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ABSTRACT 

 
Over the last ten years, a variety of pre-treatment technologies have emerged claiming to 
optimise anaerobic digestion. Of all these technologies, biological hydrolysis (Monsal Enzymic 
Hydrolysis) is the most widely adopted technology in the UK. Monsal Enzymic Hydrolysis has 
now been selected for eleven plants; eight operational, one under construction, and two in 
design, and the technology has been adopted by five water utility companies, and is currently the 
technology utilised at the largest Advanced Digestion plant in the UK. 
 
Originally designed as a cost effective alternative to secondary digestion, the paper reviews the 
development of the Monsal Enzymic Hydrolysis process since 2002 to the present day. Current 
levels of performance are highlighted demonstrating biogas production of >400m3/tds, pathogen 
free centrifuge cake without regrowth, energy self-sufficiency, rheology conditioning, 
dewaterability >28%DS and seamless plant integration. New plants under construction are 
presented introducing new advances such as raw cake back mixing allowing feeds of 8% and 
digester loadings of >4.5kgVS/m3.day.  
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INTRODUCTION 
 

Anaerobic sludge digestion has been in use continuously for more than 100 years, and remains a 
valued process for sludge stabilisation. A number of drivers such as renewable energy, 
legislation, disposal of sludge and the increasing costs of alternative treatments have renewed 
the interest in anaerobic digestion. It is unique amongst current treatment technologies in that it 
stabilises sludge, reduces volume and odour, and generates biogas that can be used as a 
renewable energy source. 
 
Anaerobic digestion involves a consortium of bacteria, with the degradation of complex particulate 
sludge solids being described as a multi-step process of serial and parallel reactions. Complex 
organic polymers are first hydrolysed by extracellular enzymes of facultative or obligate anaerobic 
bacteria into constituents small enough to allow their transport across the cell membrane. These 
simple soluble compounds are then fermented, or anaerobically oxidised to short chain fatty acids 
intermediates; alcohols, carbon dioxide, hydrogen, and ammonia. The short chain fatty acids are 
converted to acetate, diatomic hydrogen and carbon dioxide. Finally, methanogenesis occurs 
from carbon dioxide reduction by hydrogen, and from acetate. The process may be summarised 
by the following steps: 
 
Hydrolysis: Since the microorganisms are not capable of assimilating particulate organic matter, 
the first phase consists of the hydrolysis of complex particulate organic matter into smaller 
dissolved molecules, which can penetrate through the cell membranes of the fermentative 
bacteria. Particulate materials are converted into dissolved materials by the action of extracellular 
enzymes excreted by the hydrolytic fermentative bacteria. The soluble products from the 
hydrolysis phase are metabolised inside the cells of the fermentative bacteria and are converted 
into several simpler compounds, which are then excreted by the cells. 
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The hydrolysis is catalysed by enzymes excreted by the facultative or obligate anaerobic bacteria. 
Without these enzymes, the hydrolysis would be impractically slow under the conditions found in 
mesophilic anaerobic digestion (MAD). 

 
Acidogenesis: Specific bacteria convert the products of hydrolysis to volatile fatty acids (VFAs) 
comprising mostly acetic acid, propionic acid and butyric acid. As well as producing VFAs, this 
step also releases into solution ammonia from the degradation of proteins. This is crucial reaction 
since the ammonia stabilises the pH value by neutralising the effect of the VFAs. 

 
Acetogenesis: Acetogenic bacteria convert the proionic and butyric to acetic acid, releasing more 
hydrogen into solution. The progress of this reaction is dependent on methanogenesis, which 
removes hydrogen from solution. 

 
Methanogenesis: Aceticlastic methanogenes convert acetic acid into methane and carbon dioxide 
Hydrogen-utilising methanogens use hydrogen as the electron donor and carbon dioxide as the 
electron acceptor to produce methane. 
 

Biodegradable sludge solids comprises three main components; carbohydrates, lipids, and 
proteins.  All three components are converted to biogas by means of the stepped reactions 
described above, albeit at different rates.  Generally, carbohydrates have the highest conversion 
rates and proteins the lowest. The rate of progress that these steps can achieve is in turn 
governed by kinetics. Generally, methanogenesis is considered to be the rate-limiting step. This 
is due to both, low yields of methanogenic archaea, and long doubling times. Therefore, 
traditionally anaerobic digesters have long retention times to accommodate the slow growth 
kinetics of methanogenic archaea. However, with certain influents such as fats, greases, 
cellulosic material, and materials with a high refractory content, in practice it is hydrolysis that is 
rate limiting during treatment. 

The Monsal Enzymic Hydrolysis process consists of multiple stage serial flow reactors, which 
separates out the hydrolysis and acidogenesis stages from the methanogenic stage, providing 
optimal conditions for hydrolysis and acidification. This facilitates hydrolysis proceeding faster 
compared with conventional MAD, allowing the digestion stage to be smaller, the organic loading 
to be increased, and the retention time to be reduced. At the same time, this optimisation allows 
more effective biological pathogen inactivation.  
 
Sludge used in agriculture must comply with stringent bacterial standards to safeguard public and 
animal health, and be stabilised to avoid attracting insects, birds, and rodents. In this respect, UK 
authorities define two types of sludge; ‘conventionally-treated sludge’, and ‘enhanced-treated’ 
sludge. However, MAD does not reliably disinfect sludge sufficiently to produce even a 
‘conventionally-treated’ sludge. To produce sludge compliant with either standard, MAD is 
combined with other forms of treatment which may precede or succeed MAD. Pre-treatment is 
more attractive, as apart from increasing the degree of disinfection, it has the potential to improve 
the performance of MAD by making the sludge more amenable to digestion, which subsequently 
increases volatile solids destruction (VSD) and biogas production. Such pre-treatment can lead to 
higher quality sludge, reduced amount of sludge requiring disposal, and increased biogas for 
utilisation in Combined Heat and Power (CHP) systems. 
 
There are many types of pre-treatment methods, classified as biological, thermal, chemical, and 
physical. Over the last few years biological (Monsal Enzymic Hydrolysis) and thermal hydrolysis 
processes have emerged as the fastest growing and only proven pre-treatment technologies in 
the UK. 
 
This paper discusses the optimisation of biological hydrolysis in anaerobic digestion, and 
describes the development of the Monsal advanced biological hydrolysis processes; Enzymic 
Hydrolysis (EH), Enhanced Enzymic Hydrolysis (EEH), and EEH with steam, and discusses the 
engineering improvements since its first installation in 2002. 
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Nearly all chemical reactions in biological systems are catalys
called enzymes. Enzymes can be divided into two main groups: intracellular and extracellular. 
The former occur inside cells where they control metabolism. The latter are produced by cells but 
achieve their effects outside the 
therefore reflect the properties of proteins. They work very rapidly, and they are not destroyed by 
the reactions they catalyse and so can be used again. However, enzymes are inactivated by 
excessive heat. Figure 1(a) shows the effect of temperature on the rate of an enzyme
reaction. Up to about 40oC the rate increases smoothly, a ten degree rise in temperature being 
accompanied by an approximate doubling of the rate of the action.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The effect of a) temperature, b) pH on an enzyme co ntrolled reaction 
 
 
Above this temperature the rate begins to fall off, and at about 60
altogether. This is because proteins (and therefore enzymes) at high 
For this reason few cells can tolerate temperatures higher than approximately 45
the protein nature of an enzyme, thermal denaturation of the enzyme protein with increasing 
temperatures will decrease the effective c
the reaction rate; until rapid denaturation destroys the catalytic function of the enzyme protein. 
Enzymes are also sensitive to pH. Figure 1(b) shows a bell
plateau and with sharply decreasing rates on either side of the optimal pH point.
  
Bacterial cell walls, in contrast with animal cells, are surrounded by cell walls. Therefore, in 
anaerobic digestion, enzyme hydrolysis is essential so that complex particulate orga
can be converted to smaller dissolved molecules, which can penetrate through the cell 
membranes, thereby making the cell contents more amenable to digestion. Biological pre
treatment in general increases the solids destruction in MAD by suppleme
acid production in a separate upstream reactor under favourable conditions. Biological hydrolysis 
releases intracellular COD, which subsequently becomes available for consumption by other 
organisms. Anaerobic oxidation of volatile fatt
pre-treatment. The acidification causes the pH value of the feed sludge to decline to typically 5.0 
to 5.5, which is considered to accelerate hydrolysis. Where hydrolysis can be accelerated, it can 
be removed and the rate-limiting step in the overall process, allowing the digestion stage to be 
smaller, the organic loading of the digester to be increased, and the retention time to be reduced. 
At the same time, this optimisation allows more effective biological 
Enzymic Hydrolysis is a proprietary biological hydrolysis process.
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BIOLOGICAL HYDROLYSIS 

Nearly all chemical reactions in biological systems are catalysed by specific macromolecules 
called enzymes. Enzymes can be divided into two main groups: intracellular and extracellular. 
The former occur inside cells where they control metabolism. The latter are produced by cells but 
achieve their effects outside the cell. Enzymes are always proteins, and their characteristics 
therefore reflect the properties of proteins. They work very rapidly, and they are not destroyed by 
the reactions they catalyse and so can be used again. However, enzymes are inactivated by 

sive heat. Figure 1(a) shows the effect of temperature on the rate of an enzyme
C the rate increases smoothly, a ten degree rise in temperature being 

accompanied by an approximate doubling of the rate of the action. 

The effect of a) temperature, b) pH on an enzyme co ntrolled reaction 

Above this temperature the rate begins to fall off, and at about 60oC the reaction ceases 
altogether. This is because proteins (and therefore enzymes) at high temperature are denatured. 
For this reason few cells can tolerate temperatures higher than approximately 45
the protein nature of an enzyme, thermal denaturation of the enzyme protein with increasing 
temperatures will decrease the effective concentration of an enzyme and consequently decrease 
the reaction rate; until rapid denaturation destroys the catalytic function of the enzyme protein. 
Enzymes are also sensitive to pH. Figure 1(b) shows a bell-shaped curve with a relatively small 

nd with sharply decreasing rates on either side of the optimal pH point.

Bacterial cell walls, in contrast with animal cells, are surrounded by cell walls. Therefore, in 
anaerobic digestion, enzyme hydrolysis is essential so that complex particulate orga
can be converted to smaller dissolved molecules, which can penetrate through the cell 
membranes, thereby making the cell contents more amenable to digestion. Biological pre
treatment in general increases the solids destruction in MAD by suppleme
acid production in a separate upstream reactor under favourable conditions. Biological hydrolysis 
releases intracellular COD, which subsequently becomes available for consumption by other 
organisms. Anaerobic oxidation of volatile fatty acids may also occur depending on the type of 

treatment. The acidification causes the pH value of the feed sludge to decline to typically 5.0 
to 5.5, which is considered to accelerate hydrolysis. Where hydrolysis can be accelerated, it can 

limiting step in the overall process, allowing the digestion stage to be 
smaller, the organic loading of the digester to be increased, and the retention time to be reduced. 
At the same time, this optimisation allows more effective biological pathogen inactivation. 
Enzymic Hydrolysis is a proprietary biological hydrolysis process. 
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C the reaction ceases 
temperature are denatured. 

For this reason few cells can tolerate temperatures higher than approximately 45oC. Because of 
the protein nature of an enzyme, thermal denaturation of the enzyme protein with increasing 

oncentration of an enzyme and consequently decrease 
the reaction rate; until rapid denaturation destroys the catalytic function of the enzyme protein. 

shaped curve with a relatively small 
nd with sharply decreasing rates on either side of the optimal pH point. 

Bacterial cell walls, in contrast with animal cells, are surrounded by cell walls. Therefore, in 
anaerobic digestion, enzyme hydrolysis is essential so that complex particulate organic matter 
can be converted to smaller dissolved molecules, which can penetrate through the cell 
membranes, thereby making the cell contents more amenable to digestion. Biological pre-
treatment in general increases the solids destruction in MAD by supplementing hydrolysis and 
acid production in a separate upstream reactor under favourable conditions. Biological hydrolysis 
releases intracellular COD, which subsequently becomes available for consumption by other 

y acids may also occur depending on the type of 
treatment. The acidification causes the pH value of the feed sludge to decline to typically 5.0 

to 5.5, which is considered to accelerate hydrolysis. Where hydrolysis can be accelerated, it can 
limiting step in the overall process, allowing the digestion stage to be 

smaller, the organic loading of the digester to be increased, and the retention time to be reduced. 
pathogen inactivation. 
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HISTORICAL DEVELOPMENT OF MONSAL ENZYMIC HYDROLYSIS  
 
There are now eleven Enzymic Hydrolysis plants in operation, construction or design in the UK, 
with the process being adopted by five water utility companies, and is currently the technology 
utilised at the largest Advanced Digestion plant in the UK. Figure 2 illustrates the current sites 
using Monsal advanced biological hydrolysis. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2: Monsal Enzymic Hydrolysis Plants 
 
The first plant was installed at Macclesfield in 2002. It was a full-scale demonstration plant that 
was scaled up directly from the initial laboratory work undertaken by United Utilities. The plant 
was designed and built on the basis that it was more cost-effective to install a pre-treatment 
process compared with construction of new secondary digesters on-site. The original design 
basis of the plant was to achieve a ‘conventionally-treated’ sludge product. It was on the 
subsequent plants where volatile solids destruction, energy production, and ‘enhanced’ sludge 
treatment were optimised. Table 1 provides a time-line of the development of enzymic hydrolysis, 
from the original demonstration plant in 2002, to the latest plants currently under design. 
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Table 1: Enzymic Hydrolysis Asset Base 

2000 to 2002 Macclesfield Enzymic Hydrolysis 

 
·  4,500 tds/annum 

 
·  Full-scale demonstration plant 

 
·  6.0% EH feed 

 
·  2 day EH HRT 

 
·  17 day MAD HRT 

 
 

 
 
 
 
 

2004 Bromborough Enzymic Hydrolysis 

 
·  8,100 tds/annum 

 
·  First full-scale standard plant 

 
·  Improved layout 

 
·  Access platform added 

 
·  Control system developed 

 

 
 
 
 
 
 
 
 
 
 
 
 

2005 to 2006 Crewe Enzymic Hydrolysis 

 
·  12,500 tds/annum 

 
·  6.5% EH feed 

 
·  2.1 day EH HRT 

 
·  16 day MAD HRT 

 
·  VS Loading 3 kg/m3 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

2005 to 2006 Blackburn Enhanced Enzymic Hydrolysis 

 
·  16,200 tds/annum 

 
·  First Enhanced Enzymic Hydrolysis plant 

 
·  6.0% EH feed 

 
·  2.2 day EEH HRT 

 
·  12 day MAD HRT 
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Table 1: Enzymic Hydrolysis Asset Base (Continued) 

2007 Cambridge Enhanced Enzymic Hydrolysis 

 
·  11,500 tds/annum 

 
·  Improvements to access and maintenance 

 
·  4.5% EEH Feed 

 
·  2.1 day EEH HRT  

 
·  11.4 day MAD HRT 

 
 

 
 
 
 
 

2007 Goddards Green Enzymic Hydrolysis 

 
·  9,700 tds/annum 

 
·  CHP fully integrated 

 
·  7.0% EH feed 

 
·  2.0 day EH HRT 

 
·  10.4 day MAD HRT 

 
 
 
 
 
 
 
 
 
 
 
 

2008 Avonmouth Enzymic Hydrolysis 

 
·  30,700 tds/annum 

 
·  First energy plant 

 
·  3 day EH HRT, 11 day MAD HRT 

 
·  VS Loading 3.8 kg VS/m3 

 
·  1 MWe per 10,000 tds  

 

 
 
 
 
 
 
 
 
 
 
 
 

2008 King’s Lynn Enhanced Enzymic Hydrolysis 

 
·  19,200 tds/annum 

 
·  First steam injection plant 

 
·  Vivianite mitigation  

 
·  Robust pathogen reduction 

 
·  3 day EEH HRT 
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Table 1: Enzymic Hydrolysis Asset Base (Continued)  

2009 Great Billing Enhanced Enzymic Hydrolysis 

 
·  39,000 tds/annum 

 
·  Cake imports with back-blending 

 
·  7.0% EEH feed 

 
·  3.1 days EEH HRT 

 
·  11.3 days MAD HRT 

 
·  VS Loading 4.7 kg VS/m3 

 

 
 
 
 
 

2009 Eign Enhanced Enzymic Hydrolysis 

 
·  10,000 tds/annum 

 
·  7.0% EEH feed 

 
·  3.0 days EEH HRT 

 
·  12 days MAD HRT 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

2009 Lancaster Enhanced Enzymic Hydrolysis 

 
·  9,500 tds/annum 

 
·  5.2% EEH Feed 

 
·  3.0 days EEH HRT 

 
·  14.4 days MAD HRT 

 
 
 
 
 
 
 
 
 
 
 
 

 
Since 2002, the process has undergone significant design and engineering development. These 
improvements in the process have opened up the application for Enzymic Hydrolysis as a pre-
treatment to anaerobic digestion.  
 
 

APPLICATIONS OF ENZYMIC HYDROLYSIS 
 
The Monsal advanced biological hydrolysis processes include Enzymic Hydrolysis (EH), 
Enhanced Enzymic Hydrolysis (EEH), and EEH with steam. Each process can be used as a pre-
treatment technology for anaerobic digestion. The specific selection of the process depends on 
the objective of a project, whether the objective is volatile solids reduction, maximising energy 
production, or pathogen reduction. Details of each of the processes are described below. 
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Enzymic Hydrolysis 
 
The Enzymic Hydrolysis process was 
demonstration plant at Macclesfield was developed to optimise anaerobic digestion by separating 
out the hydrolysis and acidogenesis stages from the methanogenesis stage and at the same time 
improving the pathogen kill occurring in the digestion process, without building additional digester 
assets. It was following the performance at Macclesfield that the process was subsequently 
developed as a process choice for increasing volatile solids production, an
renewable energy production. From the original laboratory work, Monsal designed and 
engineered the Enzymic Hydrolysis (EH) process (Figure 3). It utilises six serial reactor vessels, 
with an overall retention time of 2
mesophilic system at 42oC for optimum enzyme activity. Each reactor vessel is mixed using gas 
mixing, and sludge is moved through the plant in a reverse cascaded batch, via high and low
level gas lifts. Electrical energy can b
from the CHP plant is used to provide all the heating requirements of the process stream. Both 
low-grade heat from the CHP cooling jacket and the high
transferred to a water ring main. Heat is then transferred from the ring main into Reactor Vessel 1 
via a sludge-to-water heat exchanger. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Enzymic Hydrolysis Flowsheet
 
The head space of the reactors is connected to a common biogas 
plant is operated at 42oC, with the digester (depending on local conditions), being operated 
between 35 – 40oC. Sludge cooling is not required. The digester temperature is achieved via 
fugitive heat losses. The efficiency of 
affected by the dry solids of the feed sludge, with both hydrolysis, and the energy balance 
improving as the feed sludge dry solids increases. The process is designed with feed sludge 
solids in the range 6.0 to 8.0% d.s. w/w.  The first EH plant was installed in Macclesfield in 2002, 
and was designed with a 2-day retention time. However, the design has now been optimised for 
maximising renewable energy generation, with the retention time being extende
peak throughput.  
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The Enzymic Hydrolysis process was developed for United Utilities by Monsal. The original 
demonstration plant at Macclesfield was developed to optimise anaerobic digestion by separating 
out the hydrolysis and acidogenesis stages from the methanogenesis stage and at the same time 

he pathogen kill occurring in the digestion process, without building additional digester 
assets. It was following the performance at Macclesfield that the process was subsequently 
developed as a process choice for increasing volatile solids production, an
renewable energy production. From the original laboratory work, Monsal designed and 
engineered the Enzymic Hydrolysis (EH) process (Figure 3). It utilises six serial reactor vessels, 
with an overall retention time of 2-3 days upstream of MAD. The EH plant is operated as a 

C for optimum enzyme activity. Each reactor vessel is mixed using gas 
mixing, and sludge is moved through the plant in a reverse cascaded batch, via high and low
level gas lifts. Electrical energy can be generated via a biogas powered CHP, and heat recovered 
from the CHP plant is used to provide all the heating requirements of the process stream. Both 

grade heat from the CHP cooling jacket and the high-grade heat from the CHP exhaust are 
to a water ring main. Heat is then transferred from the ring main into Reactor Vessel 1 

water heat exchanger.  

Enzymic Hydrolysis Flowsheet  

The head space of the reactors is connected to a common biogas line with the digester. The EH 
C, with the digester (depending on local conditions), being operated 

C. Sludge cooling is not required. The digester temperature is achieved via 
fugitive heat losses. The efficiency of hydrolysis and subsequent volatile solids destruction is 
affected by the dry solids of the feed sludge, with both hydrolysis, and the energy balance 
improving as the feed sludge dry solids increases. The process is designed with feed sludge 

ange 6.0 to 8.0% d.s. w/w.  The first EH plant was installed in Macclesfield in 2002, 
day retention time. However, the design has now been optimised for 

maximising renewable energy generation, with the retention time being extende
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out the hydrolysis and acidogenesis stages from the methanogenesis stage and at the same time 

he pathogen kill occurring in the digestion process, without building additional digester 
assets. It was following the performance at Macclesfield that the process was subsequently 
developed as a process choice for increasing volatile solids production, and maximising 
renewable energy production. From the original laboratory work, Monsal designed and 
engineered the Enzymic Hydrolysis (EH) process (Figure 3). It utilises six serial reactor vessels, 

The EH plant is operated as a 
C for optimum enzyme activity. Each reactor vessel is mixed using gas 

mixing, and sludge is moved through the plant in a reverse cascaded batch, via high and low-
e generated via a biogas powered CHP, and heat recovered 

from the CHP plant is used to provide all the heating requirements of the process stream. Both 
grade heat from the CHP exhaust are 

to a water ring main. Heat is then transferred from the ring main into Reactor Vessel 1 

line with the digester. The EH 
C, with the digester (depending on local conditions), being operated 

C. Sludge cooling is not required. The digester temperature is achieved via 
hydrolysis and subsequent volatile solids destruction is 

affected by the dry solids of the feed sludge, with both hydrolysis, and the energy balance 
improving as the feed sludge dry solids increases. The process is designed with feed sludge 

ange 6.0 to 8.0% d.s. w/w.  The first EH plant was installed in Macclesfield in 2002, 
day retention time. However, the design has now been optimised for 

maximising renewable energy generation, with the retention time being extended to 3-days at 
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Enhanced Enzymic Hydrolysis 
 
Sewage sludge in the UK generally contains wide range of pathogen types, from viruses through 
to cysts and in some cases ova. All are destroyed by pasteurisation, which is by keeping the 
sludge at a specified elevated temperature for a specified time. As the requirements for sludge 
treatment have become more stringent, and the recycling route for treated sludge has reduced, 
there has been increasing pressure for the UK Water Industry to treat sludge to the ‘enhanced-
treated’ standard, and not just ‘conventionally-treated’. In answer to this challenge, the Enhanced 
Enzymic Hydrolysis (EEH) process (Figure 4) was developed. 
 
In order to achieve an ‘enhanced-treated’ sludge product, the process is operated with both a 
mesophilic and a thermophilic stage. Reactor vessels 1, 2 and 3 are operated as serial 
mesophilic reactors, and reactor vessels 4, 5, and 6 are operated as a serial-batch pasteurisation 
stage. The serial reactors are operated at 42oC, with an HRT of 1.5 days. The thermophilic 
pasteurisation stage operates at 55oC with a retention time of approximately 1.5 days 
incorporating a 5-hour hold time. Therefore, EEH, in its simplest form, is biological hydrolysis 
followed by a stage treating the sludge at a specified elevated temperature for a specified time.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Enhanced Enzymic Hydrolysis Flowsheet 
 
All reactor vessels are mixed using gas mixing, and sludge is moved through the plant in a 
reverse cascaded batch. Electrical energy can be generated via a biogas powered CHP, and heat 
recovered from the CHP plant is used to provide all the heating requirements of the process 
stream. Heat is transferred into RV1 and RV4 via sludge-to-water heat exchangers.  Under 
normal circumstances, the process is self-sufficient in energy, and does not require any 
supplementary fuel. The break-point for energy self-sufficiency is approximately 5.5% d.s. w/w. 
As both hydrolysis and the energy balance improve with higher dry solids concentrations in the 
feed sludge, the standard design is in the range 6.0 to 8.0% dry solids. The process can tolerate 
lower sludge feeds, but this will result in a reduction in hydrolysis efficiency, a reduction in volatile 
destruction, a reduction in the environmental pressures applied to pathogen indicator organisms, 
and a deleterious effect on the energy balance of the plant. Generally, if the feed sludge 
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thickness is in the range 5.5% to 6.0% d.s. supplementary heating will be required during the 
winter months. If the feed sludge is greater than 6.0%, the system is self-sufficient in energy. 
Second stage heat is transferred to RV4 via a sludge recirculation / transfer line. This ensures 
that all the contents of the sludge pass directly through the HEX, so that all the sludge is raised to 
the correct temperature without hot / cold spots. As the sludge is raised to 55oC in the EEH stage, 
the sludge has to be cooled back down to approximately 40oC for mesophilic digestion. 
 
Enhanced Enzymic Hydrolysis using Steam Heating  
 
The next development of enzymic hydrolysis was to develop a system where the second stage 
heating uses steam, as a replacement for the sludge-to-water heat exchanger. The reason for 
this was to remove the risk of vivianite (Fe3(PO4)2.8H20) precipitation. At several Anglian Water 
sites, iron salts are dosed into the activated sludge plants to precipitate phosphate and comply 
with the treated effluent consent standards.  At some of these sites, Anglian Water operated 
sludge pasteurisation plants.  At these particular sites, water-to-sludge and sludge-to-sludge heat 
exchangers have scaled with vivianite (Fe3(PO4)2.8H2O), which has been a major operational 
issue.  The scaling occurs only on the exchanger sides where the sludge is being heated and 
only when sludge temperature rises above 40oC to 45oC.  Vivianite scaling did not occur on 
exchanger sides where the sludge was being cooled.  No method had been found to prevent the 
scaling, and the scale has to be physically removed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Enhanced Enzymic Hydrolysis (Steam Heating ) Flowsheet 
 

To circumvent scaling in the second stage heat exchanger, an alternative method of sludge 
heating was developed. As with EH, the stage 1 heat exchanger servicing RV1 will transfer waste 
heat from the jacket of the CHP to heat the sludge to 42oC.  At this temperature, vivianite scaling 
should not occur.  However, the second stage heat exchanger servicing RV4 has been replaced 
by direct steam injection, and the steam is raised by recovering high-grade heat from the CHP 
exhaust. A steam-to-water heat exchanger has also been included, such that excess high-grade 
heat can be used to supplement the heating of RV1 if required. 
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The flow sheet for Enhanced Enzymic Hydrolysis using steam is shown in Figure 5. Where a 
wastewater treatment plant removes phosphate using iron salts, and the resulting ferrous 
phosphate rich sludge undergoes heat treatment above 40oC to 45oC EEH is replaced by EEH 
(Steam).  
 
The process is similar to EEH, with the exception of the heating system. EEH (Steam) combines 
three serial CSTRs with a three-reactor pasteurisation stage as before. Low-grade heat from the 
CHP cooling jacket is transferred into RV1 via a sludge-to-water heat exchanger, but high-grade 
heat from the CHP exhaust is diverted to a Waste Heat Boiler to raise steam. Live steam is then 
injected via a venturi steam injector into a sludge recirculation and transfer loop feeding into RV4. 
Steam is injected directly into the sludge in a total loss system. Therefore, sludge shall be subject 
to high temperature, and rapid pressure changes, and the ‘steam heated’ sludge shall be 
marginally diluted as the steam condenses. The configuration of the steam injector is such that all 
the sludge has to pass directly through the steam injector, so that all the sludge is raised to the 
correct temperature without hot or cold spots. Figure 6 shows the stage 1 sludge-to-water heat 
exchanger (HEX), and the stage-2 steam injection system installed at King’s Lynn. The steam 
injector is significantly more compact than an equivalent sludge-to-water HEX. Less material is 
required for the steam injector, and the footprint, and subsequent skid size is reduced. Therefore, 
steam injection provides process, plant, and cost benefits when compared with conventional 
sludge-to-water HEXs. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 6: EEH Heating a) Stage 1: Sludge-to-water H EX, b) Stage 2: Steam Injection 
 
EH, EEH, and EEH (Steam) are self-sufficient in energy, and do not require any supplementary 
fuel. The break-point for energy self-sufficiency is similar to EEH.  The energy balance for the 
systems is discussed in more detail below. 

 
 

ENERGY BALANCE 
 
As mentioned previously, over the last few years; Monsal Enzymic Hydrolysis and thermal 
hydrolysis have emerged as the fastest growing and most proven pre-treatment technologies in 
the UK. Each system has advantages and disadvantages over each other. One of the key 
differences between the two processes is the energy balance. Although biological hydrolysis shall 
generate less gross energy in comparison to thermal hydrolysis, it is self-sufficient in energy, 
whereas thermal hydrolysis is not, and requires 25 to 35% supplementary fuel. In addition to this, 
the specific biogas yield per tonne of dry solids feed of the two processes is comparable. 
Chertsey (Thermal Hydrolysis) yields an average biogas yield of approximately 400m3/tds fed, 
whereas Avonmouth (Enzymic Hydrolysis), Goddards Green (Enzymic Hydrolysis), and King’s 
Lynn (Enhanced Enzymic Hydrolysis with steam) yield 425m3, 405 m3, and 385 m3/tds 
respectively.  
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At the time of writing, Avonmouth was the largest operational Advanced Digestion plant in the UK, 
treating 31,000 tds/annum. Great Billing (EEH with steam) is currently under construction, and is 
designed for 39,000 tds/ annum. Figure 7 details the energy balance for a sludge treatment 
centre using EEH (Steam) as a pre-treatment to anaerobic digestion. The energy balance is 
based on 39,000 tds/annum entering the sludge treatment centre. Allowing for solids losses 
during pre-thickening, approximately 38,000 tds/annum shall be fed to the EEH process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: EEH (Steam) Energy Balance  
 
From 38,000 tds fed, 11MW energy shall be available in the biogas. Using CHP, approximately 
4.3MWe shall be generated, and 5.0MW useable thermal energy can be recovered as low-grade 
and high-grade heat. The process is clearly self-sufficient in thermal energy with a surplus of over 
2 MW of thermal energy. With the uncertainty regarding Renewable Obligation Credits (ROCs) 
banding, it is imperative that advanced digestion processes are self-sufficient in energy to offer 
the most sustainable treatment solution. 
 

SLUDGE RHEOLOGY 
 

There is a break-point where enhanced biological hydrolysis becomes self-sufficient in energy. 
The thicker the sludge dry solids, the better the energy balance as the volume of water to be 
heated is reduced. Feeding the process with thicker sludge brings additional benefits. As the 
sludge dry solids increases, biological hydrolysis is improved, which provides more environmental 
stress to pathogen indicator organisms such as E.coli, improving the pathogen reduction. Also the 
size of reactors can be reduced. A downside of increasing the sludge dry solids is as the sludge 
acts as a non-newtonian fluid, the viscosity of the sludge increases dramatically.  However, the 
action of hydrolysis has a beneficial effect on the viscosity and shear rate. Working in conjunction 
with the BHR Group, Monsal investigated the effects of enzyme hydrolysis on the rheology of the 
sludge.  Figure 8, 9, & 10 show the comparison of the viscosity against shear rate; for raw sludge 
prior to enzyme hydrolysis, and hydrolysed sludge.  
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Figure 8: Sludge Rheology: 6% raw sludge  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Sludge Rheology: 8% raw sludge c) 8% Reac tor Vessel 4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Sludge Rheology: 8% Reactor Vessel 4  
 
Samples were taken from the King’s Lynn EEH (Steam) plant, from the raw sludge feed to reactor 
vessel 1, and from reactor vessel 4 after the enzyme hydrolysis stage, but before pasteurisation, 
or digestion. Prior to analysis, the sludge was concentrated to standard dry solids concentrations. 

TR 185 turbulent regime comparison – Raw sludge 6%  

TR 185 turbulent regime comparison – Raw sludge 8%  

TR 185 turbulent regime comparison – Phase 2  sludge 8%  
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The raw feed sludge was concentrated to 6 and 8%. The hydrolysed sludge was concentrated to 
8%. The rheology of the sludges was compared with upper, median, and lower bound sludges in 
accordance with WRc Report TR185. The composition of the sludge was approximately 40% 
primary sludge, 60% secondary sludge.  
 
From the figures it can be seen that according to TR185 the sludge changes from upper bound, 
and as the sludge is concentrated it changes to median bound. From the figures, it can be seen 
that the viscosity remains fairly constant, suggesting that the rheology changes with hydrolysis. 
All the sludge behaves as median bound sludge of about 5.5% dry solids. i.e., 8% hydrolysed 
sludge behaves as a 5.5% non-hydrolysed sludge. That is, an 8% sludge following hydrolysis, but 
prior to pasteurisation and digestion behaves as a 5.5% raw sludge. It is anticipated that the 
rheology would further improve following pasteurisation and digestion. Therefore, the process of 
enzyme hydrolysis reduces the viscosity of the sludge, allowing thicker sludge to be successfully 
pumped and mixed.  
 

PLANT ENGINEERING 
 
The first Enzymic Hydrolysis plant was installed at Macclesfield in 2002. Since then a further 
seven plants have been built, one is under construction, and two are in design. From the first 
plant, Monsal have developed versions for maximising renewable energy production, producing 
an ‘enhanced-treated’ sludge product, and treating ferrous phosphate rich sludge. As well as 
advancing the design of advanced biological hydrolysis as a process, Monsal have made a 
number of engineering improvements to the plants. 
 
Plant Integration 
 
One of the biggest lessons learned during the commissioning of the more recent plants is the 
importance of plant integration. As energy efficiency becomes more important, increasing 
emphasis is being placed on the overall sustainability of the treatment technology. Biological 
hydrolysis is self-sufficient (even with the use of steam) when fed at 5.5% to 6.0% dry solids 
concentration.  
 
Using conventional sludge thickening processes such as gravity belt thickening it is difficult to 
reliably achieve feed sludge concentrations greater than 5.5% dry solids, so plants are often 
operating very close to energy neutrality, as the plant requirement will be very close to the energy 
available via CHP plant. To enable the process to be self-sufficient in energy it is imperative to 
match the energy demand with the energy available. As energy demand is close to the energy 
production, experience has shown that the system must be operated continuously to match 
demand against production. Although EH and EEH are batch operated, the feed to the digester 
from reactor vessel 5 or 6, has been regulated such that feed to MAD is as smooth as possible 
24-hours per day resulting in constant gas production from the digester and hence constant heat 
(and power) generation from the CHP. Because conventional gravity belt thickening only reliably 
achieves a dry solids concentration at the lower range of the design envelope for biological 
hydrolysis, newer installations use sludge dewatering with back-blending to achieve the desired 
dry solids concentration for high-solids digestion. 
 
Similarly the heat used by the process in the first and second stage heating has been regulated 
such that the process removes heat from the system at the same rate as it is produced. This 
modification was instigated during the commissioning of the Goddards Green plant which 
operates with CHP. Initially the process would heat at a rate of almost twice that required to raise 
the raw feed, leading to the standby hot water boilers being started to meet the instantaneous 
heat demand (of the process). This then drew additional biogas from the gasholder, drawing the 
level down and in turn inhibiting the CHP. Once the heat transfer rate was regulated the CHP 
could meet the heat demand of the process on its own and hence could operate constantly.  
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Instrumentation 
 
As the process has proved its reliability, an effort has been made to simplify the operation and 
maintenance of the plants. An example of this is the removal of unnecessary instrumentation.  On 
the original plants, it was anticipated that foam may be encountered in the reactor vessels, 
whereas through experience, foam only occurred in reactor vessels 1 & 2. Therefore, the level 
control instrumentation has been changed from radar located on the roofs of all the reactors to 
just the reactors where the foam occurs. This has allowed level control on reactors 3 to 6 to be 
carried out using a simple pressure transducer located at ground level, which has a lower cost 
and is easier to maintain.  
 
Noise 
 
An issue that was more environmental than mechanical associated with some of the earlier plants 
was the level of noise. Most of this noise generation has been associated with vibration of the gas 
delivery pipework causing vibration and resonance in the access platform and between the tanks. 
Many options were explored to reduce this noise and improve the working environment for 
operators including larger bore pipework, acoustic lagging and improved pipework supports. 
Following extensive work the solution reached was elegant and very simple. Silencers have been 
fitted to the delivery pipework of the compressors to dampen the vibration within the gas itself 
reducing the pipeline resonance.  
 
Access 
 
One simple but critical change that has been made to the plant layout has been to increase the 
width of the access platform. Actuated gas valves that had been located on the reactor roofs have 
been brought onto the platform to make access and maintenance easier and allows task lighting 
to be concentrated on the walkway as well were it can be (more) safely maintained. 
 
 

PERFORMANCE 
 
The performance of three key sites in terms of volatile destruction is shown in Table 2, and a 
comparison between two energy sites is given in Table 3. The performance is intrinsically linked 
to the composition of the feed sludge, the thickness of the feed sludge, the hydraulic retention 
time of both the hydrolysis plant and the MAD plant, and the efficiency of mixing in the MAD. 
These will have an effect not only the volatile solids destruction but also the pathogen reduction 
across the process. 
 
Advanced biological hydrolysis combined with MAD provides a significant improvement in volatile 
solids destruction compared with MAD alone. In addition to this the combined volume of biological 
hydrolysis and MAD is significantly lower in comparison. Traditionally MAD would involve primary 
digestion tanks with a retention time of about 12 to 14 days, followed by secondary digesters with 
a retention time of 12 to 14 days, a combined HRT of 28 days. In comparison the combined HRT 
of biological hydrolysis and MAD are 14 to 17 days. Enhanced Enzymic Hydrolysis is now 
designed with a hydraulic retention time of three days at peak flow, and four days at average flow. 
This is to maximise the efficiency of enzyme hydrolysis and COD solubilisation prior to the 
thermophilic stage. When EEH was first developed, the thermophilic stage was effectively 
inserted into the flowsheet, which had the effect of reducing the hydrolysis time. In subsequent 
plants the retention of the hydrolysis stage has been extended to improve hydrolysis. The 
retention time in the digester ideally shall be about 14 days, however, Avonmouth currently 
operates with a digester retention time of 3 days in the EH plant, and 11 days in the MAD. A 
combined retention time of 14 days is the system’s absolute minimum retention time for 
renewable energy production. However, the preferred minimum retention time is 3 day + 12 days, 
and ideally 3 days + 14 days. 
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Volatile Destruction 
 
Table 2 :  Volatile Solids Destruction 
 

Site Avonmouth Goddards Green King’s Lynn  

Process EH EH EEH (Steam  

 EH Feed Digester EH Feed Digester EH Feed Digester Units 

HRT 3 11.3 2 14 3 22 days 

TSS 5.51 3.37 6.45 3.76 5.39 2.93 % 

VM 75.36 60.97 76.45 64.40 78.07 63.83 % 

VSS 4.15 2.06 4.93 2.42 4.21 1.87 % 

Inerts 1.36 1.32 1.52 1.34 1.18 1.06 % 

VSD (MB) 50.5 50.8 55.6 % 

VSD (VK) 51.6 52.0 56.6 % 

Biogas 434 406 385 m3/tds 

 
Table 3:  Energy Production 
 

Site Avonmouth [1] Great Billing [2]   

Process EH EEH (Steam)  

Driver 1. Energy Production 
 

 
1. Pathogen Removal 
2. Energy Production 

 

 

Sludge Load 30,000 40,000  

Feed Sludge Dry Solids 6.0 7.0 % 

EH Volume 630 793 m3 

EH HRT 3 3.1 days 

MAD Volume 16,368 17,045 m3 

MAD HRT 11.3 11.3 days 

Power Generation 3 4 MWe 

Gas Yield 425 to 435 385 to 400 m3/tds 

Gas Utilisation 100 100 % 

Supplementary Fuel 0 0 % 

 
1 Based on actual data 
2 Anticipated performance 

  
The feed solids concentration and efficiency of mixing will also have an effect on the overall 
performance. As the feed solids get thinner, the efficiency of hydrolysis will reduce. This will have 
a detrimental effect on hydrolysis, volatile destruction and microbiological environmental stresses. 
Likewise where there is inefficient mixing, or short-circuiting in the digester, there will be a 
reduction in the overall performance. 
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Pathogen Reduction 
 
E.Coli is a gram-negative facultative anaerobe, with cardinal temperatures of 8oC, 39oC, and 
48oC. Salmonella is a gram-negative facultative aerobe, with an optimum growth rate at 37oC. 
E.coli uses mixed-acid fermentation in anaerobic conditions, producing lactate, succinate, 
ethanol, acetate, and carbon dioxide. Since many pathways in mixed-acid fermentation produce 
hydrogen gas, these pathways require the level of hydrogen to be low, as in the case when E.coli 
lives together with hydrogen-consuming organisms such as methanogens. The optimum pH for 
Salmonella is 6.5 to 7.5. Biological hydrolysis subjects pathogen indicator organisms to 
environmental stresses as the pH is reduced to below their optimum pH. Following hydrolysis, the 
organisms are then subject to temperature stresses in the pasteurisation stage of the EH 
process. Enzymic Hydrolysis can be used to achieve a ‘conventional-treated’ sludge product, and 
Enhanced Enzymic Hydrolysis can be used to achieve an ‘enhanced-treated’ sludge product. 
   
There has been a trend to upgrade dewatering to high solids centrifuges. The combination of 
mesophilic or thermophilic digestion and centrifuge dewatering has given rise to a number of 
product failures due to regrowth or reactivation of E.coli. EEH has not been exempt from this 
problem. Historically, problems have been encountered with regrowth when using both EH and 
EEH. However, Monsal in continually improving the engineering and performance of the process, 
have successfully addressed this problem. By raising the sludge temperature to 55oC for five 
hours enabled pathogen kill in accordance with the requirements for an ‘enhanced-treated’ sludge 
product. The replacement of the second stage HEX with direct steam injection has made the 
compliance to ‘enhanced-treated’ standards more robust. Not only is the digested liquid sludge 
compliant, there are no problems with regrowth or reactivation in the stored dewatered caked 
solids. The EEH (Steam) plant at King’s Lynn operates with high solids centrifuges and does not 
suffer any problems with regrowth or reactivation.  
 
The development of EEH (Steam) was primarily to design out the second stage sludge-to-water 
heat exchanger to remove the risk of vivianite precipitation. However, a second driver was to 
increase the robustness of pathogen reduction by increasing the degree of disintegration and 
therefore ‘process stress’ (both environmental and physical) on indicator pathogens. Water 
companies have been experiencing regrowth or reactivation of E.coli during centrifugation, 
leading to failure to achieve ‘enhanced-treated’ sludge reliably. By designing the steam injector as 
a high shear disintegration device, clumps of E.coli will be subjected to high temperature, and 
rapid pressure changes, which may disrupt and disperse bacterial clumps, ensuring better 
exposure to heat and environmental stress and competition, reducing the risk of pathogen 
survival, regrowth or reactivation.  
 
From the results shown in Appendix 1, the EEH (Steam) plant at King’s Lynn has demonstrated a 
reliable ‘enhanced-treated’ caked product without regrowth or reactivation. This site uses high 
solids centrifuges, and end-point HACCP compliance is consistently achieved in the final caked 
product.  
 
Digested Biosolids Dewatering 
 
An area where biological hydrolysis has been perceived as being at a disadvantage to thermal 
hydrolysis is in the dewaterability of the final product. A recent internal study by United Utilities 
carried out on a new centrifuge installation at the Blackburn works incorporating Monsal Enzymic 
Hydrolysis has consistently demonstrated a dry solids cake between 28% and 30% dry solids by 
weight. This level of performance is equivalent to that demonstrated by thermal hydrolysis 
processes in the UK. 
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CONCLUSIONS 
 

·  Since its inception, Monsal Enzymic Hydrolysis as a pre-treatment to anaerobic digestion 
has undergone significant developments, and is now the most widely adopted Advanced 
Digestion technology in the UK. 

 
·  Monsal have developed biological hydrolysis, and now offer proven reliable solutions for 

maximising power generation, achieving pathogen reduction, whilst avoiding process 
problems associated with phosphate removal and thermophilic treatment.  

 
·  Monsal Enzymic Hydrolysis has been developed for plants wishing to maximise 

renewable energy generation and minimise carbon footprint.    
 
·  Monsal Enhanced Enzymic Hydrolysis (EEH) has developed to deliver excellent 

performance and a good quality pathogen free cake product. 
 

·  The process has continuously improved over the last 6 years and the latest plants now 
offer biogas production rates >400m3/tds, digester loadings of >4.5kgVS/m3.day,  

 
·  Recent work has demonstrated that dewatered cake of 28% - 30% dry solids can be 

achieved and work continues to improve this further. 
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Date E.Coli E.Coli E.Coli Salmonella Salmonella

(P/10g count/10g) (M/10g 10^6/10g) (gdw   Log(count/g) (10g  count/10g) (2g dw   count/2g)

10/12/2007 240000 ------ 5.930 ------ ------

13/12/2007 240000 ------ 5.690 ------ ------

17/12/2007 40000 ------ 4.940 ------ ------

19/12/2007 240000 ------ 5.640 ------ ------

02/01/2008 580000 ------ 6.090 ------ ------

07/01/2008 80000 ------ 5.250 ------ ------

10/01/2008 60000 ------ 5.130 ------ ------

30/01/2008 > 20000 ------ > 4.980 ------ ------

07/02/2008 > 20000 ------ > 4.620 180 751

11/02/2008 ------ 1.320 6.440 > 180 ------

18/02/2008 ------ 1.120 6.380 > 180 > 770

27/02/2008 ------ 2.000 6.430 ------ ------

04/03/2008 ------ 1.300 6.440 ------ ------

12/03/2008 540000 ------ 6.010 ------ ------

26/03/2008 800000 ------ 6.130 ------ ------

10/04/2008 ------ 1.600 6.450 ------ ------

16/04/2008 460000 ------ 5.880 ------ ------

08/05/2008 900000 ------ 6.130 ------ ------

15/05/2008 440000 ------ 5.880 > 180 > 610

10/06/2008 280000 ------ 5.650 > 180 > 570

25/06/2008 ------ 2.800 6.830 > 180 > 880

03/07/2008 ------ 1.160 ------ > 180 > 590

17/07/2008 ------ 11.600 7.220 ------ ------

31/07/2008 ------ 1.600 6.390 > 180 > 550

APPENDIX – PATHOGEN INDICATOR ORGANISMS 
 
 

Table 2: Liquid (EEH Feed) 
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Date E.Coli E.Coli E.Coli Salmonella Salmonella

(P/10g count/10g) (M/10g 10^6/10g) (gdw   Log(count/g) (10g  count/10g) (2g dw   count/2g)

19/12/2007 < 50 ------ < 2.450 ------ ------

07/01/2008 < 50 ------ < 2.250 ------ ------

30/01/2008 < 50 ------ < 2.390 ------ ------

18/02/2008 50 ------ 2.090 < 10 < 50

27/02/2008 < 50 ------ < 2.090 < 10 < 50

04/03/2008 < 50 ------ < 2.000 ------ ------

12/03/2008 < 50 ------ < 1.970 < 10 < 40

26/03/2008 < 50 ------ < 1.810 < 10 < 30

10/04/2008 < 50 ------ < 1.990 < 10 < 40

16/04/2008 < 50 ------ < 2.050 ------ ------

08/05/2008 < 50 ------ < 1.940 ------ ------

15/05/2008 < 50 ------ < 2.010 < 10 < 40

10/06/2008 < 50 ------ < 1.900 < 10 < 30

25/06/2008 < 50 ------ < 1.910 < 10 < 30

03/07/2008 < 50 ------ < 1.940 < 10 < 30

17/07/2008 < 50 ------ < 1.930 ------ ------

31/07/2008 50 ------ 1.960 < 10 < 40

Date E.Coli E.Coli E.Coli Salmonella Salmonella

(P/10g count/10g) (M/10g 10^6/10g) (gdw   Log(count/g) (10g  count/10g) (2g dw   count/2g)

10/12/2007 < 200 ------ < 2.990 ------ ------

13/12/2007 < 200 ------ < 3.020 ------ ------

17/12/2007 < 2000 ------ < 4.000 ------ ------

19/12/2007 < 2000 ------ < 4.010 ------ ------

02/01/2008 < 200 ------ < 2.890 ------ ------

07/01/2008 < 2000 ------ < 3.990 ------ ------

10/01/2008 < 50 ------ < 2.260 ------ ------

14/01/2008 < 50 ------ < 2.410 < 10 < 100

22/01/2008 < 2000 ------ < 3.850 ------ ------

29/01/2008 < 50 ------ < 2.380 ------ ------

07/02/2008 < 50 ------ < 2.270 < 10 < 70

11/02/2008 < 50 ------ < 2.090 < 10 ------
18/02/2008 < 50 ------ < 2.090 < 10 < 50
27/02/2008 < 50 ------ < 2.290 < 10 < 80
04/03/2008 < 50 ------ < 2.250 ------ ------

12/03/2008 < 50 ------ < 2.120 < 10 < 50

26/03/2008 < 50 ------ < 2.210 < 10 < 70

02/04/2008 < 50 ------ < 2.220 < 10 < 70

10/04/2008 < 50 ------ < 2.180 < 10 < 60

10/04/2008 < 50 ------ < 2.180 < 10 < 60

16/04/2008 < 50 ------ < 2.180 < 10 < 60

08/05/2008 < 50 ------ < 2.140 < 10 < 60

15/05/2008 < 50 ------ < 2.130 < 10 < 50

10/06/2008 < 50 ------ < 2.130 < 10 < 50

25/06/2008 < 50 ------ < 2.100 < 10 < 50

03/07/2008 < 50 ------ < 2.090 < 10 < 50

17/07/2008 < 50 ------ < 2.070 ------ ------

31/07/2008 < 50 ------ < 2.100 < 10 < 50

Table 3: Liquid (Digester Feed) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4: Liquid (Digester A Outlet) 
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Date E.Coli E.Coli E.Coli Salmonella Salmonella

(P/10g count/10g) (M/10g 10^6/10g) (gdw   Log(count/g) (10g  count/10g) (2g dw   count/2g)

10/12/2007 < 200 ------ < 3.030 ------ ------

13/12/2007 < 200 ------ < 3.030 ------ ------

17/12/2007 < 2000 ------ < 4.030 ------ ------

19/12/2007 < 2000 ------ < 4.050 ------ ------

02/01/2008 < 200 ------ < 2.960 ------ ------

07/01/2008 < 2000 ------ < 4.020 ------ ------

10/01/2008 < 50 ------ < 2.270 ------ ------

14/01/2008 < 50 ------ < 2.420 < 10 < 110

22/01/2008 < 2000 ------ < 3.890 ------ ------

29/01/2008 < 50 ------ < 2.390 ------ ------

30/01/2008 < 50 ------ < 1.940 ------ ------

07/02/2008 < 50 ------ < 2.410 < 10 < 100

11/02/2008 < 50 ------ < 2.190 < 10 ------

18/02/2008 < 50 ------ < 2.340 < 10 < 90

27/02/2008 < 50 ------ < 2.310 < 10 < 80

04/03/2008 < 50 ------ < 2.280 ------ ------

12/03/2008 < 50 ------ < 2.130 < 10 < 50

26/03/2008 < 50 ------ < 2.240 < 10 < 70

02/04/2008 < 50 ------ < 2.260 < 10 < 70

16/04/2008 < 50 ------ < 2.200 < 10 < 60

08/05/2008 < 50 ------ < 2.130 < 10 < 50

15/05/2008 < 50 ------ < 2.130 < 10 < 50

10/06/2008 < 50 ------ < 2.140 < 10 < 50

25/06/2008 < 50 ------ < 2.090 < 10 < 50

03/07/2008 < 50 ------ < 2.080 < 10 < 50

17/07/2008 < 50 ------ < 2.060 ------ ------

31/07/2008 < 50 ------ < 2.100 < 10 < 50

Date E.Coli E.Coli E.Coli Salmonella Salmonella

(P/10g count/10g) (M/10g 10^6/10g) (gdw   Log(count/g) (10g  count/10g) (2g dw   count/2g)

14/01/2008 < 50 ------ < 1.510 < 10 < 10

27/02/2008 < 50 ------ < 1.350 < 10 < 8

04/03/2008 < 50 ------ < 1.410 ------ ------

12/03/2008 < 50 ------ < 1.420 < 10 < 10

26/03/2008 < 50 ------ < 1.420 < 10 < 10

10/06/2008 < 50 ------ < 1.380 < 10 < 9

25/06/2008 < 50 ------ < 1.360 < 10 < 9

03/07/2008 1100 ------ 2.700 < 10 < 9

17/07/2008 150 ------ 1.820 ------ ------

31/07/2008 < 50 ------ < 1.330 < 10 < 8

Table 5: Liquid (Digester B Outlet) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6: Cake (Centrifuge 1) 
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Table 7: Cake (Centrifuge 2) 
 
Date E.Coli E.Coli E.Coli Salmonella Salmonella

(P/10g count/10g) (M/10g 10^6/10g) (gdw  Log(count/g) (10g  count/10g) (2g dw  count/2g)

07/02/2008 50 ------ 1.500 < 10 < 10

11/02/2008 < 50 ------ < 1.360 < 10 ------

18/02/2008 < 50 ------ < 1.370 < 10 < 9

16/04/2008 < 50 ------ < 1.390 < 10 < 9

08/05/2008 < 50 ------ < 1.400 < 10 < 10

15/05/2008 < 50 ------ < 1.390 < 10 < 9

10/06/2008 < 50 ------ < 1.360 < 10 < 9

25/06/2008 < 50 ------ < 1.390 < 10 < 9

03/07/2008 250 ------ 2.060 < 10 < 9

17/07/2008 250 ------ 2.050 ------ ------

31/07/2008 < 50 ------ < 1.340 < 10 < 8  
 
Table 8: Cake (Centrifuge 3) 
 
Date E.Coli E.Coli E.Coli Salmonella Salmonella

(P/10g count/10g) (M/10g 10^6/10g) (gdw  Log(count/g) (10g  count/10g) (2g dw  count/2g)

10/04/2008 < 50 ------ < 1.400 ------ ------  
 
Table 9: Cake (Biosolids Team Sampling) 
 
Date E.Coli E.Coli E.Coli Salmonella Salmonella

(P/10g count/10g) (M/10g 10^6/10g) (gdw  Log(count/g) (10g  count/10g) (2g dw  count/2g)
25/02/2008 ------ ------ ------ ------ ------
25/02/2008 < 2000 ------ < 2.990 < 10 < 9
25/02/2008 < 2000 ------ < 2.990 ------ ------
25/02/2008 < 2000 ------ < 3.000 ------ ------
25/02/2008 < 2000 ------ < 2.990 ------ ------
25/02/2008 < 2000 ------ < 3.000 ------ ------
26/02/2008 ------ ------ ------ ------ ------
26/02/2008 < 2000 ------ < 3.000 < 10 < 10
26/02/2008 < 2000 ------ < 2.990 ------ ------
26/02/2008 < 2000 ------ < 3.000 ------ ------
26/02/2008 < 2000 ------ < 3.000 ------ ------
26/02/2008 < 2000 ------ < 3.000 ------ ------
27/02/2008 ------ ------ ------ ------ ------
27/02/2008 < 2000 ------ < 3.000 < 10 < 10
27/02/2008 < 2000 ------ < 3.000 ------ ------
27/02/2008 < 2000 ------ < 3.000 ------ ------
27/02/2008 < 2000 ------ < 3.000 ------ ------
27/02/2008 < 2000 ------ < 3.000 ------ ------
03/03/2008 ------ ------ ------ ------ ------
03/03/2008 < 2000 ------ < 2.990 ------ ------
03/03/2008 < 2000 ------ < 3.000 ------ ------
03/03/2008 < 2000 ------ < 3.000 ------ ------
03/03/2008 < 2000 ------ < 3.000 ------ ------
03/03/2008 < 2000 ------ < 2.990 < 10 < 9  


