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This dissertation was accomplished under the background of the urgent necessity for renewable energy to
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replace traditional fossil fuels and the demand for organic solid waste treatment. With the development of society
and the expansion of population, the increasing utilization of materials and energy cause unignorable
environmental issues such as global warming and resources shortage. Large quantity of waste, both industrial
and municipal waste, are generated at the same time. Under such situation, the residual value inside the waste
attracts more and more attention and the concepts of waste-to-resources and waste-to-energy were proposed.
Especially for organic solid waste with the characteristics of high moisture and organic content, it may cause solid,
air, water pollution with improper treatment while it also can become treasure for energy and material production
with suitable treatments. Anaerobic digestion, which can transfer organic matters into bioenergy via
microorganisms activities, is considered as the most promising technology to realize the gorgeous transformation
of organic solid waste. However, though the technology has been applied for several decades, efforts are still
attributing to improve the process efficiency. Facing the shortcoming in system imbalance caused by the shortage
of necessary elements and nutrients in the traditional single-substrate digestion, the application of co-digestion,
which digests two or more kind of substrates simultaneously, presents a more stable performance. On the other
hand, the enhancement in the microorganisms density in the digester via digester design optimization is regarded
as another hint to obtain a better digestion efficiency. Anaerobic membrane bioreactor (AnMBR) is such kind of
novel technology combining traditional anaerobic digester and membrane technology to intercept microorganisms
via membrane filtration. It has been more commonly used in wastewater treatment rather than the solid waste
digestion while the promotion is on the way. One of the biggest challenges in the application of AnMBR in the solid

waste treatment is the high solid concentration in both substrate and digester which bring difficulties in long-term
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stable operation and maintenance. What's more, there is very little research on the application of high-solid
AnMBR for the co-digestion of organic solid waste. Therefore, this dissertation described a systematic research on
this content.

The first study in this dissertation, as shown in Chapter 3, investigated the long-term performance of food
waste and sewage sludge in a thermophilic AnMBR. The AnMBR used in this study contained a 13 L, CSTR and a
2 L. membrane unit inserted a 0.1 m2 hollow fiber membrane with average pore size of 0.1 um. The reactor was
originally fed with pure food waste at a HRT of 15 d. Sewage sludge, collected from local wastewater treatment
plant, replaced food waste at TS ratios of 25%, 50% and 100%. According to the different combination of substrate,
the digester went through the mono-digestion of food waste, the co-digestion of food waste and sewage sludge
(75%: 25%; 50%: 50%) and the mono-digestion of sewage sludge periods. The system was fed with constant TS
loading and HRT. The long-term stable operation showed the feasibility of the utilization of high solid thermophilic
AnMBR for food waste and sewage sludge treatment. It should be noted that the mono-digestion of these two
substrate failed in CSTR reported by other researchers. The addition of sewage sludge restricted the biogas
generation due to the less biodegradable of sewage sludge compared to food waste. While for a sludge substitution
with a 25% TS-based substrate, the biogas yield of 0.812 L/g-VSwa was at 91% and 158% of that of the
mono-digestion of food waste and sewage sludge, respectively. Furthermore, with the assistance of membrane,
excellent permeate quality was obtained compared with that from traditional CSTR which was another merit of
AnMBR. The function of membrane in the anaerobic digestion was also analyzed. Except the interception of
microorganisms and suspended solid, the rejection of soluble organic matters were also observed. The results
showed that the membrane filtration rejected about 70% of COD, 80% of soluble carbohydrates and 17% of soluble
proteins while the concentration of soluble carbohydrates were at a far lower level than that of soluble proteins. It
may due to the higher digestion efficiency and the larger and complex structure of carbohydrates than for proteins.
Except digestion performance, the membrane performance was also important component in the operation. The
long-term operation results indicated that with the application of filtration-relaxation mode, the AnMBR can
operated stably at a high flux of 5 LMH under the high solid (~27 g/L) condition which was much higher than the
working condition reported in the literature for the wastewater treatments.

The second study in this dissertation, as shown in Chapter 4, focused on the change in the functional
bacterial and archaea community during thermophilic anaerobic digestion of food waste and sewage sludge in a
membrane bioreactor. Furthermore, the reaction kinetics of anaerobic digestion was also explained connected with

microbial analysis results. The anaerobic activated sludge samples were taken from the stable period of a
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thermophilic AnMBR for food waste and sewage sludge digestion. The samples were analyzed via
high-throughput sequencing technology. Among the four steps, hydrolysis, acidogenesis, acetogenesis,
methanogenesis, of anaerobic digestion, hydrolysis was determined as the rate-limiting step in both mono- and
co-digestion periods according to the calculation results. Meanwhile, the reaction ratios decreased with the
addition of sewage sludge. Correspondingly, an increasing trend in the microorganism diversity was also observed.
The microbial genera were divided into several functional groups based on their roles played in the anaerobic
digestion. Generally, the bacterial community working on the decomposition of organic matters from large complex
molecules to small simple molecules while the archeal community generate methane. The change of functional
groups in bacterial community related with the composition of substrate. The relative abundance of
carbohydrates-degrading-bacteria decreased with the addition of sewage sludge which contained less
carbohydrates. While the change in proteins and peptides-degrading-bacteria did not change in one direction with
the increase of sludge. The matched phenomenon was also observed as the accumulation of soluble proteins in the
digester. It was due to the change of archeal community which had a negative influence on the co-cultured
proteins and peptides-degrading-bacteria. The shift in the functional bacterial community reflected the shift in
main types of organic matters consumed and further influenced methane generation pathway. In the
mono-digestion of food waste and the co-digestion of 75% food waste and 25% sewage sludge, carbohydrates,
together with proteins were used as the main substrate and methane was generated via hydrogenotrophic
pathway. In the co-digestion of 50% food waste and 50% sewage sludge, proteins were consumed mostly and
methane generation by both hydrogenotrophic and acetoclastic methanogens. While in the mono-digestion of
sewage sludge, with the increasing diversity of microorganisms, carbohydrates, proteins and organic acids were all
consumed, and acetate was the absolute dominant substrate used for methane production.

The third study in this dissertation, as shown in Chapter 5, investigated the effect of temperature on the
mono- and co-digestion of food waste and sewage sludge in AnMBRs from the perspective of methane generation
performance, membrane filtration performance, membrane fouling and microbial community. The experiments
conducted by two identical AnMBR systems operated under mesophilic and thermophilic conditions, respectively.
The results shown that the temperature had little influence on the methane generation capacity of AnMBR in
both mono- and co-digestion conditions that may due to the high microorganisms concentration in the membrane
bioreactor. While the phenomenon was different with that reported to traditional CSTRs where the advantage of
temperature was obvious. However, thermophilic AnMBR presented faster specific reaction rates as its advantage.

Though the reduction ratios of organic matters were similar under mesophilic and thermophilic conditions, the
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permeate quality was better from the mesophilic digester, especially for in proteins. The phenomenon were
consistent with the results of membrane rejection. Both AnMBRs had a higher rejection to soluble carbohydrates
than soluble proteins while the thermophilic digester had a less rejection to soluble proteins than the mesophilic
one. These may because the higher temperature presented a better decomposition capacity on organic matters and
carbohydrates were easier to be consumed than proteins. In the membrane foulants analysis, the thermophilic
AnMBR suffered a severe membrane fouling than the mesophilic one while the main foulants in both reactors was
cake layer. However, due to a fast growth of cake layer under the thermophilic condition, 80% of the total
resistance on the membrane surface caused by foulants can be removed via physical cleaning protocols. While that
value for mesophilic condition was nearly 60%. A big difference observed in the microbial community structure
under different temperature. The mesophilic AnMBR had a higher microbial diversity than the thermophilic one
due to the more suitable environment for general microorganisms growth under a mild conditions. Furthermore,
the mesophilic system was observed to be more stable under different feeding conditions than the thermophilic one.
Unlike the changeable metabolic pathway in the mono- and co-digestion in the thermophilic condition, methane
generated in mesophilic AnNMBR was always via acetoclastic methanogens. When it was come to the influence of
sewage sludge addition in the substrate, the microbial diversity under both temperature showed increasing trends.
What’s more, the microbial diversity in the co-digestion periods were higher than the superimposed values
obtained from the mono-digestion periods showed the advantage in enriching species diversity of co-digestion.

Last but not the least, the fourth study in this dissertation, as shown in Chapter 6, conducted a technical
evaluation on a high solid external submerged thermophilic AnMBR used for mono- and co-digestion of food waste
and sewage sludge from the perspective of anaerobic digestion efficiency, waste-to-energy efficiency and system
energy balance. The evaluation connected the relation between the experiment results and calculation results and
the relation between the theoretical performance and piratical performance. The results showed that the system
can reached methane recovery rates over 50% compared to the calculation results from chemical analysis of
substrate. The energy recovery rates of the substrate via anaerobic digestion in AnMBR range from 40% to 90%
based on different calculation methods under all test conditions. In the system energy balance analysis, the blower
was found to consume over 85% of electricity among all power-consuming devices under the experimental scale.
For the piratical application in a large scale, a system energy analysis was conducted at a processing capacity of
100 m3d, and found that the thermophilic AnlMBR system can achieve positive energy production in the mono-

and co-digestion of food waste and sewage sludge.
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