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Foreword 

 

Global warming is the biggest single issue for the world today and beyond.  
While we as individuals grapple with our conscience about how our lifestyle 
and habit impact on the environment, organisations are concerned about the 
sustainability of their practices that would ultimately determine their future 
profitability and existence. 

Sustainability is at the top of the policy agenda for United Utilities. As a public 
service organisation we are keen to play our part in preserving both the 
quality of life and of the environment.  We are serious about reducing our 
business carbon footprint. 

As a sewage undertaker, United Utilities is a major energy consumer and 
therefore has a significant impact on the environment.  We are responsible for 
the production and disposal of over 240,000 tDS sludge annually.  In the past, 
this material has been regarded a problematic waste that must be rid of and it 
is true that in the foreseeable future there is still a financial cost associated 
with its treatment and disposal.  However, sludge has proved to be a valuable 
source of renewable energy as well as a good fertiliser replacement.  In the 
future it will prove to be an indispensable carbon source for biological nutrient 
removal with great potential for applications in other industrial processes.  
Thus instead of paying for chemical cost and disposal cost there would be just 
a small biotransformation cost.  We believe that the key to successful 
exploitation of sludge is in Enzymic Hydrolysis technology. 

Since the year 2000 United Utilities has dedicated considerable resources to 
the development of the technology, which has been cited as an example of 
Best Practice by the Water UK Association and regarded by the European 
Commission as a sustainable development.  Currently, Enzymic Hydrolysis is 
the leading digestion pre-treatment technology in the UK with nine full-scale 
installations either in operation or under construction.  There are still much to 
learn about the microbiology and biochemistry that underpin the technology 
and some challenges in making it work for the new applications but with a little 
effort we are confident that sludge management can be made virtually self-
sustainable.     
 
I have produced this manual on behalf of United Utilities as a guide for those 
concerned with sustainability and interested in exploring how Enzymic 
Hydrolysis technology could enhance their organic waste management 
practice.  The document is work in progress and I would welcome any 
suggestions as to how it may be improved. 
 
 
Son Le 
Spring 2007. 
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1.0 Business Background 

 

The UK water industry produces about 1.2M tonnes of sewage sludge annually.  Just 
over 62% is treated to standards suitable for use on agricultural land.  The other major 
disposal routes include incineration and landfill. 

All the routes currently available for sludge are under various degrees of pressure.  
For example, the amount of sewage sludge able to be sent to landfill will reduce 
because of the new Landfill regulation.  The prospect of obtaining planning 
permission for new incineration units is not very good due to perception issues and 
pressure on suitable locations. Agricultural route comes under pressure from 
consumer groups because the faecal aversion, fear of contaminations and objection to 
odour. 

Agricultural recycling is generally accepted as the best practicable environment 
option (BPEO) and is the route the water industry has been working to maintain.   

United Utilities (UU) is responsible for 16% of the UK sludge output.  Our sludge 
Disposal Strategy is based on a dual approach of incineration and recycling to 
agriculture.  Agricultural recycling accounts for over 75% of UU’s sludge outlet.  UU 
is committed to maintaining the agricultural route through significantly improving the 
quality of sludge recycled.  We address the quality issue from two angles: 

(1) By developing and adopting more efficient and more sustainable processes for 
sludge treatment, and 

(2) Developing and making sludge-based fertilisers that closely match the nutrient 
requirement of crops   

 

Historically, raw sludge was stored for up to 3 months before a land application.  
However, the health risk and odour nuisance associated with a raw product had 
prompted the industry to abandon this practice at the end of 1998.  Nowadays, sludge 
is commonly digested for biogas, and the reduction of pathogens and odour before 
being dewatered and recycled to agriculture.  Digestion takes up to 30 days for a 
conventionally treated (class B) product or 16 days after a heat treatment for enhance 
treated (class A) product.  Additionally, the sludge treatment process must comply 
with a new quality assurance procedure known as HACCP.  The long treatment time 
means that digestion assets require high levels of investment.  Mixing, foaming, grit 
and rag build up in digesters are other issues that make the process particularly 
troublesome to operate and maintain.  The recently discovered phenomenon of E. coli 
re-growth associated with centrifugation has also raised doubts about the HACCP 
procedure. 
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Other treatment methods suitable for agricultural recycling include liming and drying.  
Both have drawbacks.  Liming increases the volume of sludge for disposal; it raises 
the soil pH with repeated applications and the odour from the limed sludge often 
causes offence.  On the other hand, drying is difficult to operate and maintain as well 
as being very energy intensive.  

In the UK, there are currently 2 quality standards for agricultural recycling of sludge.  
Both are based on pathogen level in the end products.  Compliance with the standards 
is regarded as essential for public confidence.   The Safe Sludge Matrix is a voluntary 
agreement, which means that operators can define what constitutes their end 
products.  Some operators define the end products as the materials that go out of the 
factory gate; others take the view that at issue is the pathogen reduction step, therefore 
the materials that have been subjected to a pathogen reduction step are effectively the 
end products.  Crucial to the latter stance is the belief that re-growth of pathogen is 
either non-existent or does not pose a health risk.  Scientific understanding and what 
little data that is available clearly indicates that pathogen re-growth is significant.  The 
lack of consensus in the industry could cause confusion and would undermine public 
confidence that may ultimately lead to the demise of sludge recycling in agriculture. 
For the general public “pathogens”  are an emotive issue and therefore economic and 
scientific arguments about sludge recycling and the benefits to agriculture can become 
secondary to those issues of public confidence.  It is often the case that new 
regulations are introduced through political pressure that may have little to do with 
scientific facts.  There is therefore the danger that if the industry is not seen to be 
responding appropriately to public concern about the issue it may end up with 
nonsensical and costly red tape. 
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2.0 Enzymic Hydrolysis Technology 
 
 
Enzymic Hydrolysis is a form of two-phase digestion.  It harnesses the actions of 
several types of bacteria to accelerate the mineralization process of complex organic 
matter. The bacteria work by producing and releasing the necessary enzymes, in 
particular those involved in the hydrolytic reactions.   
 
The development of Enzymic Hydrolysis technology is consistent with the key 
principles of the Government’s vision for sustainable waste management that is based 
on moving waste up the adopted Waste Hierarchy.   The Enzymic Hydrolysis process 
was originally developed as a means for pathogen control to achieve HACCP 
compliance.  Its unique 6-tank design ensures a plug flow profile that has allowed a 
step change in pathogen reduction performance while reducing the process time and 
footprint by half and eliminates greenhouse gas emission from secondary digestion. 
The standard Enzymic Hydrolysis (EH) design with 2-day retention at 42
C 
guarantees 99.9% reduction of E. coli.  For enhanced treated products (class A) the 
Enhance Enzymic Hydrolysis (EEH) design allows the last 3 tanks are to run at 55°C 
for guaranteed 99.9999% E. coli reduction and allows some of the enzymes to 
continue working for maximum VS destruction. Operation at 55
C is important, as it 
would enable any standard CHP scheme to use a greater proportion of the biogas for 
electricity production. Enzymic Hydrolysis processes have relatively low energy 
demand and the simplicity of their operation and ability to be retrofitted to existing 
plants have been widely recognised.   
 
In recent years there has been an upsurge in the use of two-phase digestion technique, 
whereby sludge is pre-treated biologically or thermally in order to improve the VS 
destruction rate.  With two-phase digestion VS destruction rate of 50-60% can be 
expected.  This represents an average biogas yield increase of 25%, a welcome boost 
to green energy production.   
 
As a biotechnology platform Enzymic Hydrolysis provides further exciting 
opportunities for resource recycling and process intensification.  The use of chemical 
phosphorus removal with iron toxicity to fish, the significant increase in sludge 
volume with its concomitant treatment and disposal cost and the iron shortage poses 
one of the greatest challenges to the water industry.  Recent large scale trials by 
United Utilities have demonstrated the ability to generate a carbon source with 
Enzymic Hydrolysis.   Such a carbon source should prove ideal for biological nutrient 
removal and help the industry to relinquish its reliance on chemical treatments. 
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2.1 Scientific pr inciples 

 

Anaerobic digestion is a series of complex biochemical reactions mediated by 
consortia of microorganisms to convert organic compounds to methane and carbon 
dioxide.  It is a stabilization process achieving odour, pathogen, and mass reduction.  
During the process, particulates are solubilised and large polymers are converted to 
simpler monomers.  Subsequently, the monomers are converted to volatile fatty acids, 
which in turn get converted into CH4 and CO2.  Fig.1 is an illustration of the 
digestion process. 

 

 

 
 
 
 
Figure 1 - Biochemical pathways of the digestion process 
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Principle of Enzymic Hydrolysis 
 
The natural degradation of organic matter under anaerobic condition is a complex 
chain of biochemical reactions effected by several types of micro-organisms that 
require little or no oxygen. Ammonia and carbon dioxide are the key metabolites that 
provide a highly buffer environment for the growth of the microbes that produce the 
necessary enzymes for all the biochemical reactions.  Their interactions with the 
volatile fatty acids (VFA) determine pH of the bioreactor environment. Proper 
bioreactor design is essential for optimum culture condition necessary for the 
enzymes that mediate the bio-transformations, in the correct sequence.   The process 
occurs in three distinct steps, as follows:  
 
Hydrolysis 
 
Hydrolytic bacteria are facultative anaerobes and anaerobes.  During hydrolysis 
complex molecules such as carbohydrates, proteins and fats are converted to simpler 
molecules which may be assimilated by the bacteria.   Particulates are made soluble 
and large polymers are converted to smaller molecules (Sugars, amino acids, and fatty 
acids) that can pass through the bacterial cell wall.  This step is usually rate limiting in 
sludge digestion with high concentration of particulate organic matter and by 
optimising it the VS destruction performance is enhanced. 
 
Fermentation 
 
Fermentative bacteria are also facultative anaerobes and anaerobes.  Optimum growth 
rate occurs at pH 6.3.  During this phase the soluble substrates (Sugars, amino acids, 
and fatty acids) converted to VFA (76%, C3 and C4), H2 (4%), and acetic acid (20%).   
The VFA are further converted to acetic acid (68%) plus CO2 and H2 (32%).  VFA 
are generally not a significant consumer of alkalinity comparing to CO2.  Ammonia is 
resulted from the fermentation of the amino acids.  This step is sensitive to the H2 
concentration. The fermentative bacteria, therefore, have a syntrophic (mutually 
beneficial) relationship with the methanogens that consumes the H2.   
 
Methanogenesis 
 
There are 3 types of methanogens which are all obligate anaerobes.   
 

(1) Hydrogenotrophic methanogens:  CO2  +  4 H2   �   CH4   +  2 H2O 
 

(2) Methylotrophic methanogens:  CH3OH  +  H2 �    CH4  +  H2O  
 

(3) Acetotrophic methanogens:   CH3COOH   �     CO2  +  CH4 
 
Methanogens tend to have slow growth rates (doubling times of 1.5-4 days). The 
acetotrophic methanogens operate best in a pH range of 7.5 – 8.2 whereas the 
hydrogenotrophic methanogens can tolerate a lower pH (6.0 to 6.5).  Acetotrophic 
methanogens are also good scavengers but cannot operate with a VFA/alkalinity ratio 
> 0.4.  All methanogens species are sensitive to temperature changes. 
 
 



M S Le  Page 9 of 26 

2.2 Biogas yield and quality 
 
 
The volatile matter in sludge is made of a mixture of food wastes and bacteria cells.  
Table 1.0 show the characteristics of these components.  
 
 
Consider the specific reactions of glucose: 
 
C6H12O6 + H2O �  2CH3COOH + 4H2 + 2CO2   
 
CH3COOH � CH4 + CO2      
 
CO2 + 4H2 �  CH4 + 2H2O      
 
The overall reaction results in a 50/50 (v/v) mixture of methane and carbon dioxide: 
 
C6H12O6 �  3CH4 + 3CO2  
 
 
 
 
Table 1.0 - Common sludge component analysis (dry solid basis) 
 
Substrates Proteins Carbohydrates Lipids Bacteria 

Elemental 
composition 

C.H.O.N.S C.H.O. C.H.O. C.H.O.N.S.P.K 

Composition Amino acids Monosaccharides 
Disaccharides 

Polysaccharides 

Glycerol and 
fatty acids 

Protein 
Polysaccharide 

Lipid, RNA, DNA 
Small molecules 

C 53 40 70 50 
H 7 7 10 8 
O 21 53 20 20 
N 16 0 0 14 
S 3 0 0 1 
P 0 0 0 3 

Ash 0 0 0 4 
CV, MJ/kg 17 16 37 27 

 
 
 
 
The actual composition of the biogas is therefore solely dependent on the available 
substrates in the sludge.   Similarly, it can be shown that the biogas composition of a 
pure protein substrate would be 62/38 methane and carbon dioxide (v/v).  Likewise 
for a pure lipid substrate the biogas composition would be 66/34 methane and carbon 
dioxide (v/v).   
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Now consider sludge.  Table 2.1 and 2.2 show the composition of sewage sludge 
before and after digestion (with 60% VS destruction): 
 
 
Table 2.1 Typical sludge analysis, as % of total solids (dry solid basis) 

Elements Digested Raw 

C 31 43 

H 4.2 5.9 

O 16 22 

N 3.3 3.1 

S 0.7 0.93 
P 4.4 2.64 
K 0.22 0.13 

VS 55.2 74.93 
Ash 44.8 25.07 
Total 100 100 

CV, MJ/kg 13.9 19 
 
 
Table 2.2 Typical sludge analysis, as % of volatile solids (dry solid basis) 

Elements Digested Raw 

C 56.2% 57.4% 

H 7.6% 7.9% 

O 29.0% 29.4% 

N 6.0% 4.1% 

S 1.3% 1.2% 
P 8.0% 3.5% 
K 0.4% 0.2% 

 
As can be seen, the relative ratios of C:H:O in the sludge are relatively unchanged by 
digestion (57:8:29 by weight or 4.75:8:1.8 on molar basis).  Assuming that all the O 
end up in CO2, the composition of the biogas (v/v basis) can be estimated by solving 
a system of linear equations as follows: 
 
 X + Y = a 
 2X = c + N 
 4Y = b + 2N 
 
Where X and Y are the number of moles of CO2 and CH4 respectively; N is the 
number of moles of water required for hydrolysis.  The a:b:c ratios are the molal 
ratios of C:H:O. 
 
CO2 volume = 1.83 moles (38.5%) 
CH4 volume = 2.93 moles (61.5%) 
 
Typical biogas composition for sludge digestion is between 35 to 45% CO2 and 55 to 
65% CH4.  Any variation the composition is due to variation in the ratios of protein: 
carbohydrate: lipid.  High carbohydrate compositions are likely to produce a biogas 
with high CO2.  Conversely high lipid compositions are likely to produce a biogas 
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with high CH4 content.  The biogas yield (m3 gas/kg VS destroyed) is more 
dependent on the N and S content in the feed.  Typically proteins contain large 
amount of N and S, but lipid and carbohydrate contain little or none of these elements.  
Thus poor yield is normally associated with a high protein feed.  Table 3 shows the 
predicted biogas yield and quality for different type of substrates.  The calculations 
were based on an energy conversion efficiency of 86% for the biological process. 
 
Table 3 Predicted gas yield and quality for common substrates 
Substrates Proteins Carbohydrates L ipids Bacter ia Sludge 

Substrate 
CV MJ/kg 

17 16 37 27 19 

Biogas yield 
m3/kg VS 

0.61 0.71 1.24 0.93 1.00 

Biogas 
 (%CH4) 

62 50 66 67 60 

Biogas CV, 
MJ/m3 

24.61 19.85 26.20 26.60 23.82 

 
 
2.3 Volatile solid destruction 
 
Unlike conventional digestion where the bulk of volatile solid destroyed essentially 
results in a biogas (60%CH4 & 40%CO2), in VFA fermentation the destroyed solid is 
converted to VFA, ammonia and small quantity of biogas (mainly CO2 with up to 
30% CH4).  Since a significant proportion of the VFA remains associated with the dry 
solids (DS%), the VS destruction rate in VFA fermentation should be based on the 
SS% (suspended solids, not the DS%) before and after fermentation. 
 
Table 4 shows the Macclesfield fermentation data.  Base on the van Kleeck formula, 
the average VS destruction during this series of trials was 67%.  The van Kleeck 
equation is a simplification of the mass balance equation where it is assumed there is 
no change in the amount of fixed solids during fermentation.  The use of van Kleeck 
therefore would over estimate the VS destruction.  Suspended solids (SS) destruction 
(%) is the difference in the raw suspended solids and fermented suspended solids.  
The SS destruction is a more meaningful measure as it is an indication of the 
reduction in amount of sludge requiring disposal.   
 
 
Table 4 - Macclesfield fermentation data (4 days fermentation at 40°C) 
Raw sludge SS % VS % pH tCOD   

Average 4.52 72.15 5.72 51,450   
Fermented sludge  SS% tVFA pH tCOD sCOD 

Average 2.34 5,580 5.18 41,600 9,392 
 
VS destruction     = 67% (by van Kleeck, i.e. assume no change in fixed solids) 
SS destruction     = 48% 
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2.4 Pathogen destruction 
 
 
The rate of pathogen destruction in the fermentation process appears to be most 
dependent on the temperature and the pH to a lesser extent.  Fig. 2 shows the rate of 
E. coli and Salmonella destruction at 35°C for sewage sludge from several sources.  
In general, both E. coli and Salmonella can be reduced to undetectable level after just 
4 days in the fermentation.   
 
Process contamination is particularly troublesome in a system designed for pathogen 
control therefore eliminating flow bypassing is a key factor in successful reactor 
design.  The present VFA fermenter utilises the unique plug-flow reactor design by 
United Utilities to ensure a natural selection of the microflora that produce optimum 
VFA yield while eliminating any flow short-circuiting for guaranteed pathogen 
destruction. 
 
In the standard Enzymic Hydrolysis process for digestion pre-treatment, the design is 
based on 6 well-mixed tanks arranged in series.  However, in VFA application the 
sludge retention time is at least 6 days (3X as long) therefore contamination presents 
less of an issue since the longer retention means greater destruction.   A 3-tank design 
should provide adequate pathogen performance with improved economics. 
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Figure 2 – Rate of pathogen destruction during Enzymic Hydrolysis (at 35°C) 
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2.5 Pathogen re-growth 

 

Pathogens are micro-organisms and their growth or decline (death) is a well-
established science.  The major factors that regulate the growth of a pathogen include: 

1) Nutrient availability 
2) pH and temperature 
3) inoculums level and growth kinetics 
4) presence of competitors 

 

Dewatering by centrifugation causes cell lysis and the releases of nutrients.  Sludge 
contains numerous bacterial species, including E. coli, all competing for the same 
food source.  E. coli has a very rapid growth rate (typical doubling time of just 20 
minutes) and is favoured by a high pH and high temperature over other species.  This 
is clearly illustrated by the E. coli results of digested sludge samples from 
Bromborough (Table 5). Although the 24-fold increase in the bacterial content 
appears large; in fact this would only take 8 generations to reach (just over 160 
minutes). 

 

Table 5 – E. coli content in digested sludge product (Bromborough, 2004) 
 solids temp pH VFA E. coli 
 % °C  mg/L cfu/gDS 
Centrifuge feed  2.68 26.0 7.8 231 1950 
Centrifuge cake 29.65 27.2 8.2 537 446,800 

 

The large number of variables involved in pathogen re-growth accounts for the 
sporadic and inexplicable hikes in E. coli number during sludge processing seen by 
UU and other operators. Poor mixing, temperature fluctuation, foaming, grit 
deposition and flow bypassing are well known problems with sludge digestion.  They 
all serve to reduce the pathogen destruction capability of the digestion process.  Since 
these factors cannot be actively controlled, the pathogen performance of a 
conventional digestion process can therefore be volatile and difficult to predict.  
Indeed, a survey of all UU digestion sites (with primary & secondary digesters) in 
during 2000 showed an average risk of compliance failure of over 9%.   Informal 
discussion with other operators confirmed that sludge digestion systems in the UK 
have a compliant rate (to conventionally treated standard) of only 90% to 95%.  Since 
the standard requires 100% compliance, contingency provision is essential for any 
sludge facility relying on conventional digestion for agricultural recycling.  

Given that dewatering by centrifugation is a standard industry practice, any strategy 
for controlling E. coli in the final product must involve effective control of one or 
more of the factors that regulate the growth of a pathogen (E. coli).   The fermented 
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cake process is United Utilities’  strategy for the control of E. coli in the cake product.  
The strategy relies on the high VFA content and low pH in the final product to inhibit 
the growth of E. coli and other species.  Table 6 shows the pathogen results from the 
Macclesfield fermented cake trial.  No E. coli or Salmonella were detected in the cake 
after centrifugation (at 35°C) and no re-growth was detected during storage.  In some 
cases lime was added to raise the pH level in order to reduce the volatility of VFA and 
in those instances a high level of E. coli was detected in the cake after centrifugation.  
The results from this trial confirmed that high VFA and low pH could be used as an 
effective strategy for the control of E. coli in the final product. 
 
 
Table 6 - Pathogen level after 10 days in storage (Macclesfield) 

Run Fermentation pH VFA Dry solids E. coli Salmonella 
# period (d)  mg/L % cfu/gDS P/A 
1 4 6.1 5,200 28.3 <35 absent 
2 4 6.4 4,150 28.4 <35 absent 
3 4 7.4(*) 5,510 28.6 91,000 absent 
4 4 7.3(*) 4,670 22.3 211,000 absent 
5 6 5.5 6,370 24.9 <40 absent 

(*) pH adjusted with lime 

 

 

2.6 VFA production 
 
 
The study of VFA production is important for a number of reasons: 

1. VFA are the most important intermediates in biogas production  
2.  they have a key role in pathogen destruction in sludge fermentation/digestion 

processes 
3. they preserve the fermented cake in a “pickled”  state and maintain a low pH 

that are essential in combating pathogen re-growth and 
4. they provide a valuable carbon source for biological nutrient removal 

processes. 
 
 
 
Fresh sewage sludge has a very low level of VFA which builds up slowly with storage 
time under ambient temperature condition.  During Enzymic Hydrolysis treatment the 
elevated temperature accelerates the microbial activity and rapidly increases the acid 
level.   
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Figure 3 Trends in SCOD release (���� ) and VFA (as COD) production (���� ) 
 
 
Evidence of the working of hydrolytic and acidogenic enzyme activities in the process 
can be seen in the soluble COD (sCOD) and VFA profiles of the Blackburn EEH 
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reactor tanks.  The bars represent the range of values obtained over a period of three 
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42°C and the last three at 55°C.   The sCOD and the VFA levels increased at a 
constant rate during the mesophilic phase.  However, while the rate of VFA 
production seemed to plateau out after reactor tank 3 where the process temperature 
was raised to 55°C, the soluble COD level continued to rise.    This observation was 
consistent with the results of Roberts (PhD thesis, 1998) which indicated that short 
reactor retention times at 55°C were insufficient for the development of thermophilic 
acidogenic activity.  Shifting the process temperature from 42°C to 55°C inactivates 
the mesophilic bacteria responsible for acid fermentation but still allows hydrolytic 
enzymes to continue operating.   Trends in the soluble COD production did not 
indicate an influence of the change in process temperature on the hydrolysis rate.  One 
might expect that hydrolytic enzymes could increase in activity with temperature until 
denaturation impairs enzyme function.  With no observable temperature effect, it is 
possible that a balance between denaturation and increased activity resulted.  
Alternatively, other factors such as mass transport kinetics may be rate limiting 
hydrolytic function.   
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of 5.0 % dry solids with 3.8 days HRT were not necessarily characteristic of the EEH 
process (normally operates with 2 days HRT). The influence of loading and 
temperature on hydrolytic and acidogenic activity requires further investigation.  
Strategies to gain greater benefit from the retention time under thermophilic 
conditions with respect to hydrolysis and acidogenesis are also under consideration. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 – Typical VFA composition from fermented sludge 
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3.0 Fermented Cake Development 
 
Enzymic Hydrolysis is United Utilities’  patented and award-winning pre-treatment 
process for sludge.  Its main benefits include improved pathogen reduction, enhanced 
biogas production with reduced process time and no extra heat input.  Developments 
within the last 2 years have resulted in an advanced process, which can be used as a 
full sludge treatment that yields a fermented cake suitable for agricultural recycling.   
Since the new process does not involve digestion there would be substantial savings 
in capital, running and maintenance costs.  The cake would be of enhance treated 
standard (class A) with no HACCP risks.  The diagram below shows a schematic of 
the Fermented Cake Process (FCP). 
 

Figure 5 - Schematic of the Fermented Cake Process (FCP) 

Enzymic Hydrolysis with plug flow reactors ensures that the overall pathogen 
performance of the whole system is not dependent on the erratic performance of the 
digesters.  The E. coli level at the point of dewatering is therefore as low as possible 
and because the final product has a high VFA content and low pH to inhibit microbial 
growth, consequently any risk of re-growth is reduced accordingly. 

The fermented cake development takes the strategy for E. coli control to an 
unprecedented level.  Firstly, the process virtually wipes out any E. coli and 
Salmonella.  Secondly, dewatering the product in the presence of an active digestive 
enzyme system means that any nutrient release during centrifugation could not be 
used by the pathogens to grow. Finally, the low pH and the presence of a high 
population of acid bacteria in the cake ensure that pathogens have no chance to re-
establish themselves during the product storage phase. Odour causing bacteria 
(mainly neutrophiles and alkaliphiles) are similarly suppressed. 

Odour is a serious risk to the agricultural recycling of sludge (biosolids); however, 
currently there is only limited operational experience with the fermented cake 
application.  The main odour risk may arise either from incomplete fermentation or 
loss of VFA due to long term storage in open air.   
 
The odour risk from incomplete fermentation is due to a high residual level of amine 
and organic sulphur compounds and the C4-C5 VFA.   Adequate fermentation is 
necessary to ensure complete break down to ammonia, H2S and C2-C3 VFA.  The 
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H2S gas is not soluble under acid condition and is driven off into the biogas which is 
either flared or used in boilers to avoid any nuisance arising from its release. 
  
Long term storage of fermented cake in the open air may lead to a reduction of the 
VFA content due to the activity of aerobic bacteria.  Once the VFA is sufficiently 
reduced, the pH would rise and nutrients in the cake would become available to the 
odour causing bacteria.  In order to prevent odour development during long term 
storage, air exclusion for example using plastic covers, should be considered. 
 
The following sections provide a guide to experimental trials that may be undertaken 
to enable a practical evaluation of sludge fermentation for VFA generation and 
fermented cake production. 
 
 
3.1 Analytical methods and procedures  
 
1) Sludge samples: All sludge samples were spot samples.  Hydrolyser samples were 
taken from dedicated sampling ports from individual reactor tanks. Digested samples 
were fresh samples taken directly from the discharge points of the digesters.  Analysis 
followed within 6 hours of sampling or within 24 hours if kept at 4°C.  
 
2) Filtered samples: Sludge samples were filtered through Munktell MGC 150 mm 
filters.  Filtrate was analyzed directly for COD, total VFA (tVFA), and ammonium 
using Dr. Lange cuvette test kits, LCK 114, 365, and 303 respectively, with a Dr. 
Lange LT200 incubation block and Lasa50 spectrophotometer. 
 
3) Speciated analysis: Components of volatile fatty acids, were analyzed with a 
Varian 3400 gas chromatograph equipped with a Chromosorb 101 (80/100 mesh) 
column (Length: 2.5 m, diameter: 2.3 mm) and a flame ionization detector (FID). 
 
4) Other analyses:  All other analyses were done by United Utilities Lingley Mere 
Laboratories, using accredited methods.   E. coli enumerations were carried out with 
either the membrane filter method (conventionally treated samples) or the Most 
Probable Number Method (enhance treated samples). 
 
 
3.2 Rapid fermentation tr ials 
 
3.2.1 Fermented sludge preparation 
 
These rapid fermentation trials were carried out as a mean to evaluate the feasibility 
of the treatment process.  They may also be used for comparison of sludge from 
different sources.  Sewage sludge normally contains a large number of hydrolytic and 
fermentative bacteria necessary for the process and they provide sufficiently seed 
materials for start up.  A seed material may be required for very fresh biological 
sludge or other materials such as food wastes or chemical sludge.  In such cases, the 
seed material may be generated by fermenting a quantity of primary sludge at 30-
40°C for 3 days.  A seed to substrate ratio of 1:10 v/v is adequate. 
 



M S Le  Page 19 of 26 

In the following example sludge samples were fermented in an incubator (air oven 
that can be set to different temperature).    Each 500mL sample was placed in a 1L 
collapsible plastic bottle.  Any remaining air in the bottles was squeezed out and the 
cap tightened to allow the bottles to expand as the biogas evolves.  Table 7 shows the 
result from a series of trials with thickened sewage sludge.  Six bottles were used for 
each temperature run.    The trends in E. coli and Salmonella reduction can be seen 
readily from these trials.  Ammonia, soluble COD (sCOD) and alkalinity (not shown) 
trends are also very prominent.  In such trials the pH hardly showed any trend.  This is 
because pH is very dependent on CO2/NH3/VFA.  Ammonia and CO2 often 
neutralise each other in the early stages of the process.  Loss of CO2 in the biogas is 
also a factor affecting the process pH. 
 
 
Table 7 - Analysis of incubated samples (thickened sludge from Davyhulme GBT) 

 E. coli pH Ammonia sCOD DS% VS% Salmonella 
Days @ 20°C cfu/gDS  mg/L mg/L   count/gDS 

0 2,354,707 5.8 700 6,100 7.67 76.5  
1 4,148,394 5.9 811     
2 1,856,900 5.9 791 13,000    
3 699,301 5.8 750 10,900    
4 125,242 5.4 859 13,400    
5 35,953 5.3 786 11,960    

Days @ 30°C        
0 2,723,592 5.8 780 6,100 7.41 76.4  
1 1,026,459 5.9 855     
2 35,170 5.6 918 20,160    
3 1,636 5.4 903 14,300    
4 ND 5.4 1,044 18,360    
5 ND 5.3 1,250 17,440    

Days @ 35°C        
0 2,678,677 5.8 632 5,280 7.67 76.2 65 
1 1,501,324 6 920    22 
2 22,520 5.8 1,000 14,600   ND 
3 33,187 5.7 1,414 22,440   ND 
4 395 5.5 1,189 20,120   ND 
5 ND 5.5 1,269 20,560   ND 

Days @ 40°C        
0 3,208,081 5.8 746 4,560 7.5 76.5  
1 658,586 6.4 1,037 4,540    
2 808 6.6 1,291 11,650    
3 ND 6.7 1,414 20,300    
4 ND 6.6 1,422 16,800    
5 ND 6.5 1,463 16,600    

ND = Not Detected 
 
 
3.2.1 Fermented cake preparation 
 
Small samples (50g) of fermented cake were produced using the piston press for 
assessment of the odour risk and pathogen evaluation.  Digested sludge cake samples 
(from Ellesmere Port) were used for comparison. 
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The samples were placed in sealed containers.  The air in the container was monitored 
for H2S, mercaptans, NH3 and VOCs for a period of 2 weeks.  The results are 
summarised as follows: 
 
 
Pathogens:  No E. coli was detected from any of the fermented samples. 
 
Hydrogen sulphide:  Digested cake and raw cake samples emitted a similar level of 
H2S, but none was detected from the fermented cake sample. 
 
Mercaptans:  Similar level of mercaptans was detected from both the digested cake 
and fermented cake samples, but it was significantly lower than the level from raw 
cake. 
 
Ammonia:  Similar level of ammonia was detected from digested cake and fermented 
cake samples.  This was significantly higher than the level from raw cake. 
 
VOCs:  The level of volatile organic compounds (VOCs) emitted from the fermented 
cake sample was more significant than from digested or raw cake samples.   The 
VOCs disappeared after the first few days. 
 
Many compounds can give rise to odour nuisance.  Experience with sludge suggests 
that hydrogen sulphide and Mercaptans are often the main culprits in digested 
products while amine compounds are often associated with limed products.  The 
absence of hydrogen sulphide in the fermented cake suggested that there might be less 
sulphate reducing during fermentation.   Any sulphide produced is also likely to be 
given off with the biogas because of the low sludge pH.  The reduction of sulphates to 
sulphides is effected by sulphate reducing bacteria of the genera Desulfovibrio and 
Desulfotomaculum. All these bacteria are obligate anaerobes, i.e. they will not grow in 
the presence of even traces of oxygen. The desulfovibrio grow well at temperatures 
between 25 and 45 °C, and at pH values between about 5.5 and 9 (optimum pH = 
approx. 7.2). The pH range of the desulfotomaculum is similar. Dtm. nigrificans, 
however, is thermophilic, with an optimum growth temperature of 55 °C. Growth 
occurs even at 65-70 °C, and the organism can adapt itself to grow at temperatures as 
low as 30-37 °C. 
 
 
3.3 Scientific investigations  
 
For planned scientific evaluation of the process 10L fermenters or digesters, also 
known as chemostats, are employed.  Each chemostat is equipped with a heating 
jacket and temperature control; mixer; gas flow meter and optional gas analyser. 
 
3.3.1 Equipment set up and operation 
 
Firstly the chemostats were sealed and pressure tested to ensure there were no air 
leaks in the glass vessels or the metal lids (see Fig. 6).   
 
The chemostats were also filled with warm water so that the sludge was not placed 
into a cold vessel.   
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Once ready, 10 litres of sludge sample was then placed into each chemostat. These 
vessels were then sealed and the head space was flushed with Nitrogen gas to remove 
any oxygen that was present (the gas was left for 10 minutes to ensure adequate 
oxygen removal). 
 
The heating jackets were turned on to maintain the fermentation at the set 
temperature. The vessels were all mixed at 200 rpm.  For very thick sludge the mixer 
may be set at a speed of 400 rpm for the first 2 days due the increased viscosity.  
 
Samples of 250mL were taken each day for analysis, which included DS%, VS%, pH, 
ammonia, Soluble COD, Total COD, and VFA.   Sampling was done by attaching the 
Nitrogen gas cylinder to the gas line, running Nitrogen into the head space, which 
would result in the sample being displaced from the chemostat.  
 
Gas production was measured over the fermentation period using low flow gas 
meters.  Gas composition was measure using the GA 45 Plus gas analyser. This is 
done by attaching the gas composition analyser to the head space of the chemostat and 
draw in the gas for at least 30 seconds before taking a reading to ensure that any air in 
the instrument was purged completely.  
 

 
Figure 6 – Bench scale fermenters (10L capacity) with heat jackets and top mixers 
 
 
3.3.2 Fermentation studies 
 
So far the chemostats have been used to examine the E. coli behaviour under 
fermentation condition and cake storage.  Currently, they are used to study the 
kinetics of VFA production and the formation of other metabolites (biogas and 
ammonia).  Optimisation studies and the application of special microbial cultures are 
planned for the future.   Table 8 shows the result of a series of fermentation studies 
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using various sludge samples from Crewe EH plant.  It should be noted that sludge 
samples from the different EH reactor tanks would have different degree of treatment 
in the EH process prior to the commencement of the chemostat runs.  Thus, at the end 
of day 6 in the chemostat the sample from tank 2 would have a total treatment time of 
7.3 days.  
 
Table 8 – Fermentation data of samples from Crewe EH plant 
 Fermentation pH DS % VS % tCOD  sCOD VFA Ammonia  

 Period (d)       (mg/l) (mg/l) (mg/l) (mg/l) 

Run#1 - Sludge sample from Crewe EH plant feed 

0 6.03 6.61 75.24 87,100 4,360 5,940 260 

1 6.07 6.08 75.05 91,200 12,240 6,730 630 

2 6.22 6.02 74.06 86,400 13,150 7,650 880 

3 6.11 6.07 74.03 48,600 14,300 10,230 950 

4 5.98 5.82 74.37 83,000 15,520 9,540 1040 

5 5.77 5.72 73.95 87,200 16,120 8,550 1060 

6 5.6 5.65 73.54 87,300 17,400 11,810 1060 

 Run#2 - Sludge sample from Crewe EH plant reactor tank #2 (1.3 days treatment) 

0 5.35 5.85 71.11 76,500 8,540 7,840 430 

1 5.2 5.57 73.96 87,800 13,540 7,400 570 

2 5.35 5.37 73.48 81,200 13,620 10,740 670 

3 5.29 5.22 73.67 81,900 13,700 11,270 720 

4 5.27 5.19 73.6 79,800 14,860 10,680 750 

5 5.22 5.13 73.49 79,300 15,140 9,880 790 

6 5.09 5.05 73.73 82,500 15,760 11,370 840 

Run#3 - Sludge sample from Crewe EH plant reactor tank #4 (2.7 days treatment) 

0 5.13 4.46 71.5 67,100 11,420 8,760 410 

1 5.1 4.56 75.32 75,400 13,980 6,800 520 

2 5.19 4.5 75.4 70,600 13,450 9,900 610 

3 5.12 4.49 75.51 72,400 13,970 10,860 640 

4 5.15 4.57 75.64 71,100 14,760 9,200 670 

5 5.2 4.39 75.25 78,100 15,080 9,330 690 

6 4.96 4.35 75.38 81,300 15,390 11,050 720 

Run#4 -  Sludge sample from Crewe EH plant reactor tank #6 (4 days treatment) 

0 5.08 4.39 72.38 66,400 12,540 7,690 410 

1 5.1 4.33 72.59 72,100 13,580 6,880 540 

2 5.19 4.32 72.42 70,700 13,210 10,160 550 

3 5.12 4.28 72.5 71,100 13,560 9,730 630 

4 5.13 4.29 72.6 61,000 14,560 8,810 640 

5 5.14 4.18 73.69 70,600 15,010 8,840 620 

6 4.97 4.13 72.47 67,900 14,720 9,190 650 
 
Typical biogas composition (O2 presence is probably due to sample contamination) 
CH4 CO2 O2 H2S 
14.9 83.3% 2.3% 1,000 ppm 

 
The rapid increase in ammonia level during run#1 is interesting.  It is probably 
responsible for the relatively high pH during this run.   VFA concentration of 11,000 
mg/L and soluble COD concentration of 15,000 mg/L appear to be the limiting levels 
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in all runs.  This may have some significance as the high acid level is believed to be 
inhibitory to the hydrolytic bacteria.  Further work is required to overcome this effect 
if it is the case. 
 
As indicated previously, a small quantity of biogas is given off during fermentation.  
This is illustrated by Fig. 7.  The biogas composition is typically over 80% CO2 with 
a small amount of CH4 (Table 8). 
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Figure 7 – Biogas evolution during fermentation of the Crewe samples 
 
 
3.4 Pilot tr ial at Macclesfield 
 
The trial took place in November 2005.  Tank 6 of the EH plant was taken off-line 
and employed as a batch fermenter.  The sludge was hydrolysed for about 1.7 days in 
the first 5 tanks then retained in tank 6 for a further period to complete the 
fermentation.  Eight 80m3 batches of fermented sludge were produced and 
centrifuged to make cake for evaluation.   The trial runs were very successful; the 
cake stacked well, and was of low odour.   Test results indicated that the cake met the 
enhanced treated standard (class A) for agricultural recycling.   The trial has 
demonstrated the ability to produce cake of low odour / good stack-ability in just 4-6 
days using Enzymic Hydrolysis Technology and centrifuge compared to 30 days by 
conventional digestion.   
 
The dewatering operation was out in the open (see photographs in Fig. 8 below).  
Although significant vapour was emitted from the cake as it was discharged from the 
centrifuge, the odour was not discernible beyond a 10m distance of the cake trailer. 
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Lime suspension was injected into the fermented sludge in some batches to raise the 
pH prior to centrifugation in an attempt to suppress odour.   This had little observable 
effect. 
 
Samples of fermented cake were kept in bins on sites.   Five samples were tested for 
presence of Salmonella and all proved negative.  Samples with added lime showed 
very high E. coli counts while other samples all proved negative (see table 6). 
 
 
 
3.5 Demonstration plant 

 
Development work to date has confirmed the feasibility of the production of a 
fermented sludge cake for agricultural recycling. The resulting soluble COD 
constituted mainly of VFA that should prove a valuable carbon source for biological 
nutrient removal. 
 
Plans are now under way to establish a demonstration site for the fermented cake 
process at Penrith.  The works at Penrith has a 3 stage treatment plant comprising 
screening/grit removal, primary settlement tanks, high rate filters and secondary 
trickling filters. Flow to full treatment is 14.1 MLD with average daily flow of 7 
MLD.  During 2003 it was fitted with ferric dosing for phosphorus removal (consent 
30/45/20/1/4 BOD/SS/NH3/P/Fe).  
 
The site is equipped with a plate press with an output of 1,600 tpa as raw cake 
(400tDS). Cake is stored on site for three months then taken away for composting 
with a green waste.  This is only a short term measure as the outlet is not guaranteed.  
The ferric sludge has proved very difficult to dewater.  Consequently, it is segregated 
and transported to another site for treatment (Workington). 
 
The current proposal include combining all the sludge streams; providing sludge 
thickening; six-day fermentation and dewatering with a new centrifuge to produce 
fermented cake for agricultural recycling.  The VFA stream will be converted to 
biogas to provide process heating or flaring off in case of any surplus biogas.  Longer 
term, there would be no biogas surplus as any extra VFA would be recycled to the 
new biological nutrient removal process that is currently under development. 
 
 
 
 
 
 
 
 



M S Le  Page 25 of 26 

 
Figure 8 – The Macclesfield fermented cake trial, 2005-6. 
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