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strategies for employing control reactors. Thus this is an area where a consistent approach 

might improve our ability to interpret empirically determined findings at lab-scale.  The 

vagaries of control reactor configurations are rarely explained in terms of the ultimate 

goals of the experiments and one is left to guess whether the strategies are rational or 

reflect more prosaic considerations such as the cost and time of experiments. Table 2-8 

below describes some of the key control strategies utilised in EGSB studies.  The examples 

given here focus on acclimation of mesophilic sludges extracted from full-scale reactors to 

low-temperature applications in the laboratory: 

Table 2-8: Commonly reported control strategies in lab-scale EGSB studies 

 

[1] (McKeown, Scully et al. 2009), [2] (Enright, McHugh et al. 2005), [3] (O'Reilly, Lee et al. 2009) 

Studies [1] and [2] represent the most common approach used in laboratory testing of 

EGSBs.  No specific control reactor is employed but use of ramping of applied parameters 

to increasing extremes is conducted instead.  To some extent the ramping strategy might 

imply that the authors regard the previous period of operation as the control for each 

ramping stage i.e. whilst no specific control reactor is used, the ‘ramping’ approach might 

be interpreted as an ‘in-series’ form of control.  The success or otherwise of this type of 

control strategy is difficult to ascertain for several reasons.  Firstly, it is not possible to 

extract changes in reactor operation that might have occurred due to on-going adaption to 

the laboratory reactor from that occurring due to the ramped applied changes.  Whilst both 

papers [1] an [2] are studies in which acclimation of biomass to temperature effects are 

central to the study, the biomass used is additionally required to acclimate to alternative 

upflow velocities, substrate composition and reactor geometries.  As such the granule 

disintegration, which is reported in each study in relation to low temperature treatment, 
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No#control,#single#test#reactor#
used,#ramped#decrease#in#
temperature,#all#else#constant#[1]#

To#inves8gate#stability#and#efficiency#of#long=term#
low=temperature#treatment.#

Granules#disintegrated#~9.5degC,#~d584.##
Without#control#cannot#tell#if#this#is#a#
result#of#dura8on#at#low#temperature,#the#
specific#temperature#applied#or#dura8on#
on#soluble=only#feed.#

No#control,#duplicate#test#reactors,#
ramped#OLR#via#reducing#HRT,#
alternate#addi8on#of#solvents,#all#
else#constant#[2]##

To#inves8gate#the#feasibility#of#treatment#of#
solvent#contaminated#wastes#at#low=temperature.#

Granules#disintegra8on#~d350.##Again,#
difficult#to#ascertain#cause#without#control.##
Duplicates#did#not#perform#iden8cally,#
disintegra8on#and#acetate#accumula8on#
more#severe#in#one#reactor#than#the#other.#

Single#parallel#control#at#37degC,##
duplicate#test#reactors#at#15degC,#
ramping#of#upflow#velocity#and#
OLR#via#COD#[3]#

To#inves8gate#low=temperature#granula8on#rate#vs#
mesophilic#granula8on#rate#and#iden8fy#
popula8ons#associated#with#each#phenomenon##

The#control#reactor#provides#useful#
comparison#of#granula8on#rate#and#
efficiency#at#37degC,#enables#elucida8on#
of#temperature#effect.##Test#reactor#
performance#and#community#duplicated.#

Duplicate#parallel#controls,#
duplicate#test#reactors#
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cannot be directly attributed to temperature effects.  A second issue arises in that the time 

at which a ramped change takes place might impact the response in the underlying 

community.  Microbial communities are known to be dynamic and relative abundances of 

microorganisms can fluctuate even in steady-state operation.  Figure 2-1 below aims to 

illustrate this point: 

 

Figure 2-1: Schematic of arbitrary fluctuation in relative abundance of OTUs with time 

The graph shows a hypothetical fluctuation between two organisms OTU1 and OTU2 and 

three arbitrary time points, T1-3.  Suppose the aim was to impose a temperature change 

that would select for cold adapted organisms at a time when the putative cold adapted 

organisms were at their most abundant. Then from Figure 2-1, if it was assumed that 

OTU1 in is better able to function at low temperature than OTU2, then application of a 

temperature drop at arbitrary time T3 might be most favourable in terms of operation than 

at T2 which might be least favourable whilst at T1, there might be neutral effect of timing.  

Indeed, study [2] that utilised two test reactors subject to changes in substrate, 

demonstrated differential response to the applied change.  It may be the case that 

underlying fluctuations in community structure contribute to this.  

An alternative but less common approach is applied in study [3].  Again, temperature is 

central to the hypothesis and here an additional reactor is included in the study to enable 

elucidation of the effects of two different temperatures on the process of granulation.  In 

this case, duplicate ‘test’ reactors are operated at 15degC whilst the control comprises a 

single reactor at 37degC.  The logic in operating duplicate reactors at 15degC and a single 

reactor at 37degC presumably reflects the authors’ confidence in the response of the 

microbial community at 37degC and lack thereof at 15degC.  In this case, in contrast to the 

findings of study [2], the duplicate reactors performed similarly and a similar underlying 

microbial community was found at 15degC that was distinct from that established in the 
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37degC reactor.  Here then, a parallel control strategy successfully elucidates temperature 

effects on the community although the degree of confidence in the result is limited by lack 

of duplication in the control.  In summary, it is identified that the concept of the control is 

variously applied in EGSB studies and the most appropriate or informative strategy for 

control has not yet been established.  As the running of control reactors contributes to the 

cost of a study in terms of time investment and additional reagent cost etc. as associated 

with reactor monitoring, a unifying strategy would be beneficial to the field in terms of the 

design of future experimental studies. 

Failure 

Empirical studies of ESGBs are entirely focused on optimising technologies for a range of 

conditions. The literature abounds with reports of successful adaptation strategies to, for 

example, cold conditions, pH increase or chemical contaminants.  However, the limits of 

successful operation or thresholds in operational parameters that will induce failure in the 

system are rarely reported and are never the explicit goal of experiments. Defining the 

limits of failure is critical to many branches of engineering, especially where uncertainty in 

environmental variables exists; limit states for geotechnical materials is a prime example. 

So perhaps a more rigorous elucidation of failure in ESGB would be useful in design.   

Again taking the example of operation at low-temperature, the vast majority of research 

begins with the assumption that the treatment capacity of the sludge used is optimal at 

37degC – the common temperature at which full-scale reactors are operated which in turn 

are the common source of sludges used in lab-scale trial.  Working from this assumption, 

sludges are then acclimatised to lower temperatures, typically in gradual increments 

possibly to enable adaption of the sludge or possibly such that precise temperature beyond 

which failure occurs can be determined.   In the vast majority of published works, limits 

for operation are determined as one or a combination of: 

• the temperature at which either COD removal drops below a particular level (for 

low temperature >65% seems to be ‘good’ operation, in studies of high-solids 

removal, >50% seems accepted),  

• the temperature beyond which methane content in the biogas drops below a 

particular level – sometimes assessed against theoretical maximum yield and 

sometimes against the yield achieved in the early stages of the ramping exercise 
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• the temperature at which biomass de-granulates and resultantly begins to wash out 

of the system.  Response to degranulation is typically to adjust operating conditions 

such as organic loading rate or applied upflow velocity to enable biomass retention. 

Whilst works conducted in this way have indeed begun to establish limits of sorts for the 

application of the EGSB, difficulty arises in the interpretation of the results due to 

subjectivity in defining success or failure.  This subjectivity is in some ways inherent in the 

nature of wastewater treatment as wider field in that regulations vary regarding discharge 

standards and ‘whole-plant-processes’ will include variable downstream treatments to suit.  

In spite of this however, some universal guidelines against which success or otherwise of 

parameters tested might be assessed would be useful in enabling ready comparison of 

published results even if such assessment is only included as supplementary data for 

published works.  Further, study of the failure mechanisms themselves is vital to determine 

if, for example, the failure point is consistently reproducible and the failure mode 

predictable.  Without such information, the limits obtained in a study cannot be readily 

adopted to determine limits for operation and design of full-scale plants. 

2.5.2 Microbial Ecology: A Historical Perspective 

Wastewater treatment and effluent quality in the EGSB is fundamentally governed by the 

microbial composition and structure of the underlying granular biomass. Until recently, 

scientists have had little capacity to understand which microorganisms are present in the 

system, where they are and ultimately what they are doing.  As a result, the, capacity to 

fully engineer the treatment process is hindered. Historically, microbial communities were 

studied using either microscopy or culturing and isolation methods and indeed both 

methods are still very relevant in terms of the physiological characterisation of 

microorganisms today.  Both methods however have significant drawbacks in the study of 

complex communities.  Microscopy frequently cannot distinguish between 

morphologically similar microbial populations and culturing methods are known to be 

highly selective (Gilbride, Lee et al. 2006) with culturable organisms representing less than 

1% of complete community composition in certain environments (Amann, Ludwig et al. 

1995).  Despite these drawbacks, microscopy coupled with laboratory cultivation of 

microorganisms, has historically enabled taxonomic classification of microorganisms 

based on the microbial phenotype (Madigan, Martinko et al. 2009) providing a systematic 

framework for microbial characterisation.  Simultaneously to the development of the 

EGSB, huge advances in the field of molecular microbial ecology have been made, driving 

a paradigm shift in the understanding and classification of microorganisms.  The 
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development in the mid 1980s of readily applicable nucleic acid based approaches for the 

study of microbial communities has for the first time begun to enable insights to the in-situ 

role and function of un-culturable species in relation to the treatment process (Gilbride, 

Lee et al. 2006, O'Flaherty, Collins et al. 2006).   

The cells of all living organisms contain deoxyribonucleic acid (DNA), a chemical whose 

structure defines and controls the nature of the cell and it’s metabolic and reproductive 

capacities.  The double stranded helical structure of DNA was famously identified by 

Watson and Crick in the 1950’s however it’s use in identifying microorganisms from 

mixed microbial communities was not widely applied for almost a further 50 years, in 

which time, a number of key findings were made. In 1977 Woese and Fox (Woese and Fox 

1977) proposed a new method for classification of cellular life based on evolutionary 

genetics.  The new system recognised three domains (kingdoms) of life based on 

classification according to sequence similarity of ribosomal ribonucleic acid (rRNA) 

giving rise to the system that underpins contemporary phylogenetic classification today.  In 

phylogenetic classification cells are grouped according to the evolutionary history of the 

18S rRNA small subunit (SSU) in Eukaryotes and the 16S rRNA SSU in Prokaryotes and 

phylogeny enabled for the first time identification of a third domain of life, Archaea, 

alongside previously determined Bacteria and Eukaryotes (Woese and Fox 1977, Fox, 

Stackebrandt et al. 1980).  These three domains may be mapped graphically as the 

phylogenetic tree of life as shown in Figure 2-2: 

  

From (Madigan, Martinko et al. 2009) 

Figure 2-2: Phylogenetic Tree of Life, LUCA, Last Universal Common Ancestor 

Whilst the structure of DNA was established in the 1950s and gene isolation methods 

developed in the 1970s enabled the development of phylogeny, studies of mixed microbial 

communities were hindered by the low quantities of DNA that could be extracted from 

environment samples.  In the 1980s the Nobel Prize winning development of the 
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polymerase chain reaction (PCR) by Kary Mullis (Bartlett and Stirling 2003) opened the 

door to a new era in the study of microbial ecology.  Using specifically designed primers 

which themselves are short sections of single stranded DNA, a process of repeated heating 

and cooling for denaturation, primer annealing and extension, enables synthesis of large 

volumes of short sections of copy DNA from template extracted from environmental 

samples.  Thus PCR enables the study of genes of interest extracted from mixed microbial 

communities from specific environments.  Automation of the PCR process along with the 

discovery of thermally stable polymerases meant that PCR could be applied with increased 

confidence using convenient and inexpensive bench top equipment such that the process 

became the foundation approach for a broad range experimental techniques.  The gene 

encoding for 16S rRNA (Figure 2-3) may be found in all prokaryotes and consists of 

highly conserved regions whose sequence changes very slowly in an evolutionary time 

scale (Fox, Stackebrandt et al. 1980) such that it not only lends itself well to classification 

by phylogenetic means but to the design of primers for identification at of microorganisms 

at various taxonomic levels by utilising the highly conserved sequences flanking the 

hypervariable regions within it.  As such the isolation and replication of the 16S rRNA 

SSU remains central to the many methods supported by the use of PCR that are central to 

the study of complex microbial communities today.   

 From (Petrosino, Highlander et al. 2009) 

Figure 2-3: Schematic of 16S rRNA SSU showing conserved and hypervariable regions 

 

2.5.3 Microbial Ecology in EGSB Studies 

A great number of techniques for studying mixed microbial communities are now well 

established with new methods constantly in development.  This section of the report 

considers key among them as applied most commonly in the study of microbial diversity 
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and dynamics EGSB type reactors and highlights emergent methods that might provide 

deeper insight into microbial communities. 

2.5.3.1 PCR, reverse-transcription PCR (rtPCT) and quantitative PCR (qPCR) 

PCR in itself is typically used as a precursor for a variety of other techniques.  PCR is most 

widely used in microbial ecology to amplify double stranded DNA, and for phylogenetic 

applications the genes coding for 16S rRNA are targeted as described previously.  The 

amplified gene fragments are then used for downstream processes such as sequencing to 

enable analysis of microbial community composition.  An alternative application for PCR 

is to extract RNA and to amplify the gene of interest using reverse transcription PCR 

(rtPCR). DNA is present in all cells regardless of whether they are active in a community 

and indeed DNA may linger in dead or dying cells thus a DNA based approach may not 

best describe community function.  RNA, which is a single stranded molecule, is only 

produced in active cells and tends to degrade more rapidly in dying cells than does DNA 

thus rtPCR is a desirable option if functional community composition as opposed to total 

community composition is the priority of a study (Malik, Beer et al. 2008). Disadvantages 

of this method are that RNA degrades rapidly such that sampling strategy is known to 

influence results.  Similarly to PCR, rtPCR typically involves downstream processing of 

the amplified product.  A further alternative approach to PCR, and one that does not 

require downstream processing, is the use of qPCR.  Here fluorescent probes are used to 

enable monitoring during the early stages of the synthesis process in PCR to provide best 

estimates of gene copy number of the original target template concentrations in a sample 

(Malik, Beer et al. 2008).  As a quantitative method, qPCR has been widely applied 

however as with rtPCR, prior knowledge of targets required for primer design hinders 

applicability of the process at species level for rare or unknown organisms. 

2.5.3.2 Fingerprinting Techniques 

Fingerprinting techniques may be applied for the study of microbial community 

composition and dynamics and are advantageous in that their application is not reliant on 

sequencing.  Rather, fingerprinting techniques use gel electrophoresis for size or sequence 

separated banding patterns that are identified to describe either total community 

fingerprints or species-specific fingerprints by using either universal primers or species-

specific primers.  Key methods among fingerprinting techniques used in EGSB studies are 

amplified ribosomal DNA restriction analysis (ARDRA), terminal-restriction length 

polymorphism (tRFLP), temperature gel gradient electrophoresis (TGGE) and denaturing 

gradient gel electrophoresis (DGGE). Whilst sequencing is not essential for these 
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techniques, it remains the only method that enables identification and classification of 

specific organisms in complex communities and as such is frequently applied in 

conjunction with them (Gilbride, Lee et al. 2006).  Historically, the commonest sequencing 

approach applied in conjunction with such methods was the Sanger methodology.  The 

advantages of Sanger sequencing are that lengthy sections of DNA may be sequenced such 

that for example the entire 16S gene consisting of >1000bp may be sequenced, and that 

error rates associated with the method are low.  Problems associated with Sanger 

sequencing is that the process is not fully automated and the cost-per-base is high such that 

identification of rare species is expensive (Shendure and Ji 2008).   

2.5.3.3 Next Generation Sequencing (NGS) 

Sanger chemistry was introduced in 1977 and has been widely applied in EGSB 16S rRNA 

gene survey studies for sequencing genes isolated via clone library methods or from 

fingerprinting techniques.  The Sanger process at best is able to process 96 unique samples 

simultaneously rendering it unsuitable for studies of ecological diversity in highly complex 

communities such as environmental samples that may contain DNA from thousands of 

unique species (Shokralla, Spall et al. 2012).  NGS methods are now available however 

that offer considerable advantages over Sanger sequencing and resultantly great potential 

in new experimental design and monitoring opportunities.  NGS technology developed in 

the last 10 years utilises massively parallel sequencing to read potentially tens of millions 

of reads simultaneously (Shokralla, Spall et al. 2012).   As such, they enable experimental 

design with increased capacity for finely detailed sampling whilst enabling deeper insights 

to microbial community diversity. NGS technology spans a number of different platforms, 

each with it’s own advantages and disadvantages in terms of read length, library 

preparation methods and costs.  NGS technologies enable simultaneous sequencing of 

multiple samples in a single run using barcoded primers for sample identity. Whilst short 

read length has historically been an issue for many NGS platforms, the use of paired end 

reads has both improved the quality of the sequencing data and increased the read length 

such that specific hypervariable regions may be targeted in amplification for subject 

identification using phylogenetic methods. For the study of 16S rRNA genes from mixed 

communities in environmental samples, the Illumina Miseq platform coupled with a 

paired-end-read approach is identified as an effective tool for comparative analysis of 

microbial diversity between samples from a range of four of the most popular NGS 

platforms on the market (Amore 2015).  A multiplexed barcoded primer approach may be 

used so that multiple samples can be sequenced in a single run with the potential to utilise 

as many as 500 barcodes, and hence samples, in a single sequencing run.  As a result, the 
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cost associated with data retrieval from NGS sequencing is estimated to be two orders of 

magnitude lower than from Sanger sequencing (Shendure and Ji 2008) making NGS an 

increasingly appealing option for microbial community characterisation.  The range of 

application of NGS technology extends far beyond 16S rRNA survey studies to include 

metagenomic and transcriptomic applications, alongside new emerging methods for 

sequencing without requirement for PCR.  These methods are not considered in detail here 

as they are not applied in the context of this thesis.  Rather, what is concluded is that in 

terms of diversity studies of complex microbial communities, NGS technologies generally, 

and the Illumina Miseq platform specifically, is a promising development in the field that 

potentially lends itself well for studies that aim to maintain fine-scale sampling using 

replicate controls without significantly increasing labour or cost as associated with 

fingerprinting methods.   

2.5.3.4 Fluorescent In-Situ Hybridisation (FISH) 

The methods described previously require DNA extraction as a precursor.  A great number 

of DNA extraction methods exist, many of which are available in commercial kit form, but 

all of which are destructive at both the sample level and at the cell level.  FISH is a 

technique that enables visualisation of targeted microorganisms without the requirement 

for DNA extraction.  In FISH, samples are treated with a fixing agent and fluorescently 

tagged RNA probes used in conjunction with fluorescence microscopy to identify specific 

groups of organisms in a given sample without requirement to destroy either the cell or the 

spatial arrangement of the cells in the sample.  As RNA rather than DNA is targeted, FISH 

also provides insight into viability in a community.  An additional advantage of this 

method is that is may be regarded as quantitative.  The key disadvantage that probes must 

be designed either blindly or based on prior knowledge of the community obtained through 

alternate means such as fingerprinting and sequencing methods described previously.  As a 

visualisation method, FISH has been extensively used in EGSB studies to explore the 

complex architecture of the granule structure and to gain insight to syntrophic relationships 

between organisms in the biofilm by physical proximity and hence assumed association 

(Sekiguchi, Kamagata et al. 1999, Gonzalez-Gil, N. L. Lens  et al. 2001, Collins, O'Connor 

et al. 2005, Diaz, Stams et al. 2006, Fernandez, Diaz et al. 2008, Kelly, Enright et al. 

2011).  

2.5.4 Microbial Ecology: Opening the Black Box 

As the ability of researchers to acquire data from complex microbial communities 

continues to grow, so too does the demand for data sorting and analysis strategies that will 
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elucidate useful biological insights (Shendure and Ji 2008).  Contemporary studies of 

wastewater treatment biotechnologies typically comprise monitoring of reactor operation 

and performance in conjunction with some form of monitoring of the underlying microbial 

community.  The 16S rRNA gene survey continues to form the backbone of the majority of 

studies conducted, with multiplexed sequencing on high-throughput sequencing platforms 

increasingly the method of choice.  The aim cited by most of this research is to ‘unpack the 

black box’ that is the underlying microbial community.  In order to do so however, the 

researcher must first unpack the ‘black box’ that is the sequencing data.  A common 

methodology for the processing of data arising from fingerprinting techniques has been 

proposed (Marzorati, Wittebolle et al. 2008, Carballa, Smits et al. 2011) however direct 

applicability of those methods to NGS is not yet established.  Post processing for quality 

control, data from high-throughput sequencing of a 16S rRNA survey study essentially 

provides count data that quantifies the range and relative abundance of each species or 

OTUs present.  The field of bioinformatics is therefore a rapidly developing field in its 

own right.  Whilst open source pipelines including most notably QUIIME and MOTHUR 

exist no single strategy is currently adopted for the analysis of NGS data in EGSB studies.  

This said, two key strategies for data analysis from community survey studies may be 

identified.  The first focuses on mapping the relative abundance profiles from collected 

data on established ecological frameworks.  The second focuses on data visualisation 

methods coupled with statistical approaches to analysis.  It is noted that these two 

approaches are not mutually exclusive however it is useful to consider them distinctly.   

2.5.4.1 Experimental and Analytical Approaches to Microbial Ecology 

Early studies of microbial communities using molecular methods often hinged on the 

reporting of microbial community composition in terms of simply which microorganisms 

were present in which abundances, and providing an overview of the phylogenetic 

relationships between those organisms.  As the complexity of microbial communities 

became increasingly apparent with ever more sophisticated monitoring methods, the drive 

to characterise community data itself as a method of understanding community function 

became increasingly desirable.  One avenue of exploration for the interpretation of data in 

this way comes from the study of ecology at the macro-scale (Horner-Devine, Lage et al. 

2004).  Survey studies at the macro-scale have been commonplace for well over a century.  

From these largely descriptive studies, common patterns emerge from count data that form 

the basis of contemporary ecology.  From an engineering perspective, application of these 

patterns or models to the characterisation of micro-scale ecology is highly desirable for a 

number of reasons.  Firstly, whilst two similarly operated biological wastewater treatment 
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technologies might perform highly similar functions, research increasingly tells us that 

these functions may be performed by microbial communities of disparate composition.  

Thus, generalised models may provide an improved method for understanding microbial 

community composition, over and above knowledge of community membership.  

Secondly, application of generalised models might enable more rapid assessment of the 

health of microbial communities in engineered systems in that establishing the ‘shape’ of 

data is a less lengthy procedure than is identifying community membership or complex 

between-species interactions.  Finally, and perhaps most significantly, it is hoped that by 

providing structure to the data gained from such surveys, that models founded in theory 

might ultimately provide valuable predictive tools for use in bioreactor design and 

monitoring (Prosser, Bohannan et al. 2007).  Thus far, ecological models have been fitted 

to microbial community data with varying degrees of success.  On the one hand intriguing 

parallels have been drawn between the micro- and macro-scale ecology whilst on the other, 

contradictions exist between data from ‘same-scale’ data sets.  Still, the number of data 

sets to which these models have been applied at the micro-scale are relatively few and 

indeed the size and quality of data sets currently being gathered using new and more 

effective methods, means that modelling in this way may still yield useful information into 

community structure and function.   

2.5.4.2 Multivariate Analysis and Statistical Approach 

An increasing number of multivariate and statistical methods are available for the 

assessment of gene survey data varying from data visualisation methods to more traditional 

significance testing of the data obtained.  Data visualisation is a useful for tool particularly 

from the large data sets arising for NGS surveys.  Data returned as count data from 

complex communities has the capacity to record changes in relative abundance for single 

OTUs between samples from complex communities comprising many thousands of unique 

OTUs.  Traditional plotting methods such as linear and scatter plots are by necessity 

replaced by non-metric multidimensional scaling (NMDS) plots and heat maps in order 

that such large data sets can be compressed to readily viewable formats.  The key 

advantage in so doing is to provide the researcher an overview of trends in the data gained 

which is difficult to ascertain from visual inspection of data tables in the traditional 

manner.  The problems arising from such methods are that interpretation of for example 

‘similarity’ or ‘dissimilarity’ is somewhat subjective.  Nonetheless they provide a useful 

preliminary tool in data assessment.  More statistical approaches are also widely applied to 

gene survey data, for example linear regression of count data against metadata to find 

correlation and the statistical significance thereof based on variance in the data.  The 
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problem arising from such methods is that even with fine-scale sampling, sequencing data 

provides a snap-shot of a community at a specific point in time that may be subject to 

dynamic change which itself may or may not be driven by applied parameters identified in 

the experimental design i.e. the ‘meaning’ of significance in systems with dynamic 

capacity to fluctuate is weakened.  The key to the application of statistical methods is to 

ensure that the approach adopted is hypothesis driven such that the result might be 

logically assessed and the null-hypothesis has genuine grounding from theory. 

In tackling the problem of data analysis, similarly to the case for data collection for the 

study of such complex systems, a holistic approach is required.  As yet neither statistics 

nor the ecology approach has been decisively established as better method for data 

analysis. Regardless of current issues, NGS technology and bioinformatics presents an 

exciting opportunity to researchers to explore new fields in greater depth than ever before. 

Whilst computationally complex, and by its nature at present somewhat subjective, it is 

likely that by collection and analysis of such data sets, new theory against which data may 

be assessed will arise.   

2.6 Scope of this Thesis 

The Transforming Waste Project (TWP) is a multidisciplinary research consortium 

spanning eight universities in the UK and Ireland.  The aim of the consortium is to develop 

a socially appropriate, sustainable, emptying and treatment scheme for pit-latrine wastes in 

the peri-urban environment for improved sanitation, energy provision and quality of life 

for end-users.  Central to the aims of the group is the design of a an anaerobic digester for 

pit latrine wastes.  Currently pit latrines are frequently operated as ‘holes in the ground’; 

once full, the latrine must be moved and the pit covered over, or the pit manually emptied. 

Pit latrines have been associated with ground water contamination, the spread of disease 

via insect vectors and so on, and pit latrine emptying and waste disposal practices are both 

physically and biologically unsafe for sanitation workers.  The reactor proposed by TWP 

for the treatment of this high-solids, high-strength waste is a variant on the EGSB.  The 

key variant is that the granules that are typically formed ‘naturally’ in the EGSB are 

specifically engineered to meet the challenges specific to pit latrine wastes. In brief the 

aims and objectives of the group may be defined as follows: 

• to develop engineered microbial communities on density-gradated beads that 

enable: 
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• separation of the stages of methanogenesis spatially in the reactor for improved 

treatment opportunities 

• retention in the system of the granules by density separation even under the action 

of high-solids, high-viscosity wastes such as sewage 

• operation of small-scale plants that might be community owned and operated in the 

vicinity of homes in the peri-urban environment such that the requirement for a 

formal wastewater and energy grid is minimised. 

The work conducted in this thesis acts as a precursor to the development and design of the 

microbial communities and density gradated beads.  The work aims to define and answer 

some key experimental questions of ‘naturally’ occurring granules in EGSB reactors that 

might inform future trials towards this complex end goal.  Further, the work aims to 

address some fundamental questions relating the test methods applied to development ad 

design of biotechnologies the results of which have relevance well beyond the scope of the 

Transforming Waste Project itself.  The scope encompasses fundamental questions around 

the structure, activity and distribution of physiologies in complex AD communities under 

different conditions of temperature, organic loading and solids concentrations. The arising 

questions are defined in the following work packages and the results and recommendations 

form the remaining Chapters of the thesis: 

Chapter 3: Materials and Methods 

The literature reveals the requirement for a holistic approach to reactor monitoring.  The 

materials and methods section lays out the range of operational parameters selected for 

monitoring highlighting their relation to theoretical perspectives on the EGSB.  Further, the 

approach to experimental design is described and control strategies tested in each chapter 

are outlined. 

Chapter 4: Scale-Down: A Spatio-Temporal Study of EGSB Type Bioreactors at Full- 

and Lab-Scale  

The ‘pilot plant’ approach remains the dominant method to scaling up technologies from 

the bench to industrial application but as yet little is known of the influence of scale on 

either treatment capacity in the EGSB or the underlying microbial community.  Further, 

lab-scale idealisations of the EGSB are highly varied and the influence of this idealisation 

is as yet unknown.  Two lab-scale reactor types with differing geometries are developed 

and tested under near-identical conditions to an existing full-scale digester to investigate 
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simultaneously scale- effects and lab-scale idealisation effects on reactor function and 

microbial community composition. 

Chapter 5: Microbial Community Adaptation with Substrate Type and Substrate 

Availability 

A key aim of the Transforming Waste Project is to engineer specific microbial 

communities for the treatment of complex wastes such as high-strength high-solids pit 

latrine wastes and low-strength, high-solids wastes such as Global North sewage.  Here 

triplicate reactor sets are operated with triplicate parallel controls i.e. nine reactors in total 

are operated under three conditions of substrate strength and composition.  A range of 

physical and chemical monitoring methods are applied and the performance data is 

complemented with NGS profiling of 16S rRNA gene (V4 region) from whole community 

DNA during adaptation.  Core organisms are identified that are common to the adapted 

communities and organisms are identified as unique to each condition and the replicate 

control strategy is discussed in relation to results gained.  

Chapter 6: Application of the EGSB to Sewage Treatment in the Global North 

The activated sludge process remains one of the most dominant sewage treatment methods 

used in the Global North today however, whilst an effective treatment method, aeration is 

estimated to account for over 50% of the energy budget in a sewage treatment plant. Poor 

solids removal efficiency reported in EGSB systems however limits the application of the 

technology to sewage treatment.  Improved understanding of the microbial community 

underpinning the treatment of sewage in EGSB reactors might offer increased capacity to 

engineer the system to treat sewage at low temperatures sustainably and at lower cost than 

aerobic treatment alternatives.  Triplicate 20-litre 1-D lab-scale EGSB reactors were 

subject to a series of engineered operating conditions aimed at enabling understanding of 

microbial community adaptation to the treatment of low-strength sewage (500mgCOD/L) 

at ambient temperatures (15degC). Whole community 16S rRNA gene (V4 region) 

amplicon sequencing was utilised to monitor microbial community dynamics both spatially 

and temporally under each condition. 

Chapter 7: Failure Study 

The Transforming Waste Project aims to develop a new variant on the EGSB for the 

treatment of pit-latrine wastes.  Typically, empirical studies of ESGB are entirely focused 

on optimising technologies for a range of conditions. However, the limits of successful 

operation or thresholds in operational parameters that will induce failure in the system are 
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rarely reported and are never the explicit goal of experiments.  This Chapter proposes the 

adoption of limit state theory to experimental design and uses the EGSB as a model for 

study.  A staged ramping strategy is applied to replicate EGSBs, which are then pushed to 

failure to identify both predictors of failure and the failure mechanism under high-solids 

loading using a synthetic sewage. 

Chapter 8: Granule Growth: Preliminary Study 

Previous Chapters in the thesis point to stratification of function in the sludge-bed at lab-

scale by size whilst the same is not seen in a full-scale digester.  Here the relationship 

between size and density is explored in lab-scale granules to determine the separation 

mechanism.  As no link was found between granule size and depth or between activity and 

depth at full-scale, granules of different size from the full-scale reactor are sequenced to 

determine if size is linked to community composition in full-scale digesters.   

Chapter 9: Contributions, Discussion and Conclusion 

Contributions made in this thesis are summarised and are discussed both in relation to the 

aims and objectives of the thesis and in relation to the wider field.  Drawing from the 

conclusions future work is discussed in relation to both control strategies, the potential for 

failure testing, and the development of the EGSB for the treatment of high-strength, high-

solids wastes such as sewage. 
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3 Materials and Methods 

The aim of this chapter is threefold.  Firstly, the approach to experimental design is 

outlined alongside a summary of the experiments conducted.  The intention is that this will 

provide an overview to the structure of the thesis and make clear at the outset the logic 

applied to the arrangement of the experiments conducted and grouping of the data 

collected.  Secondly, those experimental methods relevant to physical and chemical 

monitoring conducted in subsequent experimental chapters (Chapters 4-8) are outlined in 

detail.  Each of the subsequent experimental chapters referring to this section additionally 

contains a brief re-introduction to the methods used and also outlines any amendments, or 

deviation from the methods as described here.   Any method used in relation to a single 

experiment is described in detail in the Chapter in which that experiment is reported.  

Finally, the optimisation and application of molecular methods adopted are outlined.   

3.1 Approach to Experimental Design 

In the review of literature it was observed that the data arising from many experiments 

conducted on lab-scale EGSB type reactors may be difficult to interpret or lack statistical 

confidence for a variety of reasons.  Key amongst those reasons is that EGSB-type reactors 

are underpinned by complex, diverse and dynamic microbial consortia capable of 

multifarious responses to a broad range of applied environmental conditions.  The 

community underpinning treatment in such systems is so complex and so little understood 

that, at present, it cannot be stated with confidence that under conditions of external 

equilibrium whether the underlying microbial community would be expected to follow 

suit.  As such, it was assumed that multiple observations of a community at multiple time 

points is advantageous over a single ‘snapshot’ of the community in attempting to describe 

the response to a given condition.  To enable this, where possible, each experiment was 

conducted using replicate reactors, with experiments typically utilising triplicate reactor 

sets.  Thus, multiple samples of were taken with respect to time and further, reproducibility 

of the result at a given time in a dynamic system might be attributed some statistical 

confidence.  An additional difficulty in assessing data collected from EGSB type 

experiments reported in the literature was lack of availability of suitable external data that 

might enable direct comparison of the results obtained. To address this, where possible, 

triplicate reactors were run in parallel or in series with paired triplicate sets acting as a 

control.  The aim of this ‘controlled approach’ was that a complementary data set could be 

collected that would have a single stepwise difference in operating condition for each 

parameter tested.  To give an example for clarity, if temperature was the parameter of 



 Chapter 3: Materials and Methods  56 
 

interest, three reactors would be operated at say 37degC and to provide a complementary 

data set for comparison, another three reactors would be operated at say 20degC under 

otherwise identical conditions.  To some extent this approach negates the complex 

interactions between operating parameters described in the literature review.  Again by 

example, lowering temperature in the reactor is likely to also alter solubility in the 

substrate such that the community response to operating at 20degC as compared to that at 

37degC may have arisen from increased solids in the reactor rather than from temperature 

per se.  To address those interactions, adopting a truer factorial design approach may have 

been beneficial. As the number of parameters influencing the community dynamics are so 

vast however, and the trials were conducted in triplicate, a true factorial trial was deemed 

physically impractical and rather, a ‘single’ parameter was changed between trials.  That 

changing one parameter does in-fact alter others was addressed by identifying those 

parameters that intuitively appear to act as ‘primary drivers’ for change in conditions e.g. it 

whilst changing temperature in the reactor might increase solids in the liquor, increasing 

solids does not increase temperature therefore in that instance, temperature is the primary 

driver for change.  In summary then, key logic to the design of the experiments conducted 

was: 

• The use of replicate reactors to enable assessment of reproducibility of results and 

enable application of simple statistical measures to both physico-chemical and 

biological monitoring data. 

• The use of control reactor sets to enable collection of data, either in parallel or in 

series, that might highlight microbial response to a given condition by enabling 

direct comparison with data sets collected with a ‘single’ difference in operating 

condition. 

The aim in applying this logic to the design of the trials was to add value to the empirical 

data collected and the perceived success of each of the parallel and series control strategies 

is commented on in those chapters in which they are applied.  The design of the 

experiments is distinct from the subject of the trials.  The subject of each trial was 

identified either in relation to knowledge gaps identified in the existing literature or in 

response to the motives of the Transforming Waste Project as described previously.  An 

overview of the trials conducted is given in Table 3-1.  

 

Table 3-1: Overview of experimental approach, thesis structure, experimental design and aims 
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3.2 Design and Set-Up of Lab-Scale Bioreactors 

A schematic of the defining features of a typical EGSB is given in Figure 3-1.  In its 

simplest form the ESGB is an up-flow treatment system with influent delivered to the 

bottom of the granule bed combined with a recycle flow for improved treatment via 

increased bed expansion and hence improved contact between the influent and biomass.  

The EGSB is described as ‘high-rate’ in that it utilises a retained granular biomass that 

effectively decouples solids and liquid retention times.  The formation of the granular 

biomass which is central to this technology is not fully understood; however, it is typically 

either formed ‘naturally’ during the start-up operation of a new reactor or alternatively a 

new reactor may be seeded using granular sludge from an existing reactor.  
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Figure 3-1: Schematic of Expanded Granular Sludge-Bed Bioreactor (EGSB) 

Whilst elements of the EGSB such as the reactor volume and upflow velocity may be 

designed using engineering principles founded on fluid mechanics, currently the capacity 

to fully engineer the underpinning microbial community in the biomass is limited. The 

overall aim of the lab-scale trials here then is to: identify links, if any, between reactor 

performance and microbial ecology under varied engineered conditions; and to move 

inform future design of engineered microbial communities to improve treatment efficiency 

via increased specificity of the biomass to optimise treatment of a specific wastestream.  

3.2.1 Lab-Scale Reactor Design 

Design of EGSB reactors used at lab-scale is extremely varied and often is discussed only 

briefly in published works.  From the review of literature it was noted that frequently in 

experimental work focussing on the impact of the hydraulic regime on ESGB reactor 

performance, lab-scale reactors that exaggerate the vertical length.  By contrast, in those 

studies focussing primarily on microbial ecology in EGSB reactors are scaled in vertical 

and horizontal direction with a rule of thumb ~1:7 height : diameter aspect ratio employed. 

As such, two reactor types have been designed based on my interpretation of the two lab 

scale idealisations most commonly used, described here as 1-D and 3-D reactor models 

(Figure 3-2). 
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Figure 3-2: Schematic of scale-down logic for the design of the 1-D and 3-D laboratory-scale bioreactor 
geometry idealisations 

The 1-D reactor shown at the top of Figure 3-2 is idealised as a ‘core’ through a full-scale 

reactor whilst the 3-D reactor is a more direct scaling of the original.  Chapter 4, which 

looks at the impact of reactor scale and lab-scale reactor design on microbial community, 

utilises both reactor models.  At the outset of the project however it was decided that 

twelve 20-litre lab scale reactors would be constructed such that four sets of triplicate 

reactors could be run in parallel.   Resultantly, the decision as to which reactor type would 

best be used had to be made prior to the results of this first test.  As spatial distribution of 

the microbial community with depth was of interest and intuitively the 1-D idealisation 

appeared to offer improved potential of measuring that distribution as compared to the 3-D 

idealisation, nine 1-D and three 3-D reactors were constructed.  Design drawings of each 

reactor type are shown in Figure 3-3 alongside an image of each of the 1-D and 3-D reactor 

types used, and the full design detail is included in Appendix 1. 
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Figure 3-3: 1-D and 3-D laboratory-scale bioreactor design drawing, and, photograph of bioreactors as-
built 

The reactors were constructed using off-the-shelf diameters of extruded acrylic tubes 

(http://www.theplasticshop.co.uk) to act as the reactor body, external skin and feed ports, 

with turned, cast acrylic lids and bases manufactured in an in-house workshop.  Each 

reactor had a single feed port at the base and a single port in the lid to enable gas 

collection.  In each reactor, 10 ports were distributed evenly with height in the reactor 

body.  Each reactor was of a double skinned design such that the void between the reactor 

vessel and the outer skin could be utilised as a water jacket for heating and cooling the 

reactor.  The lid / base connection to the body of the reactor and to the skin was sealed 

using rubber o-rings to prevent air entering the system and to prevent transfer of fluids 

from the water jacket to the reactor vessel and vice-versa.  Air-tightness was tested by 

application of compressed air to each sealed vessel and monitoring the change in pressure 

over time.  Each reactor was additionally tested for water tightness under the influence of 

heating for a period of 7 days prior to seeding.  Post-seeding (described below) a 3mm 

conical steel mesh was fitted in each reactor below the height of the recirculation line to 

promote granule retention and enable effective gas separation.  Rubber gas-bags (10L 

volume), were used to measure gas production volume during measurement periods 
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(Figure 3-6) and rubber transfer tubing (Rapid Education, Catalogue No. 52-0139) was 

used to transport biogas produced to an external vent under its own production pressure at 

all other times.  Each sampling port was fitted with a 6.6mm diameter stopcock (Fisher, 

Catalogue No. SYA-555-050K) connected to the sampling port using silicone transfer 

tubing (Fisher, FB50877). 

3.2.2 Lab Scale Reactor Set-Up 

Figure 3-4 shows the standard set up for a triplicate set of reactors.  Hydraulics in each 

triplicate set was controlled using two peristaltic pumps each fitted with 3 extension pump 

heads (Watson and Marlow, 300 Series Peristaltic); one pump to control the delivery of 

substrate and the other to control the recirculation flow.  An intermediate bulk container 

(IBC) feed-tank (640L, Smiths of the Forest of Dean) was used to supply influent to each 

reactor set to minimise variation in feed delivery between replicates (Figure 3-4 and 3-6).  

To prevent settling of solids in the feed tank, in-tank mixing was employed using an 

overhead stirrer (Fisher, Catalogue No.15169712) with extended rotary paddle.   

 

Figure 3-4: Schematic of lab-scale reactor set-up for a triplicate reactor set 

The temperature in each reactor was controlled individually by supplying heated water to 

the water jacket.  The water was heated using an electric domestic central heating boiler 

fitted with external electronic thermostat and controller.  The water supply to each reactor 

water jacket was controlled using a manifold valve system (Figure 3-5) constructed from 

copper piping and ball valve taps.  Each reactor was fitted with a light-proof insulation 

jacket to minimise the cost of heating and to discourage algal growth in the water heating 

system or in the reactor column itself.  The reactors at the left of Figure 3-6 are under trial 
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and show the completed set-up for a triplicate reactor set, alongside the remaining nine 

reactors in-situ in the laboratory.  

 

Figure 3-5: Schematic of design for temperature control system to laboratory-scale bioreactor water jackets 

 

Figure 3-6: Laboratory-scale bioreactors R1-3 under trial and in-situ view of laboratory installation 

3.2.3 Reactor Seeding and Start-Up Procedure 

The experimental design assumed that to operate reactors in triplicate sets with, where 

possible, triplicate parallel controls would optimise data analysis potential.  As such, 12 

reactors were constructed in total: 9 No. 1-D reactors and 3 No. 3-3D reactors.  To 

minimise differences in the underlying microbial community at the experiment offset and 

to enable parallel operation of the reactors, each of the 12 reactors were seeded 

simultaneously using a seed sludge extracted from a full-scale digester.  The granular 
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biomass used was taken from a full-scale EGSB bioreactor (ADR2) used to treat spent 

waster from the distillation of maize at the North British Distillery on 10th of January 2013.   

Total and volatile suspended solids (TSS & VSS) were measured for the seed sludge 

according to Standard Methods 2540B&E.  In biofilm studies in engineered systems it is 

typically assumed that the volatile component of the solids measurement may be equated 

to the microbial component in the biofilm.  The results for the measurement of TSS and 

VSS in the seed sludge are given in Table 3-2 below.  

Table 3-2: TSS & VSS Measurement in seed sludge for laboratory-scale bioreactors 

Pan  
(replicates) 

Pan + Filter 
weight / g 

Dry weight / 
g 

Total 
suspended 
solids / g/L 

Ash weight / 
g 

Volatile 
suspended 
solids / g/L 

Volatile 
solids as 

proportion 
total solids / 

% 
A 3.5042 3.7025 49.6 3.5395 40.8 82.2 

B 3.4285 3.6275 49.8 3.4676 40.0 80.4 

C 3.4327 3.6303 49.4 3.4693 40.3 81.5 

Mean                 49.6g/L         40.3g/L             81.3% 

 >> Using 6 litres sludge per reactor, we have final VSS concentration of      12g/L 

The results demonstrate that at a volumetric seeding of ~6L per reactor that each reactor 

had a starting VSS concentration of 12.1 g/l.  This is a mid-low range concentration as 

identified from a review of literature (Table 3-3).  At the point of collection however, the 

granular biomass in the full-scale reactor appeared to be in a growth phase and as such the 

reactors were seeded conservatively to avoid the requirement to remove biomass during the 

reactor run which might disrupt any naturally occurring stratification in the biomass with 

depth in the reactor. 

Table 3-3: Range of seed sludge VSS for lab-scale EGSB reactors selected from literature 

Seeding 
(g VSS / l) 

Subject of Trial Reference 

6.4 Treatment of municipal waste leachate 
OLR 3.0 - 19.4 kgCOD/m3 day 

(Dang, Ye et al. 2013) 

9.9 Treatment of swine manure waste 
OLR 2.4 kgCOD/m3 day 

(López-Fernández, 
Aristizábal et al. 2011) 

23.0 Treatment of domestic wastewater 
OLR 6-16 kgCOD/m3 day 

(Xiao, Chunjuan et al. 
2008) 

43.0 Treatment of synthetic waste 
OLR 10 – 45 kgCOD/ m3 day 

(Zheng, Wang et al. 
2012) 
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The seed granules were stored at room temperature in sealed containers for 7-days before 

being used to seed each reactor to a total volume of six litres per reactor.  The final bed 

depth was approximately one third of the effective reactor volume.  The bed was allowed 

to settle under action of gravity for 24 hours before low-flow recirculation was introduced 

to minimise wash-out the sludge during the start-up procedure.  Recirculation was ramped 

up gradually to design flow over a 24 h period, again to minimise wash out. The start-up 

bed depths before and after the introduction of recycling were recorded for the purpose of 

comparison at the end of the study to allow observation of granule growth or washout. 

Feeding was introduced 48 hours after initial seeding.  Sub-samples from the initial seed 

sludge batch were taken for molecular analysis and stored at -20degC on the day the sludge 

was sampled (d-31). The reactors were then operated for a period of 16 days under 

conditions unique to each rector set until biogas production was approximately regular for 

3 consecutive HRTs. 

3.2.4 TSS / VSS and Particle Size Distribution (PSD) 

As an additional characterisation of the seed sludge, particle size distribution of the sludge 

was measured using a series of gradated sieves as is commonly used in soils 

characterisation (Figure 3-7).  Wet sieving was used to minimise damage to granules and 

mesh sizes used were: 

• 3.35, 2.8, 2.36, 2.0, 1.4, 1.0, 0.6, 0.355 (mm) 

 

Figure 3-7: Particle Size Distribution; image shows equipment employed in wet sieving 

Particle size distribution measurement was combined with VSS/TSS measurement 

(Standard Methods 2540B&E) for each size fraction to provide insight into the distribution 

of potentially active biomass in each size fraction.  The result for T=0 PSD and VSS/Size 

fraction are given in Figure 3-8 below: 




