustaining systems that can effectively convert waste 

organic matter and renewable biomass into electricity [32]. At the microbial level, this is an 

anaerobic treatment technology and bacteria must be grown in an anaerobic environment in 

order to produce electricity [65]. In BES either pure culture or mixed culture of microorganisms 

could be used for inoculation. Power densities of 148 mW/m2 and 5.6 mW/m2 and current 

densities of 65 mA/m2 were achieved using specific microorganisms like Shewanella oneidensis 

MR-1, Paracoccus denitrificans PS-1, Shewanella Putrefaciens PS-2 and Geobacter 

sulfurreducens to operate the BES with pure culture systems [66–69]. According to Varanasi et 

al. 2016 [70] and Ungerfeld et al. [71] there are several disadvantages of pure culture systems 

including their high cost effecting requirements on the substrates like sterilization and stringent 

anaerobic conditions thus leading to low long-term stability or the necessity of adding chemical 

inhibitors to suppress the simultaneous undesired degradation pathways.   
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Contradictory to the pure cultures, research done by Nimje et al. 2012 [66], Kiely et al. 2010 

[67] and Watson and Logan, 2010 [68] showed that, mixed culture BES systems achieved higher 

power densities of 150 mW/m2, 10.1 mW/m2 and 858 mW/m2 respectively. Similarly, Venkata 

Mohan et al. 2008 [72] research achieved high current densities of 747.96 mA/m2 and 862.85 

mA/m2. By comparing mixed culture with pure culture setups in BES, Logan, 2005 [65] found 

that pure cultures were not needed. Furthermore, he stated that when using bacteria present in 

ordinary wastewater as a microbial source, high power levels could be achieved dependent on 

reactor configuration and operation and not on the inoculum. The review done by He et al. 2017 

[73] also concluded that the performances of MFCs with mixed inoculation are better than those 

with pure culture inoculation in both power density and removal efficiency. Chen et al. 2019 

[74] and Nimje at al. 2012 [66] stated in their research that mixed culture BES systems are 

advantageous for their robustness due to nutrient adaptability, easy substrate handling, long term 

stability, stress resistance and general tendency to produce higher current densities. 

Additionally, different operational parameters such as temperature variation, pH variation and 

external resistance play a crucial role in the performance of a BES system [75]. 

In early studies the amount of current generated in microbial fuel cells was very low, but in the 

past few years there have been substantial increases in power generation [65]. Scientific research 

has advanced on different BES technologies in the laboratory at an amazing pace with power 

densities having reached over 1 kW/m3 (reactor volume) and to 6.9 W/m2 (anode area) under 

optimal conditions [76]. Current research studies are still restricted at bench scale, in spite of some 

pilot scale studies with capacities ranging from 20 to 1000 L, which are unstable and 

performance limited due to several obstacles like solution leakage, influent oscillation, low 

power yield and adverse products [76, 77]. The main challenge is to bring these technologies 

out of the laboratory and engineer practical systems for bioenergy production at larger scales 

[76]. Substantially, the scaling-up of MFCs to cubic meter volume is crucial in order to 

accomplish the practical operation, with the possible integration of the bioreactor with existing 

infrastructure [78]. 

In most of the above discussed literature, BES systems are often fed with wastewater streams or 

synthetic substrates. Hence, this research study is a preliminary step in taking this upscaling of 

BES fed with the organic fraction of municipal solid waste to the next level of development. 

Therefore, as a primary pretreatment step it is necessary to efficiently convert different waste 

residues to process liquid like hydrolysate rich with high organic acids.   
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Since undissolved particles and fibers may cause technical problems and blockages in the 

following process stages, filtration of the hydrolysate is unavoidable. Consequently, to improve 

the quality of the hydrolysate, a next treatment step called membrane filtration has to be 

conducted. Within the study, a ceramic membrane microfiltration should be used to gain a 

particle-free process liquid called permeate with high VFA concentrations. The process liquids 

from hydrolysis and membrane filtration are to be further treated in BES reactors. The results 

of this research study are used as a ground work for upscaling the BES reactors with innovative 

construction and biogas production concepts. 

 

1.7 Objectives of the study 

The main objective of this research study was to make the treatment of different organic wastes 

in bio-electrochemical systems (BES) possible. For this, it is primarily necessary to convert 

these waste residues to liquid hydrolysates extracting high organic acids through acidification 

process in a two-stage AD system. In order to avoid any hindrances like biofouling, blockage 

and lower microbial degradability in the further treatment process, a ceramic membrane 

filtration step should be integrated to remove inert particles from the hydrolysate. Finally, the 

achieved process liquids from the first two treatment steps must be treated successfully in the 

BES systems. 

To make this research work possible, the experimental studies and the reactors necessary were 

constructed and installed at the State Institute of Agricultural Engineering and Bioenergy. The 

working objectives of this research is further divided as follows: 

1.3.1 How to sustainably extract the organics from vegetable waste residues so that they 

are made feasible to be further treated either in AF or in BES reactor? 

2.3.1 How to prevent the hindrances like lower microbial degradability and blockage 

caused by the inert particles present in hydrolysate during further treatment processes 

in AF or in BES reactor, keeping the organic concentrations intact? 

3.3.1 How to efficiently convert the produced process liquids in the BES targeting high 

degradation rates, thus leading to high current densities and other value added 

products? 
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1.8 Structure of the thesis 

The framework of this thesis is subdivided to three steps, first, the vegetable waste substrate was 

converted to hydrolysate rich with VFA in the acidification reactor of the two-stage AD system 

at high pH values 5.5 and 6 and then followed by the simultaneous treatment of the hydrolysate 

in the AF to produce biogas [Publication 1: Effects of target pH-value on organic acids and 

methane production in two-stage anaerobic digestion of vegetable waste]. Since the inert 

particles present in the hydrolysate caused low microbial degradability in AF, therefore the 

hydrolysate was subjected to ceramic cross-flow filtration to produce particle-free permeate with 

high VFA concentrations in the second step [Publication 2: Integration of membrane filtration 

in two-stage anaerobic digestion system: Specific methane yield potentials of hydrolysate and 

permeate]. Finally, the produced process liquids hydrolysate and permeate were fed to two 

chamber BES with three electrode setup aiming high organic degradation rates and current 

densities. In addition, these results are used as a pre-requisite research step for the consequent 

upscaling and continuously operating the large scale flat panel reactor construction [Publication 

3: Utilization of untreated process liquid substrates with high organic loads in 

bioelectrochemical systems: organic degradation rates & current densities] and further 

producing other value added platform chemicals by treating vegetable waste hydrolysate in BES 

[Publication 4: Development of a production chain from vegetable biowaste to platform 

chemicals]. 
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Abstract 

 
Vegetable waste is one of the major organic residues available for sustainable bioenergy 

production. The aim of this work is to study the influence of pH-value on process stability, 

hydrolysis, degradation degree and methane production in two-stage anaerobic system. A 

mixture of vegetable wastes with carrot mousse, carrots, celery, cabbage and potatoes was 

treated in two-stage system at target pH-values 5.5 and 6 in acidification reactor (AR). At pH 

6, high concentrations of organic acids were recorded whereas high amount of hydrolysate was 

produced at pH 5.5. The chemical oxygen demand (COD) concentration in the hydrolysate 

produced in AR was 21.85% higher at pH 6 compared to pH 5.5, whereas the overall specific 

methane yield was slightly higher at pH 5.5 (354.35 ± 31.95 and 326.79 ± 41.42 L kg−1 

oDMadded, respectively). It could be shown, that the described two-stage system is well suited 

for manure-free digestion of vegetable waste. 
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Abstract 

 
Two-stage biogas systems consisting of a CSTR-acidification reactor (AR) and an anaerobic 

filter (AF) were frequently described for microbial conversion of food and agricultural wastes 

to biogas. The aim of this study is to investigate the integration of a membrane filtration step in 

two-stage systems to remove inert particles from hydrolysate produced in AR in order to 

increase the efficiency of the subsequent AF. Hydrolysates from vegetable waste (VW) and 

grass/maize silage (G/M) were treated in cross-flow ceramic membrane filtration system (pore 

size 0.2 μm). Organic acids were extracted efficiently through filtration of hydrolysate. For both 

the substrates, membrane permeability was stable and high (46.6–49.3 Lm-2h-1bar-1). 

Filtration process effectively improved the specific methane yield of permeate by 40% (VW) 

and 24.5% (G/M) compared to hydrolysate. It could be shown that, the filtration-step increased 

hydrolysate’s degradability, which lead to higher conversion efficiency in the following AF. 
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Abstract 

 
This study presents investigations on an enlarged lab-scale bioelectrochemical systems 

(BES), which are necessary for a technical upscaling of the processes. Maize silage was first 

hydrolysed and the process liquids hydrolysate and a membrane filtered permeate was 

subsequently fed to the BES anode chamber. Aim was to investigate the suitability of mixed- 

culture BES for utilization of process liquids obtained. In all runs, organic acids were 

completely degraded. Permeate showed 87% and 88% of COD and TOC degradation. Average 

current density of 470 µA/cm2 was attained for hydrolysate with added acetic acid. Altering the 

pH value of used process liquids from 5.75 to 7 led to significantly higher current production 

and degradation rates. Experiments revealed a positive correlation between generated current 

and ΔORP between anode and cathode chamber. In future, high purity methane or hydrogen 

production systems can be developed by combining the fermentative biomass digestion with 

the BES. 
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Abstract 

 
Background: A future bioeconomy relies on the development of technologies to convert 

waste into valuable compounds. We present here an attempt to design a biotechnological 

cascade for the conversion of vegetable waste into acetoin and electrical energy. 

Results: A vegetable waste dark fermentation effluent containing mainly acetate, butyrate 

and propionate was oxidized in a bioelectrochemical system. The achieved average current at a 

constant anode potential of 0 mV against standard hydrogen electrode was 177.5 ± 52.5 

μA/cm2. During this step, acetate and butyrate were removed from the effluent while propionate 

was the major remaining component of the total organic carbon content comprising on average 

75.6%. The key players with regard to carbon oxidation and electrode reduction were revealed 

using amplicon sequencing and metatranscriptomic analysis. Using nanofiltration, it was 

possible to concentrate the propionate in the effluent. The effluent was revealed to be a suitable 

medium for biotechnological production strains. As a proof of principle, the propionate in the 

effluent of the bioelectrochemical system was converted into the platform chemical acetoin with 

a carbon recovery of 86%. 

Conclusions: To the best of our knowledge this is the first report on a full biotechnological 

production chain leading from vegetable waste to the production of a single valuable platform 

chemical that integrates carbon elimination steps leading to the production of the valuable side 

product electrical energy. 
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6 General discussion 

 
Concepts for sustainable treatment of the OFMSW are mainly focused on anaerobic digestion, 

but recently the research field of bio- electrochemical systems (BES) is emerging, as these new 

technologies enable other end products (e.g. hydrogen, high calorific biogas, platform 

chemicals). At present the upscaling of controlled laboratory BES to process engineering 

applications is the subject of research. However, in order to use solid organic residues or energy 

crops in BES, these must be first degraded by fermentation to soluble organic compounds (e.g. 

volatile fatty acids (VFA)) in a so-called acidification reactor (AR). In this study different 

substrates like vegetable waste, grass/maize silage and maize silage were treated in the AR of 

the continuously run two-stage anaerobic digestion system (AD) in the laboratory to convert 

them to hydrolysate enriched with high concentrations of VFA. First, these organic acids were 

converted into biogas in the fixed- bed methane reactor (so-called anaerobic filters (AF)) of a 

two-stage AD process in order to obtain a benchmark for the subsequent investigations in the 

BES. During this experimental process, lower microbial degradability caused by the inert 

particles of the hydrolysate in the AF was observed. Hence, a cross-flow ceramic membrane 

filtration step was integrated to the AR of the two-stage AD system to improve the quality of the 

VFA-rich hydrolysate. This membrane filtration step resulted in a particle-free hydrolysate 

known as permeate. A lab-scale two- chamber BES reactor was constructed for further 

simultaneous treatment of the permeate and the unfiltered hydrolysate. Parameters influencing 

the achieved current densities and degradation rates could be identified and new approaches for 

the future production of platform chemicals could be developed. Furthermore, this research is a 

first step towards the upscaling of the BES reactors and their innovative construction and 

continuous operation. These three experimental concepts were demonstrated in detail in 

publications 1-4. 

 

6.1 VFA and biogas production in two-stage AD 

The first aim of this research work was to convert vegetables waste mixture of carrot mousse, 

carrots, celery, cabbage and potatoes in a continuously operated two-stage AD system into a 

hydrolysate rich in VFA, as shown in publication 1. Since the pH-value in the AR significantly 

influences the production of organic acids and their concentrations, two different target pH-

values (pH 5.5 & 6.0) had been tested [79, 80]. Lindner et al. 2015 [81] investigated the 

intermediate concentration of the hydrolysate in the AR and showed that pH 5.5 and 6.0 resulted 

in a higher organic acid production compared to higher or lower pH-levels. This is 
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because at this pH range, the primary fermenting microorganisms in the acidogenesis step can 

grow optimally [82]. In order to achieve controlled process conditions in the AR, it must be 

combined with a second process stage where the VFA are degraded. In the first trial phase, a 

fixed-bed methane reactor was used for this purpose. The target pH-values in the AR were 

maintained consistently stable throughout the experimental phase by pumping the effluent from 

the AF avoiding the use of additives. 

The target pH-value in the AR showed a significant effect on the organic acid concentrations and 

different process parameters. The dominant VFA produced from vegetable waste were mainly 

acetic acid, n-butyric acid and propionic acid. In comparison to pH 5.5, the hydrolysate produced 

at the target pH-value 6.0 contained higher concentrations of organic acids. The acetic acid, n-

butyric acid and propionic acid produced were 9.19 ± 0.97 g kg-1, 2.17 ± 0.17 g kg-1 and 1.24 ± 

0.20 g kg-1, respectively, for pH 6.0, which is 51%, 58% and 46% higher when compared to pH 

5.5. This high VFA production increase at pH 6.0 is similar to the results of the research 

presented by Lindner et al. 2015 [81]. In contrast, no significant differences were found in the 

concentrations of other VFA. This proves that at pH 6.0, the acidogenic bacteria efficiently 

degrades the vegetable waste to valuable volatile fatty acids [52, 53]. Related to the added 

organic dry matter (oDMadded), the produced organic acid concentrations exhibited large 

differences in total organic acids produced between both the target pH-values 5.5 (215.34 g kg-1 

oDMadded) and 6.0 (347.75 g kg-1 oDMadded). Moreover, the COD, TOC, TC and TN 

concentration measured were also higher at pH 6.0 than 5.5. This study reveals that, as an effect 

of pH 6.0 in the AR, the acidogenesis process excels in effective digestion of vegetable waste 

[79, 81]. 

During the acidogenesis process of the vegetable waste in the AR, the produced gases were 

measured. At pH 6.0, the produced methane content measured was higher (25.2 ± 7.4 %) than 

for pH 5.5 (18.6 ± 6.1 %) in the AR. In contrary, the hydrogen content produced was highest at 

pH 5.5 (4.9 ± 4.7 %). In accordance with our own investigations, other publications also report 

that hydrogen formation occurs in the AR at pH-values below 6.0 [83]. In the AR, 75% to 77% 

of carbon dioxide was measured at both target pH-values. These gas quality results are similar 

to the research work shown in literature [49, 81]. This experimental work showed that a minor 

variation in the pH-value in the AR leads to significant consequences on the gas and VFA 

compositions in the first stage of a two-stage AD system. Lower pH-values resulted in an 

increase of hydrogen and a decrease in methane content as the metabolic activity of 

methanogenic microorganisms in the AR was diminished [49, 81]. 
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In addition, when the hydrolysate produced in the AR was fed to the AF of the two-stage AD 

system for further conversion of these organic acids to methane, the produced methane content 

measured was 73.0 ± 1.5 % for pH 6.0 and 65.7 ± 1.1 % for pH 5.5 in the AF. In contrast, the 

research done by Ueno et al. 2007 [48] involving the production of methane and hydrogen by 

phase-separation of the AD process showed only 60% of methane in the produced gas at pH 6.0. 

In single-stage biogas plants, on the other hand, only methane contents of 50- 60% are reached 

when carbohydrate-rich substrates are processed [84]. In order to assess the efficiency of the 

two-stage process approach, the substrate-specific methane yields measured were compared 

with the methane yield potentials of the substrates determined using the Hohenheim Biogas 

Yield Test (HBT). The measured overall specific methane yield (SMY) of the complete system 

(326.79 ± 41.24 L kg-1 oDMadded) and calculated SMY (332.64 ± 0.13 L kg-1 oDMadded) through 

the HBT showed nearly similar results. Therefore, it was demonstrated that the organic residues 

like vegetable waste can be efficiently treated in a two-stage AD system to organic acids and 

successively to biogas. 

In conventional two-stage biogas plants, the organic acids formed are used in fixed-bed methane 

reactors (AF). The innovative alternative to AF in treatment of hydrolysate produced from the 

vegetable waste is bio-electrochemical conversion in BES reactors (publication 3). It could be 

shown that the hydrolysate gained from vegetable waste is a suitable substrate for BES reactors. 

The suitability of the hydrolysate for utilization in BES was demonstrated in the measured high 

current densities and high degradation rates of the added COD. If the cathode chamber of BES 

is operated under anaerobic conditions, either hydrogen or high calorific biogas can be produced, 

depending on the construction and operation of the reactor. In the BES studies carried out so far, 

the majority of the research is based on various kinds of artificial and real wastewaters [36]. In 

contrast, we were able to test a process approach in which solid biomass, such as OFMSW, can 

also be used in BES by fermentative pre-digestion at low pH- values. “Real” solid vegetable 

waste without any pre-treatment steps was used for this purpose, in difference to other studies 

[36, 43]. Furthermore, exoelectrogenic microorganisms can efficiently oxidize acetate in the 

anode chamber of BES [36, 85]. In our investigations, acetate was the dominant acid in the 

hydrolysate from the AR, demonstrating the suitability of this disintegration method to convert 

solid substrates into process liquids (publication 3 & publication 4) rich with high organic loads, 

thus making them highly feasible for further treatment process in BES [36]. 
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6.2 Integrated membrane filtration step 

The anaerobic digestion of vegetable waste in the two-stage system (publication 1) resulted only 

up to 48% of oDM degradation degree for the complete system and a COD degradation degree 

of 57% in the AF. These degradation rates achieved are quite low, although pre- filtration step 

with 100-µm sieve in the AR (publication 1) was used to separate the liquid fraction from solids. 

This is because of the inert particles of hydrolysate accumulating in the AF leading to poor 

microbial degradability caused by thick inefficient biofilm formation and even clogging of fixed 

bed in the AF [55, 86]. In order to overcome this problem, the integration of a ceramic membrane 

cross-flow filtration step to the AR of the two-stage AD process and its influence on organic 

acids, COD, TOC and TC concentrations after filtration was investigated (publication 2). 

Furthermore, the performance of a membrane filtration system when fed with two different 

substrates was investigated (vegetable waste and grass/maize silage). The results obtained in this 

study showed that for vegetable waste substrates, organic acids of hydrolysate could be 

completely recovered in the permeate after filtration. The concentration of acetic acid (4.05 ± 

1.32 g L-1) and n-butyric acid (1.72 ± 0.32 g L-1) in hydrolysate showed no significant difference 

to the concentration of acetic acid (4.13 ± 0.63 g L-1) and n-butyric acid (1.66 ± 0.32 g L-1) in 

permeate after filtration. In contrast, the membrane filtration of hydrolysate gained from a 

mixture of grass/maize silage fed to the AR led to significant differences in the concentrations 

of acetic acid in hydrolysate compared to permeate (hydrolysate: 3.86 ± 0.27 g L-1; permeate: 

1.92 ± 1.12 g L-1). Although, all other fractions of organic acids for both substrates indicated 

no significant variance and remained unaffected by the filtration process. This study results 

prove that the integrated microfiltration of hydrolysate from the AR is successful and efficient in 

recovering organic acids in permeate. 

Contradictory to organic acid concentrations, the COD, TOC and TC concentrations showed 

significantly different concentrations after filtration. Only 38.19% and 33.13% COD 

concentration was recovered in the permeate for vegetable waste and grass/maize silage 

substrates, respectively. Only 40.98% of TOC and 41.81% of TC for vegetable waste and 

34.95% of TOC and 39.49% of TC for grass/maize silage were extracted through the filtration in 

the permeate from the hydrolysate. COD, TOC and TC measured in the concentrate can be 

considered as the inert particle fraction left behind after filtration. So, the microfiltration step led 

to the decrease of the COD concentration in permeate compared to hydrolysate but enabled a 

stable and efficient extraction of the organic acids simultaneously.  
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In accordance to our findings, research done by Bär et al. 2018 [55] revealed that the 

crossflow filtration of hydrolysate in a two-stage AD process reduced the inert part of the COD 

which could not be converted to biogas. Moreover, the methane content in the biogas generated 

in the AF increased when permeate was used instead of hydrolysate. The membrane filtration of 

hydrolysate was demonstrated to be the best remarkable process for removing the inert particles 

fraction, which further leads to high conversion efficiencies of permeate in an AF or in a BES. 

The principal advantages of the filtered permeate compared to the hydrolysate for the 

subsequent conversion steps could already be shown in the context of the investigations during 

utilization in the AF. A reduction of hydraulic retention time in the AF can be possible when it 

is fed with permeate which contains only diluted COD. Yet, using permeate, the substrate 

specific biogas yield in relation to the COD added increased compared to hydrolysate. To 

further evaluate the influence of the filtration step, permeate and hydrolysate were investigated 

for their specific methane formation potential with the HBT system. For the vegetable waste 

substrate, the SMY of permeate (264.01 L kg-1 CODinput) was 40% higher than that of 

hydrolysate (158.25 L kg-1 CODinput). Similarly, the SMY of permeate (227.15 L kg-1 

CODinput) for grass/maize silage was also 24.5% higher than hydrolysate (171.42 L kg-1 

CODinput). These results verify that the ceramic filtration successfully reduced inert particles 

which were left behind in the concentrate, thus leading to an increased SMY of permeate 

compared to hydrolysate. Similar results were shown in the research done by Tuczinski et al. 

2018 [56]. The hydrolysate with higher concentration of COD and similar organic acid 

concentrations like permeate showed lower SMY because the inert particles in hydrolysate were 

only partially degradable by microorganisms. It could be shown from this research study that 

the integration of a cross-flow ceramic membrane filtration step into the AR increased the 

hydrolysate´s degradability, which resulted in higher conversion efficiency in the following 

treatment in AF. The process liquids achieved through the above acidification and simultaneous 

membrane filtration of different substrates are further used as potential substrates in a BES 

reactor (publication 3 & publication 4). 

 
6.3 Bio-electrochemical conversion of VFA 

In the process of technical upscaling the research study of publication 3 was necessary for 

understanding the operational insights needed for planning continuously operated BES reactors 

in future. In this study, the process liquids “hydrolysate” and “permeate” produced through 

acidification and subsequent membrane filtration of maize silage was fed to the mixed culture 

BES reactors during batch tests for bio-electrochemical conversion.  
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The research experiments of this study were segregated into three different experimental Runs: 

1. (hydrolysate with altered pH and added acetic acid), 2. (permeate with altered pH and no acetic 

acid added) and 3. (pure hydrolysate without alterations) depending on the varying substrate fed 

to the anode chamber (publication 3). The main objective of this research was to investigate the 

suitability of mixed-culture BES reactors for the treatment of process liquids gained from solid 

substrates by pre-fermentation in AR. Furthermore, the degradation of organic acids, TOC, COD 

and current densities achieved over time were evaluated to analyse the efficiency of the BES 

systems. Additionally, important parameters like temperature, pH and redox potentials were 

measured and monitored during the experiments. 

 

6.3.1 Organic degradation 

Acetic acid, n-butyric acid and propionic acid were the dominant VFA in the feeding liquid 

substrates. The measured concentrations of organic acids, TC/TOC and COD at the beginning 

and the end of chronoamperometry experimental runs showed that for Run 1 almost all the 

organic acids were completely degraded. While for Run 2 and Run 3, a complete degradation 

of all organic acids took place with an exception of propionic acid with only 70% and 30% 

degradation rates achieved. Furthermore, all the organic acids were effectively degraded in 

between the 6th and 27th day of experimental Run 1 and Run 2 fed with hydrolysate, however, 

the degradation happened much faster in between the 6th and 20th day for permeate as feed in 

Run 2. However, it must be noted that the reactor load in Run 1 was significantly higher than 

in Run 2 due to the higher acid concentration. However, due to the identical lag phase in the 

first two runs, biological overloading of the reactor in Run 1 can be excluded. The acetic acid 

was completely degraded by the mixed cultures in the reactors for all the experiments, 

regardless of the increased acetic acid concentration supplied in the substrate for Run 1 (20 g 

kg-2). The mass degradation of acetic acid has been described with the help of the Gompertz 

function to see the maximal degradation rate (-0.239 and -0.203 g/day for Run 1 and Run 2, 

respectively), since acetic acid had been the dominant VFA in all the process liquids used in 

BES experiments. Appling the Gompertz function, also the day of maximal degradation rate 

could be calculated (13th and 8th day for Run 1 and Run 2, respectively) revealing the positive 

effect of membrane filtration on biodegradability of process liquids in BES. For all the 

experimental runs in publication 3, degradation rates from 78 to 88% (TOC), 69 to 77% (TC) 

and 75 to 87% (COD) were achieved. The degradation rates of filtered permeate in Run 2 was 

10-12% higher for COD and 7-10% higher for TOC in comparison to Run 1 and Run 3. 
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The investigations prove that the degradation of organic acids is significantly influenced by the 

pH-value of the process liquid. Even higher concentrations of organic acids were successfully 

degraded when the initial pH-value of the hydrolysate (pH 5.5-6.0) was raised to 7.0 and 

optimal conditions at the electrode like an applied voltage of -200 mV vs. Ag/AgCl were 

provided. The research work done in publication 4 also showed similar organic acid 

degradation and microbial adaptation behaviour. Du and Li, 2016 [87] investigated the 

performance of an MFC fed with cooked potato waste. They achieved similar COD 

degradation rates ranging in between 83-87%. The 80.77% of TOC degradation achieved with 

hydrolysate in publication 3 almost corresponds to the results presented in publication 4, where 

TOC degradation results of 79.3% were achieved in a BES fed with vegetable waste 

hydrolysate although completely different technical set-ups of the BES were used. 

 

6.3.2 Current densities 

The influence of different substrates on the performance of the BES reactor was also 

investigated within the study. The reactor performance was mainly evaluated by two 

parameters: the current density over time and the coulombic efficiency. The maximum average 

current densities produced for Run 1, Run 2 and Run 3 were 470, 131 and 71 µA/cm² 

respectively. For Run 1 and Run 2, with decreasing organic acid concentration, the current 

density started to rise slowly from the 6th day. The current produced increased and reached to 

its maximum value of 17.73 mA between the 17th and 19th day for Run 1 and to 4.94 mA between 

the 15th and 19th day for Run 2. But on the contrary, the current density for Run 3 increased very 

slowly from the 11th day and reached its maximum current of 2.67 mA between the 22nd and 23rd 

day. The results achieved from this study show that the “lag phase” of the microbes can be 

reduced significantly when the pH of the substrate is raised from 5.5 or 6.0 to at least 6.8. 

Whereas for Run 3, the lower pH of the substrate led to the longer adaptation of the microbial 

community and a poor biofilm formation on the anode electrodes surface. Correlating the 

maximum current density produced to the concentration and degradation of dominant acids 

acetate, butyrate and propionate is possible (publication 3 & publication 4). The highest current 

density was achieved for Run 1 with hydrolysate containing high acetate concentration, 

showing that providing adaptable pH 7 and higher amounts of acetate to the anode mixed 

microbial communities, they are capable of producing a higher current density. The results of 

this study show a definite interdependency between the current density and organic acid 

concentration which is similar to the results of publication 4. 
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6.3.3 Coulombic efficiencies and pH 

The coulombic efficiency of the process is further calculated to analyse the relation between the 

amount of electrons released during the oxidation of the organic acids and the amount of 

electrons “captured” by the anode [88]. The coulombic efficiencies achieved varied between 

8.49% to 9.24% with permeate (Run 2) and hydrolysate (Run 1) in this study. Whereas Run 3 

showed the lowest coulombic efficiency caused by the low pH-value of the hydrolysate thus 

leading to a prolonged lag phase at the beginning of the experiments enhancing alterative 

“electron consuming” processes. The relatively low coulombic efficiency is typical for batch 

investigations in BES systems in which a biofilm must first establish itself on the electrodes. 

During this start-up phase, however, planktonic microorganisms present in the process liquids 

can already partially metabolize the dissolved organic acids. 

Accordingly, similar coulombic efficiencies were achieved with vegetable waste hydrolysate 

(13.3%) in publication 4, although the BES set-up used was completely different to the systems 

used in the investigations for publication 3. Thygesen et al. 2011 [89]. used wheat straw 

hydrolysate in batch-BES and reached also similar coulombic efficiencies (9 -12%). The lower 

coulombic efficiency yields during the start-up phase at the beginning of each Run, indicates 

the occurrence of other competing processes like methanogenesis where the majority of the 

electrons had been consumed. This happens mostly when a BES reactor is inoculated with 

mixed microbial cultures, where the methanogenesis is one of the main competing processes 

[90]. 

Additionally, important parameters like temperature, pH and redox potentials were measured and 

monitored during the experiments in both anode and cathode chambers. The pH in the anode 

chamber increased by the end of the experiments to 8.04, 7.73 and 7.42 from 6.84, 6.83 and 

5.78 for Run 1, Run 2 and Run 3, respectively. While, the cathode chamber pH also rose from 

7.39, 7.59 and 7.73 to 9.22, 8.64 and 8.27 at the end of the experiments Run 1, Run 2 and Run 

3, respectively. With a gradual decrease in the organic acid concentrations and current 

production, the pH started to increase over the time period. Research done by Jadhav and 

Ghangrekar, 2009 [75] by applying different operational parameters like temperature and pH in 

MFC showed that pH increases in both the anode and cathode chambers over the experimental 

period. 
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6.3.4 Correlation between current and redox potential 

During the experimental period, current and redox potentials were measured and interestingly a 

correlation between them was observed. Similar to the pH, the redox potential(ORP) in the anode 

and cathode chambers was steadily changing. As an important parameter requiring assessment, 

the difference between redox potentials of anode and cathode substrates was taken into account 

as ΔORP. Once the current production became stable, interestingly the ΔORP curve tended to 

follow the current curve for all the Runs. Specially for Run 1 and Run 2 a clear interlink was 

observed between ΔORP peak and current peak. Furthermore, to assess the similarity of both the 

parameters, a correlation coefficient was calculated for the whole experimental period (1st-27th 

day) and for the time interval of stable current production (10th- 27th day). For Run 1 (altered 

hydrolysate) and Run 2 (permeate), the two parameters ΔORP and current exhibited similar 

behaviour, which is reasonable even though it is a case of non- linear correlation of the mentioned 

parameters. This non-linearity could be explained by all the complex processes occurring with a 

second-class conductor leading to several factors like metabolic activity of microorganisms, 

biofilm conductivity and capacitive double layer formation around the electrodes. 

 

6.4 Conclusions and outlook 

In this study, different waste residues like vegetable waste, grass/maize silage and maize silage 

were first hydrolyzed in the AR of a two-stage AD system into liquid hydrolysates rich in VFA. 

Secondly, to further improve the quality of the process liquid gained and to avoid problems like 

low microbial degradability or blockages caused by inert solid particles in subsequent process 

steps, a ceramic membrane filtration step was integrated and tested. As a result, a particle-free 

liquid called permeate was produced with equal concentrations in organic acids compared to the 

initial hydrolysate. Finally, the process liquids hydrolysate and permeate were further treated in 

BES reactors to produce current and to achieve high degradation rates of the organics added. 

The results of this research study can be summarized in the following conclusions: 

 

 Organic residues like vegetable waste were efficiently converted to hydrolysate rich 

in volatile organic acids (mainly acetic acid) in the first reactor of a two-stage AD 

system. The investigated pH-value in the acidification of 6.0 proved to be 

advantageous compared to pH 5.5, as higher acid concentrations and higher overall 

degradation degrees were achieved. 

  



General discussion  

65 

 

 The integrated cross-flow membrane filtration step in between the two stages of AD 

to produce particle-free hydrolysate (permeate) showed that the inert particles can be 

successfully removed from the hydrolysate. Therefore, the formation of inefficient 

biofilms, clogging, reduced microbial degradability and biofouling could be prevented 

during further treatment of hydrolysate either in an AF or in BES reactors. Furthermore, the 

membrane filtration step enabled the efficient extraction of organic acids from the 

hydrolysate to produce organic acid rich permeate for both vegetable waste and grass/maize 

silage substrates. 

 
 The treatment of the process liquids hydrolysate and permeate with different 

concentrations of organic acids and pH-values in BES systems showed that all the 

organic acids were completely degraded. Though, with permeate as substrate, higher 

COD and TC/TOC degradation rates were achieved, whereas maximum current was 

produced by hydrolysate with altered pH and added acetic acid. This study confirms 

that a BES reactor is capable of producing bioelectricity by efficiently converting the 

high concentrations of organic acids fed when the substrates pH is altered to 6.8. 

However, the mixed-culture approach in combination with the batch-setup of the 

testing system led to coulombic efficiencies lower than 10%. However, the mixed- 

cultures used proved to be ideal in practical applications for their efficient substrate 

degradation, current production and they are easy to handle. This study concludes 

that the conversion of different substrates to bioenergy and to produce value added 

platform chemicals in BES systems may become an interesting and reliable process. 

 

The results obtained from this study are significantly helpful in the groundwork of technically 

upscaling the BES systems for their application in practice. BES reactors were very efficient in 

treating the organic process liquids with high COD contents, gained via acidification of solid 

wastes in the AR. Based on the results achieved, it could be perceived that permeate would be 

an ideal substrate for the upscaled BES reactors with high volume and when operated and fed 

continuously, it would produce stable current. Besides, high calorific methane could be 

produced when the upscaled BES reactors are constructed in a way that allows the feeding of 

CO2 to the cathode chamber, thus enabling hydrogenotrophic methanogens to convert hydrogen 

and CO2 into methane. Additional detailed insights of gas measurements in both anode and 

cathode chambers would be an impactful aspect of future research. Furthermore, a detailed 

investigation of the correlation found between current produced and ΔORP between the 

electrodes is necessary. 
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7 Summary 

 
In 2016, 2.01 billion tonnes of solid waste were generated worldwide. The volume of waste is 

expected to grow to 3.40 billion tonnes by 2050. Worldwide, most solid waste is disposed of in 

landfills or dumps. Due to improper treatment and disposal of solid waste, nearly 1.6 billion 

tonnes of CO2 equivalents of greenhouse gas emissions were generated worldwide in 2016. 

This amount is expected to rise to 2.6 billion tonnes of CO2 equivalents per year by 2050. 

It will therefore become increasingly important in the future not only to treat waste sustainably, 

but also to use it as an alternative to fossil fuels. Different waste-to-energy concepts are used, 

particularly for the treatment of OFMSW. As an alternative to the previously dominant biogas 

production, intensive research is currently being carried out into technologies for the recycling 

of organic residual materials, including so- called bio-electric systems (BES). In contrast to 

biogas production, this technology enables the treatment of a wide range of wastes to produce 

different end products, e.g. electrical energy, hydrogen or methane, can be preferred in BES 

depending on the selected process parameters. Despite numerous advances in research, 

considerable additional optimization is still required in order to be able to use the systems in 

large-scale power generation. 

In order to use solid organic waste in BES systems, fermentative digestion is required to convert 

the organic components into dissolved short-chain organic acids (Volatile Fatty Acids (VFA)) 

and alcohols. In the course of the investigations, the solid waste residues were first digested to 

acid-rich hydrolysate in a hydrolysis reactor at pH-values of 5.5 and 6.0. However, this 

hydrolysate also contains particles that are inert to a subsequent degradation step leading to 

technical process disturbances. These inert particles can be removed by means of a membrane 

filtration step; a particle-free permeate is produced, which can be fed to the BES reactors. Within 

the scope of the present work, the basics of the utilization of OFMSW via microbial digestion, 

membrane filtration and utilization in BES should be investigated. Lab-scale BES reactors were 

developed and batch tests were carried out. The work was subdivided into the following three 

subtasks: 

1. Fermentative conversion of vegetable waste into an acid-enriched hydrolysate in a 

hydrolysis stage of a two-stage biogas plant, 

2. integration of membrane filtration to reduce inert particles in the hydrolysate and improve 

degradation of organic matter in the AF or in a BES reactor, 

3. studies on the use of process liquids for acid degradation in mixed-culture BES systems 

in batch operation. 
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The vegetable waste residues from hydrolysis could be efficiently converted into hydrolysate. 

At a pH value of 6.0, higher organic acid concentrations were achieved than at pH 5.5. At pH 

6.0, based on the added organic dry matter, these were approx. 350 g kg-1 (oDMadded) and at 

pH 5.5 approx. 215 g kg-1 oDMadded. Likewise, the concentration of chemical oxygen demand 

(COD) of the hydrolysate at pH 6.0 was 21.85 % higher than at pH 5.5. However, the COD 

degradation rates in the AF used were insufficient because the inert particles present in the 

hydrolysate could not be completely microbially degraded. 

The subsequent integration of ceramic cross-flow membrane filtration into the two-stage system 

produced a particle-free permeate and significantly the increased microbial degradability. Clear 

differences could be shown depending on the substrate used (plant waste and grass/maize 

silage). The filtration step resulted in a significant improvement of the specific methane yield of 

permeate by 40% (vegetable waste) and 24.5% (grass/maize silage) compared to hydrolysate; 

proof that inert particles were separated efficiently. Finally, the process liquids hydrolysate and 

permeate produced by the hydrolysis of maize silage and the subsequent membrane filtration 

were fed to the anode chamber of two mixed-culture BES reactors. The investigations showed 

that all organic acids in both process liquids could be completely degraded in the BES. The 

highest COD (87%) and TOC degradation rates (88%) were achieved with permeate. However, 

the hydrolysate with added acetic acid yielded the highest current density of 470 µA/cm². 

Increasing the pH-value of the process liquids from 5.75 to 6.8 also significantly improved the 

current production and degradation rates. In this batch studies, relatively low Coulomb 

efficiencies of less than 10% were achieved due to the use of a mixed cultures. 

The promising results show that at high pH-values (pH 6.0) in hydrolysis organic residues can 

be efficiently converted into a hydrolysate with high concentrations of organic acids and that 

the system can be further optimized by coupling membrane filtration. The utilization of the 

permeate in BES enables, a sustainable production of bioenergy and platform chemicals with 

permeate enables, depending on the BES reactor configuration. In summary, it was described 

for the first time that the combination of the fermentative biomass degradation process with 

filtration via ceramic membranes and the use of permeate in BES systems is possible. 
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8 Zusammenfassung 

 
Im Jahr 2016 fielen weltweit 2,01 Milliarden Tonnen an festen Abfällen an. Es wird erwartet, dass 

das Abfallaufkommen bis 2050 auf 3,40 Milliarden Tonnen anwächst. Weltweit werden die 

festen Abfälle überwiegend über Deponien oder Müllhalden entsorgt. Aufgrund unsachgemäßer 

Behandlung und Entsorgung wurden weltweit in 2016 nahezu 1,6 Milliarden Tonnen CO2-

Äquivalente an Treibhausgasemissionen verursacht, mit weiter steigender Tendenz. 

Die nachhaltige Verwertung der Abfälle und deren Nutzung zur Energiegewinnung wird in 

Zukunft weiter an Bedeutung gewinnen. Insbesondere zur Behandlung der organischen 

Bestandteile des Hausmülls (Organic Fraction of Municipal Solid Waste (OFMSW)) kommen 

unterschiedliche Waste-to-Energy-Konzepte zum Einsatz. Alternativ zur bisher dominierenden 

Biogasgewinnung wird derzeit intensiv an neuen Technologien geforscht, u.a. an sogenannten 

bio-elektrischen Systemen (BES). In BES interagieren exo-elektrogene Mikroorganismen, die 

als Biofilm auf Elektroden aufwachsen, mit diesen und ermöglichen die Konversion gelöster 

organischer Verbindungen zu unterschiedlichen Endprodukten, z.B. elektrische Energie, 

Wasserstoff oder Methan. Trotz zahlreicher Fortschritte in der Forschung besteht noch 

erheblicher zusätzlicher Optimierungsbedarf, um die Systeme im technischen Maßstab 

einsetzen zu können. 

Um feste organische Abfälle in BES-Systemen einsetzten zu können, bedarf es zunächst eines 

fermentativen Aufschlusses zur Überführung der organischen Bestandteile in gelöste 

kurzkettige organische Säuren (VFA) und Alkohole. Dieses Hydrolysat enthält jedoch auch 

Partikel, die gegen einen nachfolgenden Abbauschritt inert sind und zu technischen 

Prozessstörungen führen können. Diese inerten Partikel können mithilfe eines 

Membranfiltrationsschritts entfernt werden; es entsteht ein partikelfreies Permeat, welches den 

BES-Reaktoren zugeführt werden kann. Im Rahmen der vorliegenden Arbeit sollten die 

Grundlagen der Verwertung von OFMSW über mikrobiellen Aufschluss, Membranfiltration 

und Verwertung in BES untersucht werden. Dazu wurden BES-Reaktoren im Labormaßstab 

entwickelt und Batch-Tests durchgeführt. Die Arbeit wurde dabei in die folgenden drei 

Teilaufgaben unterteilt: 

1. Fermentativer Aufschluss von pflanzlichen Abfällen zur Gewinnung eines säurereichen 

Hydrolysats in einer Hydrolysestufe einer zweistufigen Biogasanlage, 

2. Integration einer Membranfiltration zur Reduktion der inerten Partikel im Hydrolysat und 

Verbesserung der biologischen Abbaubarkeit, 

3. Untersuchungen zum Einsatz dieser Prozessflüssigkeiten auf den Säureabbau in 

Mischkultur-BES im Batch-Betrieb.  
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Die pflanzlichen Reststoffe konnten fermentativ effizient in Hydrolysat überführt werden. Bei 

einem pH-Wert von 6,0 wurde höhere organischen Säurekonzentrationen und -erträge erreicht 

als bei pH 5,5. Die gebildete Gesamtmasse der kurzkettigen organischen Säuren betrugen bei 

pH 6,0, bezogen auf die zugeführte organische Trockenmasse, ca. 350 g kg-1 (oDMadded) und bei 

pH 5,5 ca. 215 g kg-1 oDMadded. Ebenso war die Konzentration an Chemischem 

Sauerstoffbedarfs (CSB) des Hydrolysats bei pH 6,0 um 21,85 % höher als bei pH 5,5. Die 

CSB-Abbauraten im genutzten Festbettreaktor waren jedoch unzureichend, da die im Hydolysat 

enthaltenen inerten Partikel nicht vollständig mikrobiell abgebaut werden konnten. Durch die 

anschließende Integration einer keramischen Cross-Flow- Membranfiltration in das zweistufige 

System konnte ein partikelfreies Permeat erzeugt werden und die mikrobielle Abbaubarkeit 

erheblich gesteigert werden. Dabei konnten deutliche Unterschiede   in   Abhängigkeit   des   

eingesetzten   Substrats (Pflanzenabfälle und Gras-/Maissilage) aufgezeigt werden. Durch den 

Filtrationsschritt konnte eine signifikante Verbesserung der spezifischen Methanausbeute von 

Permeat um 40% (pflanzliche Abfälle) und 24,5% (Gras-/Maissilage) im Vergleich zu 

Hydrolysat erreicht werden; ein Beleg dafür, dass inerte Partikel effizient abgetrennt wurden. 

Schließlich wurden die aus Maissilage erzeugte Prozessflüssigkeit Hydrolysat und dass durch 

die Membranfiltration gewonnene Permeat der Anodenkammer zweier BES-Reaktoren, die mit 

einer Mischkultur angeimpft waren, zugeführt. Die Untersuchungen zeigten, dass alle 

organischen Säuren in beiden Prozessflüssigkeiten im BES vollständig abgebaut werden 

können. Die höchsten CSB- (87%) und TOC-Abbauraten (88%) wurden mit Permeat erreicht. 

Das Hydrolysat mit zugesetzter Essigsäure ergab hingegen die höchste Stromdichte von 470 

µA/cm². Die Erhöhung des pH-Wertes der Prozessflüssigkeiten von 5,75 auf 6,8 verbesserte 

auch die Produktions- und Abbauraten deutlich. In diesen Batchstudien wurden aufgrund der 

Verwendung von Mischkulturen relativ niedrige Coulomb-Wirkungsgrade von weniger als 10% 

erreicht. 

Die vielversprechenden Ergebnisse zeigen, dass bei hohen pH-Werten von 6,0 in der Hydrolyse 

organische Reststoffe effizient in ein Hydrolysat mit hohen Konzentrationen an organischen 

Säuren überführt werden können und mit der Kopplung einer Membranfiltration das System 

weiter optimiert werden kann. Die Verwertung des Permeats in BES ermöglicht, je nach 

Konfiguration der Reaktoren, eine nachhaltige Erzeugung von Bioenergie- und 

Plattformchemikalien. Zusammenfassend wurde erstmalig beschrieben, dass die Kombination 

des fermentativen Biomasse-Abbauprozesses mit der Filtration über keramische Membranen 

und Nutzung des Permeats in BES-Systemen möglich ist. 
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