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Executive Summary 

7. The executive summary must not exceed 2 sides in total of A4 and should be understandable to the 
intelligent non-scientist.  It should cover the main objectives, methods and findings of the research, together 
with any other significant events and options for new work. 

Previous research on the anaerobic digestion of source segregated food waste and operational results 
from commercial digesters have highlighted potential problems with the stable digestion of this material. 
When operating on this substrate the digestion process typically has a high ammonia concentration and 
elevated levels of volatile fatty acids (VFA), which can bring about acidification and failure of the digester if 
the buffering capacity is overcome. It was postulated that the relationship between ammonia and the 
elevated VFA levels resulted from toxicity to the acetoclastic methanogen population, further complicated 
by impairment of the function of autotrophic methanogens by trace element deficiency. The research 
presented explores the possibility of regulating the metabolic pathways leading to methane production 
under high ammonia concentrations by trace element supplementation and also the possibility of removing 
ammonia to reduce toxicity to the acetoclastic methanogens    
 Trace element analysis of digestate from food waste digesters operating at high ammonia 
concentration and food waste co-digesters operating at low ammonia concentrations showed very little 
difference in trace element composition. This confirmed that food waste could meet the trace element 
requirement for stable digestion provided that there was no ammonia toxicity. At high ammonia 
concentrations the accumulation of intermediate volatile fatty acids indicated that trace elements 
necessary to support an ammonia-inhibited methanogenic population were likely to be deficient in the food 
waste used in previous research. To validate if this was likely to be a widespread problem, representative 
samples of source segregated food waste were taken two waste collection schemes: one in Luton, South 
Bedfordshire and the other in Hackney, London. The physicochemical characteristics of these two food 
waste samples were analysed, including biochemical composition and trace elements. No clear difference 
in the key parameters was seen between the two waste streams and the Ludlow food waste, which had 
been used in the earlier projects.  
 Batch flask experiments were carried out to determine whether high concentrations of VFA in food 
waste digestate could be reduced by the addition of trace elements. The results showed that although 
trace elements could increase the rate of VFA destruction in a digester suffering long-term accumulation, 
they could not initiate this process. It was concluded that a period of non-feeding was a pre-requisite to the 
initiation of VFA removal, probably to allow time for changes in the microbial population to occur. The 
result highlighted that any strategy for stable food waste digestion should focus on the prevention of initial 
VFA accumulation in the digester by trace element supplementation, rather than on recovery of severely 
VFA-laden digesters. Further batch flask trials showed that in digestate from food waste digesters where 
VFA had not yet accumulated to very high levels the trace element selenium was essential in promoting 
VFA removal under high ammonia concentrations, and that cobalt and molybdenum may also be 
important but not necessarily essential. Experiments showed that at selenium concentrations greater than 
0.4 mg l

-1
 the beneficial effects were not improved and at concentrations greater than 1.5 mgl

-1
 toxicity was 
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observed. 
 In semi-continuous trials the results showed that if a proper trace element supplementation 
strategy was followed food waste could be digested stably at an organic loading rate (OLR) of 5 kg VS m

-3
 

d
-1

 over an experimental period of around 100 days (2.5 retention times) without any VFA accumulation: a 
much higher loading than achieved in previous laboratory and full-scale trials. The VFA concentration in 
the pair of digesters supplemented with Se, Mo, Co and W and in the pair of digesters with full trace 
element supplementation remained below 200 mg l

-1
 up until the time the project was completed. In these 

digesters the volumetric biogas production reached 3.8 STP m
3
 m

-3
 d

-1
 and the specific biogas production 

was still stable at 0.76 STP m
3
 kg

-1
 VS at the OLR of 5 kg VS m

-3
 d

-1
.    

 It can be concluded from the experimental results that selenium and cobalt are the key elements 
that are essential for long-term stability and are not present in sufficient quantities in food waste. The 
minimum concentrations recommended for selenium and cobalt in food waste digesters at moderate 
organic loading rates are around 0.16 and 0.22 mg l

-1
 respectively. A total selenium concentration greater 

than 1.5 mg l
-1

 is likely to be toxic to the microbial consortium in the digester. Mo, W, and Ni are present in 
food waste in sufficient quantities for moderate loadings, but may have to be supplemented in digestion at 
a high organic loading rate. The potential for synergistic effects involving Mo and W has yet to be clarified. 
Food waste has sufficient Al, B, Cu, Fe, Mn and Zn. 
 FISH analysis of the methanogenic population found in the food waste digesters operating under 
high ammonia concentrations showed it to be comprised almost exclusively of members of the order 
Methanomicrobiales. This group of methanogens metabolise by the autotrophic route combining H2 and 
CO2 to form CH4.  Very few methanogens that are known to use the acetoclastic route to CH4 production 
were found in the digestate. This result confirmed the initial hypothesis that ammonia caused selective 
inhibition of the methanogenic population.  
 For ammonia removal from digestate, gas stripping was chosen as the most suitable method of 
reducing or eliminating toxicity to acetoclastic methanogens and allowing stable digestion. The process 
configurations considered were: 1) in situ removal, where the ammonia is stripped continuously in the 
digester using a modified gas mixing system; 2) side-stream removal, where digestate is removed from 
the main digestion tank to a separate stripping process and returned to the digester; 3) post-hydrolysis 
removal, where ammonia is first released by a short anaerobic hydrolysis process and then removed prior 
to adding the waste to the main digester; 4) post-digestion ammonia removal carried out in conjunction 
with pasteurisation. The experimental work was designed to allow assessment of these four options and to 
generate data that could be used in a predictive model.  
 Batch experiments were carried out to investigate the kinetics of ammonia removal with respect to 
temperature, pH and gas flow rate. Increase in value of any one or a combination of these parameters had 
a positive effect on the removal rate of ammonia. At 35 and 55 °C ammonia removal timescales were in 
the order of 600 hours, whereas at 70 °C this could be reduced to around 15-17 hours at an appropriate 
gas flow rate. With pH adjustment timescales could be further reduced to around 4 hours at 70˚C. High 
VFA concentrations were shown to have a negative impact on the ammonia removal process as these led 
to a pH swing that prevented further stripping. This has implications for recovery of anaerobic digestion 
plants where the process is already operating at increased VFA concentrations, as it may limit the 
effectiveness of ammonia removal by biogas stripping. 
 In addition to these batch experiments, two semi-continuous digestion studies were performed to 
provide data on the integration of ammonia stripping with anaerobic digestion. These were the trial of a 
side-stream stripping process used in conjunction with mesophilic anaerobic digestion of food waste, and 
a study to quantify the ammonia release kinetics during a short hydrolysis process.  
 Under the experimental conditions used the side-stream process was not successful in preventing 
VFA accumulation, and this in turn limited the effectiveness of the ammonia removal process.  A more 
extensive programme of experimentation is needed to optimise the system, particularly in order to 
maintain low ammonia concentrations in the initial stages. The stripping process should also be used in 
conjunction with trace element supplementation to prevent VFA accumulation.  
 The second experiment showed that the hydrolysis process configuration was not feasible without 
pH control, as only a small proportion (~15%) of the bio-available ammonia was released during this 
stage, and there was evidence to indicate that further hydrolysis/fermentation was inhibited.  
 To further the research, a model was developed using data from the batch stripping experiments 
to allow simulation of the ammonia concentration in an integrated anaerobic digestion and ammonia 
stripping process. The outcomes of the modelling suggest that in situ mesophilic stripping combined with 
gas mixing will lead to the lowest in-digester ammonia concentrations. A more thorough analysis of energy 
requirements is needed, however, and the best practice may be situation specific depending on the 
availability of waste heat.  

 

 
Project Report to Defra 

8. As a guide this report should be no longer than 20 sides of A4. This report is to provide Defra with 
details of the outputs of the research project for internal purposes; to meet the terms of the contract; and 
to allow Defra to publish details of the outputs to meet Environmental Information Regulation or 
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Freedom of Information obligations. This short report to Defra does not preclude contractors from also 
seeking to publish a full, formal scientific report/paper in an appropriate scientific or other 
journal/publication. Indeed, Defra actively encourages such publications as part of the contract terms. 
The report to Defra should include: 

���� the scientific objectives as set out in the contract; 

���� the extent to which the objectives set out in the contract have been met; 

���� details of methods used and the results obtained, including statistical analysis (if appropriate); 

���� a discussion of the results and their reliability;  

���� the main implications of the findings;  

���� possible future work; and 

���� any action resulting from the research (e.g. IP, Knowledge Transfer). 
 

 

1  Introduction 
 
Trace elements are essential for the growth and metabolism of anaerobic microorganisms due to their 
roles in key enzymes and co-factors in metabolic pathways. Although the requirement for these has 
been recognised for decades, a proper dosing strategy still presents a challenge in certain 
circumstances. Food waste appears to be deficient in some trace elements required by the anaerobic 
digestion process when operating at high ammonia concentrations. This results in the accumulation of 
volatile fatty acid (VFA) products which may eventually overcome the buffering capacity of the system, 
with a consequent fall in pH to a point where methanogenic activity stops. The research had two major 
aims: firstly, to optimise trace element dosing to food waste digesters in an attempt to promote stable 
operation; secondly, to lower the ammonia concentration in the digester to a point where it was not 
inhibitory to acetoclastic methanogenesis.  
 
The specific objectives of the work were: 
1. To compare the characteristics of source segregated household food wastes obtained from three 

different sources. 
2. To assess the trace element status of digestates with high ammonia and VFA concentrations. 
3. To determine whether the high VFA concentrations in digesters could be reduced by selective trace 

element additions in batch tests. 
4. To use selected trace element supplementations in semi-continuous digesters fed on food waste 

and operating at high ammonia concentrations. 
5. To determine whether the methanogenic population changed as a result of high ammonia 

concentrations and through trace element addition. 
6. To investigate the factors controlling ammonia removal from food waste digestates  
7. To trial a side-stream removal process in semi-continuous fed digesters. 
8. To investigate the feasibility of post-hydrolysis ammonia removal. 
9. To develop a predictive model for simulation of ammonia removal. 

 
2 Characterisation of Luton and Hackney food waste streams 
 
Food wastes from Luton (South Bedfordshire) and Hackney (London) were collected on 11 September 
2009.  66 food waste bags with a total weight of 98 kg were sampled from the South Bedfordshire 
collection and 73 bags with a total weight of 74 kg were taken from Hackney. The food waste was 
removed from the bags and visible contamination removed before passing the waste through a 
macerating grinder to produce a homogeneous sample 
 
Physico-chemical characterisation analysis was carried out according to the methods given in the 
technical report for Defra project WR02121. The results are shown in Table 1 with those for food waste 
delivered to the Ludlow digester as described in WR0212 and WR1208. No clear differences were 
found in the key parameters for the different food waste streams. 
 
Table 1 Characterisation of Luton, Hackney and Ludlow food waste streams 

Source of food waste  Luton Hackney Ludlow 

                                                      
1
 Defra project code WR0212 (2007-09),  Optimising inputs and outputs from anaerobic digestion processes, Banks and 

Zhang, University of Southampton.  
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Fundamental characteristics for anaerobic digestion 

pH  5.12 ±  0.01 (1:2) 5.18 ±  0.01 (1:2) 4.71 ± 0.01 (1:5) 
TS (% of fresh matter) 23.70 ± 0.06 25.74 ± 0.18 23.74 ± 0.08 
VS (% of fresh matter) 21.84 ± 0.10 23.47 ± 0.31 21.71 ± 0.09 
VS (% of TS) 91.28 ± 0.20 91.17 ± 0.91 91.44 ± 0.39 
TOC (% of TS) 51.2 ± 1.2 51.3 ± 0.2 48.3 ± 1.0 
TKN (% of TS) 3.12 ± 0.01 3.13 ± 0.03 3.42 ± 0.04 
CV (kJ g-1 TS) 21.43 ± 0.12 21.64 ± 0.11 20.66 ± 0.18 
Biochemical composition on a VS basis (g kg-1 VS) 

Carbohydrates 418 ± 8 416 ± 2 453 ± 17 
Lipids 148 ± 4 157 ± 2 151 ± 1 
Crude proteins 213 ± 1 213 ± 2 235 ± 3 
Hemi-cellulose 128 ± 5 114 ± 4 38.1 ± 3.7 
Cellulose 20.5 ± 5.3 17.2 ± 3.4 50.4 ± 1.6 
Lignin 66.6 ± 3.6 68.4 ± 0.3 16.5 ± 0.2 
Nutrients on a TS basis (g kg-1 TS) 

TKN (N) 31.2 ± 0.01 31.3 ± 0.03 34.2 ± 0.04 
TP (P) 4.87 ± 0.08 6.41 ± 0.12 5.41 ± 0.32 
TK (K) 12.3 ± 0.1 12.9 ± 0.6 14.3 ± 0.8 
Potentially toxic elements on a TS basis (mg kg-1 TS) 

Cadmium (Cd) < 0.05 < 0.05 <1.0 
Chromium (Cr) 2.9 ± 0.6 2.9 ± 0.5 29.0 ± 1.2 
Copper (Cu) 5.6 ± 0.1 6.5 ± 0.3 7.20 ± 0.81 
Mercury (Hg) < 0.10 < 0.10 < 0.010 
Nickel (Ni) 1.71 ± 0.08 1.37 ± 0.31 7.0 ± 2.9 
Lead (Pb) < 1.0 <1.0 < 10 
Zinc (Zn) 36.2 ± 2.0 45.0 ± 1.9 33 ± 11 
Essential trace elements (mg kg-1 TS) 

Cobalt (Co) 0.07 ± 0.01 0.35 ± 0.19 <0.25 
Iron (Fe) 148 ± 1 175 ± 58 229 
Manganese (Mn) 97.7 ± 1.6 94.5 ± 4.1 85 ± 14 
Molybdenum (Mo) 1.1 ± 0.2 1.2 ± 0.2 0.46 ± 0.05 
Selenium (Se) 1.2 ± 0.6 0.4 ± 0.3 < 0.30 
Tungsten (W) 1.1 ± 0.0 1.0 ± 0.3 < 1.0 
Elemental analysis 

 N 3.12 ± 0.01 3.13 ± 0.03 3.42 ± 0.04 
 C 51.2 ± 1.2 51.3 ± 0.2 48.3 ± 1.0 
% of TS H 6.56 ± 0.04 6.67 ± 0.13 5.53 ± 0.63 
 S 0.21 ± 0.00 0.23 ± 0.03 0.15 ± 0.01 
 O 30.7 ± 1.2 29.8 ± 0.4 34.3 ± 2.5 

 N 3.40 ± 0.01 3.43 ± 0.03 3.76 ± 0.04 
% of VS C 55.8 ± 1.3 56.3 ± 0.2 52.8 ± 1.1 
 O 33.5 ± 1.3 32.7 ± 0.4 36.4 ± 2.8 
 
3 Comparison of trace element concentrations in food waste and other digestates 
 
Samples from digesters operated for WR0212 were analysed for trace element concentrations. Some 
of the digesters were operating stably, while others showed VFA accumulation and were either 
maintained on low loadings or feeding had ceased. As an example of stable digesters two pairs of 
digesters with a low VFA profile were chosen. These had been fed with a food waste/cattle slurry mix 
and a food waste/card packaging mix at an organic loading rate (OLR) of 4 kg volatile solids (VS) m-3 d-

1. The digestates from these showed a very similar trace element profile to digesters that had been fed 
with food waste as their sole substrate. The major difference was that the total ammonia concentration 
in these digesters was less than 2000 mg l-1 compared with a concentration of 5000~6000 mg l-1 in food 
waste only digester. The results suggested that ammonia could be the cause of the VFA increase and 
not the lack of trace elements: on deeper consideration, however, the change could be a result of a 
shift in the population structure in which ammonia-resistant methanogens are restrained by trace 
element deficiencies. It was clear, however, that the trace elements found in food waste are sufficient 
for stable digestion provided the ammonia concentration is low.     
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4 Screening tests to determine essential trace elements for VFA degradation  
 
A number of trace elements were assayed in batch flask trials to determine their effect on VFA 
consumption. Digestates used as inoculum in the tests were taken from food waste digesters which 
had shown varying degrees of VFA accumulation. Further tests were also carried out to determine the 
optimal concentration of selenium.  
 
4.1 Commercial food waste digestate recovery trial 
 
This trial used digestate taken from the Ludlow food waste digester that showed a high VFA 
concentration when sampled. A portion of this digestate had been rested from feeding for a period of 
80 days and was starting to show VFA utilisation. The other portion had been receiving daily feed 
additions until the point at which it was used, and this 'fresh' digestate had an accumulated VFA 
concentration of 35,000 mg l-1.  
 
The results indicated that once VFA utilisation was initiated, as in the case of the rested digestate, then 
trace element addition can increase the VFA consumption rate. Trace element addition cannot, 
however, initiate the VFA consumption process as seen in the 'fresh' digestate. The result indicates that 
a recovery period may be necessary to allow the structure of the methanogenic population to shift. 
 
4.2 VFA reduction in food waste digestate from laboratory digesters 
 
These experiments used digestate liquor from a laboratory 75-litre (working volume) food waste 
digester; the history of this digester is described in detail in the technical report for WR0212. This 
digestate had VFA and ammonia concentrations less than 5000 mg l-1. Degradation of the naturally 
accumulated VFA and VFA additions was monitored in batch experiments using 6 trace elements (Co, 
Fe, Mo, Ni, Se, and W) in a fractional factorial screening test. These six trace elements have been 
reported as being essential for acetogenetic and methanogenic activity. Five other ions (Al, B, Cu, Mn, 
and Zn) which are also commonly included in the supplementation recipes were also tested. The level 
of supplementation (Table 2) was chosen based on literature values and the baseline trace element 
concentrations measured in the digestate. The principle was to add elements to a concentration where 
the addition would show a clear effect if there was one, whilst at the same time avoiding the 
concentrations reaching a toxic level. The trial was conducted twice, first using a high ammonium 
concentration and second a high salt concentration.  
 
Table 2 Concentration of elements present in digestate and quantity supplemented  

Element Concentration in 
unsupplemented 
digestate (mg l-1) 

Compound used Concentration added 
by supplementation 
(mg l-1) 

Aluminium (Al) 63.3 AlCl3·6H2O 0.1 
Boron (B) 2.5 H3BO3 0.1 
Cobalt (Co) 0.083 CoCl2·6H2O 1.0 
Copper (Cu) 5.75 CuCl2·2H2O 0.1 
Iron (Fe) 173.7 FeCl2·4H2O 5.0 
Manganese (Mn) 18.5 MnCl2·4H2O 1.0 
Molybdenum (Mo) 0.29 (NH4)6Mo7O24·4H2O 0.2 
Nickel (Ni)  2.9 NiCl2·6H2O 1.0 
Selenium (Se) 0.050 Na2SeO3 0.2 
Tungsten (W) <0.035 Na2WO4·2H2O 0.2 
Zinc (Zn) 8.11 ZnCl2 0.2 

 
 
Figure 1 shows the VFA degradation profiles in the control flask and in flasks supplemented with: 1) Se 
and Mo; 2) Se, Mo, Co, W, Fe, and Ni; and 3) all 11 elements. Results from flasks supplemented with 
Fe+Ni and Co+W are also shown as an example of an ineffective and a partially effective 
supplementation.  
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Figure 1 VFA degradation profiles in food waste digestate with different trace element 
supplementation strategies at an elevated ammonium level 
 
Statistical analysis was carried out using average values from duplicate flasks and it can be seen in 
Figure 2 that only selenium (Se) significantly improved the acetic acid degradation, compared with Co, 
Fe, Ni, Mo, W, and their 2-factor interactions. It was noted that propionic acid consumption accelerated 
only after the acetic acid concentration reduced to around 1000 mg l-1. This is because acetic acid acts 
as a product-induced feedback inhibitor in propionic acid degradation. It can be seen from Figure 2 that 
Se, Mo, and the mix of Co and W had an effect on propionic acid degradation at the 0.05 significance 
level, and Co can also be included as essential at the 0.10 significance level. Addition of Al, B, Cu, Mn 
and Zn did not show any clear further positive effect on acetic and propionic acid degradation when 
compared to the mix of Co, Fe, Ni, Mo, Se and W. 
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Figure 2 Statistical analysis on essential trace elements for acetic and propionic acid 
degradation at an elevated ammonium level 
 
4.3 Effect of Se concentration on VFA degradation 
 
Because of its key role and its known toxicity, the toxicity threshold for Selenium was determined. The 
experiment used a digestate liquor with a VFA concentration of around 6,000 mg l-1, with a natural Se 
concentration of 0.04 mg l-1. Sodium selenite (Na2SeO3) was added to give an additional dose of 0.025, 
0.05, 0.1, 0.2, 0.4, 0.8, 1.5, 3, 6, 10, 30, 60, 100, 300, 600 mg l-1 as Se. The results showed that 
concentrations between 0.05 to 0.4 mg l-1 showed stimulation whereas concentrations greater than 1.5 
mg l-1 exhibited toxicity.  
 
5 Semi-continuous food waste digestion trials with trace element supplementation at high 
ammonia concentration 
 
A number of semi-continuous food waste digestion trials were conducted.  
 
5.1 Supplementation with trace element combinations 
 
Six pairs of  digesters operating at 36±1 ºC were used in the experiment, supplemented with: 1) Se and 
Mo; 2) Se, Mo, Co and W; 3) Se, Mo, So, W, Fe and Ni; 4) Se, Mo, Co, W, Fe, Ni, Zn, Cu, Mn, Al, B; 5 
& 6) no trace element addition. Two pairs of controls were used to test independently the impact of 
increasing the food waste load on the digesters, irrespective of trace element additions. The 
concentration of trace element addition is given in Table 2.  
 
The organic loading rate in all digesters is shown in Figure 3. Day 0 is the first day when trace elements 
were fed to the digesters and day 322 was the last day when samples were taken and analysed. Food 
waste was added each day to maintain the desired loading rate and digestate was removed once per 
week to maintain a volume of 4.0 litres. There was no recirculation of liquor or fibre. The retention time 
was therefore determined by the volatile solids content of the food waste and the organic loading rate 
of the digester. Trace element additions were made weekly. The amount added was equal to the 
amount calculated as removed each week in the digestate wasted from each digester; this calculation 
did not take into account any additional trace element input arising from the food waste itself.  
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Figure 3 Organic loading rate applied to trace element supplemented digesters and controls  
 
Figure 4 shows that trace element addition had an immediate effect, with VFA concentrations reducing 
rapidly in all supplemented digesters to less than 1000 mg l-1 by day 10. Although a small rise in VFA 
concentration to 1200 mg l-1 was observed when the OLR rose from 2 to 3 kg VS m-3 d-1, a value of less 
than 200 mg l-1 was restored within two weeks of the loading increase taking place. After maintaining 
the OLR at 3 kg VS m-3 d-1 for 1.4 retention times the loading in the digesters supplemented with trace 
elements was gradually increased to 4 kg VS m-3 d-1 from day 112 over a 4-week period. This was the 
case except in the pair of digesters which had received a supplement of Se, Mo, Co, W, Fe and Ni. 
This pair was maintained at an OLR 3 kg VS m-3 d-1 throughout the rest of the experiment and trace 
element addition stopped from day 112 onwards: in this way the effect of trace elements being diluted 
out of the digesters could be monitored. At the end of the sampling period this pair of digesters had run 
at an OLR 3 kg VS m-3 d-1 without trace element supplementation for 210 days (around 3 retention 
times). VFA concentrations began to rise from the end of the 2nd retention time and reached 3500 mg l-1 
at the end of the 3rd retention time. Acetic acid was the dominant VFA in this pair of digesters, and the 
other VFA species present (propionic acid, iso-butyric acid, and iso-valeric acid) made up less than 
10% of the total VFA concentration.  
 
The three pairs of digesters where supplementation with different trace element combinations was 
maintained and the OLR increased to 4 kg VS m-3 d-1 continued to perform well without any VFA 
accumulation. The organic loading rate was gradually increased to 5 kg VS m-3 d-1 on day 228, and at 
the end of the sampling period these three pairs of digesters had been running at this loading for 95 
days (around 2.5 retention times). It can be seen from Figure 4 that the VFA concentration gradually 
increased to 2000 mg l-1 in the pair of digesters supplemented with Se and Mo after the loading 
increase. In the pair of digesters supplemented with Se, Mo, Co and W and in the pair of digesters with 
full trace element supplementation, as shown in Figure 4, the VFA concentration was still below 200 
mg l-1. At the highest loading of 5 kg VS m-3 d-1the volumetric biogas production was 3.8 STP m3 m-3 d-1 
(Figure 5) and the specific biogas production was stable at 0.76 STP m3 kg-1 VS. 
 
In contrast, both pairs of control digesters showed an increase in VFA concentration. In the pair where 
the loading remained constant at 2.0 kg VS m-3 d-1 this increased to around 6000 mg l-1 after two weeks 
of operation and stabilised around this value up until day 120 when a further increase was observed. At 
the end of the project, total VFA was around 17000 mg l-1.  
 
The OLR on the second pair of control digesters was increased to 3.0 kg VS m-3 d-1 at the same time as 
the trace element supplemented digesters. The VFA concentration rapidly rose to around 10000 mg l-1 
and remained at this level for around 50 days. Propionic acid then became the dominate VFA species 
and there was a general increase in concentration of all VFA species, reaching 29000 mg l-1. On day 
126 an attempt to recover this pair of control digesters was made by lowering the OLR as shown in 
Figure 3. This was not effective, however, and the pH continued to fall reaching 6.9 by day 140 with 
only 44% methane in the biogas. At this point feeding was stopped for around 20 days then a second 
attempt at recovery was made by supplementing with a single trace element as described in section 
5.2.2. 
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Figure 4 Total VFA concentration in control and trace element supplemented digesters 
 

 
Figure 5 Weekly average volumetric biogas production in control and trace element 
supplemented digesters 
 
Trace element concentrations in the digesters were analysed at intervals. The results showed that 
selenium and cobalt were at very low concentration in the control digesters (0.04~0.08 mg l-1) and 
supplementation significantly increased the amount in the digestate. Molybdenum had a slightly higher 
concentration in the control digesters (0.08~0.17 mg l-1), and the dosing doubled its concentration in the 
digestate. No clear difference was seen in Al, B, Cu, Fe, Mn, Ni, and Zn concentration in all digesters, 
mainly because food waste has a relatively high concentration of these elements compared with the 
level of supplementation. 
 
Simulated dilute-out concentration profiles for cobalt and selenium are shown in Figure 6. These were 
calculated from the concentrations of cobalt and selenium in the pair of digesters where 
supplementation of Se, Mo, Co, W, Fe and Ni ceased on day 112, and from the concentration of these 
two elements in the food waste used as substrate. The simulated profiles matched fairly well with the 
measured concentrations of these two elements, as shown in Figure 6. When considered in relation to 
the VFA profile shown in Figure 4, it can be concluded that concentrations of total cobalt and total 
selenium in the food waste digester should be kept above 0.22 and 0.16 mg l-1 respectively when 
feeding at an OLR of 3 kg VS m-3 d-1. Considering the low concentration of these elements in food 
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waste streams (Section 1), supplementation is essential for VFA degradation and stable food waste 
digestion. 
 

 
Figure 6 Simulated cobalt and selenium dilute out curves and the measured concentrations of 
these in the pair of digesters where Se, Mo, Co, W, Fe, and Ni supplementation ceased on day 
112.  
 

 
Figure 7 FISH images of food waste digestate - Archaea (green), Methanomicrobiales (red), and 
Bacteria (blue) 
 
All the digesters were sampled on day 316 for microbial community structure analysis using the 
Fluorescence In-Situ Hybridisation (FISH) technique. The FISH observation showed that the 
predominant methanogenic group in both control digesters and the test digesters with trace element 
supplementation were members of the order of Methanomicrobiales (Figure 7), which indicated the 
dominant metabolic pathway of food waste digestion was syntrophic acetate oxidising acetogenesis 
and hydrogenotropic methanogenesis. This supports the hypothesis that syntrophic acetate oxidation is 
the main mechanism for acetate degradation in the presence of inhibitors, such as ammonia, because 
the acetate utilising methanogens are more sensitive to ammonia than hydrogenotrophic methanogens.  
 
5.2 Single trace element supplementation   
 
These experiments were carried out to distinguish the function of Se, Mo, and Co, as individual 
supplements rather than as a trace element combination. 
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5.2.1 Recovery of VFA stressed digesters  
 
The experiment used a set of 4 mesophilic digesters in which the VFA concentration had reached 
14000 mg l-1 (see section 8.1). Trace element additions were: one digester receiving Se (0.2 mg l-1), 
one Mo (0.2 mg l-1), and one Co (1.0 mg l-1). The fourth digester was run as a control without any trace 
element input.  
 
The OLR to all digesters was 2.0 kg VS m-3 d-1 and was provided by daily additions of food waste with 
weekly removal of digestate to maintain a constant volume. Figure 8 shows that although molybdenum 
is reported to be an essential trace element for anaerobic digestion, supplementation with it alone did 
not improve the food waste digester operation. The digester operated with only Se as a supplement 
showed a VFA concentration fluctuating between 300 to 1600 mg l-1. This is higher than in digesters 
operated with a Se and Mo mix, as can be seen by comparing the VFA profile of digesters with Se and 
Mo addition (Figure 4) with Se only supplementation (Figure 8). The digesters supplemented with Se 
and Mo could operate at an organic loading of 4 kg VS m-3 d-1 with a VFA concentration less than 200 
mg l-1. This suggests that there may be some synergy between the two elements, although this 
observation should be treated with caution since the two sets of digesters had slightly different 
histories. Further testing is needed to clarify whether molybdenum can act in a synergistic way with 
other elements, even though it is clear that supplementation with molybdenum alone is not sufficient to 
prevent a rise in VFA concentration. 
 

 
Figure 8 Total VFA concentration in single element supplemented and control digesters 
 
5.2.2 Recovery of failed control digester from the semi-continuous trial 
 
This experiment used the pair of control digesters that had run at an OLR of 3 kg VS m-3 d-1 and 
reached a VFA concentration of 30,000 mg l-1, as described in section 5.1. A Se addition to maintain 
the concentration at 0.2 mg l-l above the baseline was made to one of the pair of digesters (test) whilst 
the other (control) was run without any trace element addition.  
 
The effect of Se only became clear 10 days after its addition and the digester with Se addition 
degraded the acetic acid gradually with a concurrent slight increase in propionic acid (Figure 9). After 
the concentration of acetic acid dropped to less than 1000 mg l-1, propionic acid started to be 
consumed and its concentration fell below 2000 mg l-1 by day 105. This is consistent with the previous 
observations on the sequence of VFA degradation, where propionic acid and other VFA with a carbon 
number more than 2 are only consumed after acetic acid is degraded.  
 
Trace element concentrations in these two digesters are shown in Table 3, and were comparable to 
those in other digesters as described in section 5.1 and 5.2.1. Selenium was the only element which 
showed a clear difference between the test and control digesters. The low concentrations of cobalt and 
molybdenum in this digester may explain the persistent levels of iso-butyric acid even though the 
organic loading rate was less than 1 kg VS m-3 d-1.  
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Table 3 Trace element concentrations in the digester supplemented with Se and the control 
digester on day 119 (9th August 2010). Unit: mg l-1 

 Al B Co Cu Fe Mn Mo Ni Zn Se 

Test 33.5 2.06 
0.03
3 2.02 41.2 15.5 

0.20
0 

0.85
5 5.39 

0.06
4 

Contro
l 53.1 2.29 

0.03
3 1.89 40.5 13.5 

0.18
4 1.11 4.99 

0.29
8 

 

 
Figure 9 VFA concentration profile in digester supplemented with Se and its control.  
 
6 Ammonia stripping  
 
This part of the research investigated the possibility of removing ammonia as a means to reduce its 
toxicity thus promoting the stable digestion of food waste. Gas stripping using biogas was chosen as 
the most suitable method of ammonia removal since it is available on site at anaerobic digestion plants, 
and can potentially be integrated into the AD process in a number of ways using existing technology 
and infrastructure. 
 
Four possible process configurations were originally proposed: in situ ammonia removal, where the 
ammonia is stripped continuously from the digestate during digestion using a combined gas mixing and 
ammonia removal system; side-stream, where some digestate is removed from the digestion process, 
subjected to a stripping process and returned to the digester on a semi-continuous basis; pre-
hydrolysis, where ammonia removal is performed on food waste which has been subject to a short 
anaerobic hydrolysis process, with the reduced-ammonia food waste then going to normal anaerobic 
digestion; and post-digestion ammonia removal in conjunction with the post-pasteurisation stage 
performed at some AD plants. The experimental work was designed to allow assessment of these four 
options as a basis for recommending the most appropriate ammonia removal system for practical use.  
 
7 Batch ammonia stripping from food waste digestate 
 
The specific parameters identified as potentially having a strong impact on the characteristics of the 
ammonia stripping process were pH (and its modification by adding alkali), process temperature, and 
gas flow rate. The objective of this section of the research was to investigate the effect of these three 
parameters, in controlled laboratory experiments using real food waste digestate. Preliminary 
experiments allowed confirmation of the theoretical framework and definition of the parameter ranges 
which were of interest for the design of an ammonia stripping system, as well as familiarisation with and 
improvement of the purpose-built experimental equipment and the methods required to characterise 
the ammonia removal kinetics. The main set of experiments then focused on the testing of two different 
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digestates (digestate 1 and 2), both collected from commercial AD plants using food waste as their 
primary feedstock. 
 
7.1 Experimental setup 
 
The basic experimental stripping system is shown in Figure 10.  A heated ammonia stripping column is 
connected to a sealed gas loop. Gas was pumped through the food waste digestate at flow rates of 
0.125-0.75 litres of gas per litre of digestate per minute (l l-1 min-1) and subsequently flowed through a 
series of traps to remove the ammonia vapour. At the beginning of each batch experiment two litres of 
digestate were placed in the stripping column, which was then sealed. The pump was used to fill the 
headspace and other parts of the gas loop with a standard gas mixture. The pump was then set to the 
desired flow rate and the apparatus was left undisturbed, except to take periodic samples, until the 
experiment finished. At the end of each experiment the ammonia concentrations in the digestate, 
water, acid and condensate traps were measured to determine where the ammonia was transferred 
within the system. In later experimental runs, 10M NaOH was used to modify the pH of the food waste 
digestate. Experimental runs are characterised by the reactor (R1 or R2) temperature, the specific flow 
rate and the initial pH (where pH modification was performed) for example 1.1_55_0.125_N refers to 
Run 1, reactor 1 at 55 ˚C, 0.125 l l-1 min-1 with no (N) pH addition. 
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Figure 10 Ammonia stripping equipment 
 
Note: while it is expected that experimental conditions such as temperature and pH can be translated 
to full-scale plant, this is unlikely to be so for gas flow which is affected both by scale factors and 
specific design features of diffusers etc.  Gas flow rates are therefore quoted for only for the purposes 
of comparison within the experimental work, and appropriate values will need to be determined by 
larger-scale experimentation. The gas flow rates used in experimental work ranged from 0.19 to 11.5 
m3 m-2 hour-1 delivered through a fine bubble diffuser. 
 
7.2 Results for batch stripping of ammonia from digestate 
 
Some preliminary experiments were performed to allow initial assessment of the ammonia removal 
kinetics. These used either nitrogen or a standard biogas (65% CH4, 35% CO2 by volume) as the 
stripping gas, at temperatures between 35-70°C and gas flow rates between 0.125-0.375 l l-1 min-1, in 
conditions of high concentrations of VFA (~17,000 mg l-1) and ammonia (~7000 mg l-1).  The range of 
temperatures and flow rates investigated led to a change in the ammonia removal rate of one order of 
magnitude, between ~1.8-18 % day-1.  In general the results followed the trends expected from theory, 
in that ammonia removal increased with both flow rate and temperature. There were some complicating 
factors, however: in particular, too rapid initial ammonia removal resulted in a decrease in pH which led 
to a cessation of ammonia removal, for reasons discussed below. The results of these preliminary 
experiments are reported in de la Rubia et al. (2010).  
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These experiments indicated, however, that ammonia removal was possible using biogas stripping at 
least in some circumstances. Further experiments were therefore performed to provide a more detailed 
understanding of the factors determining the effectiveness of the stripping process, and these are 
presented in the following two sections.  
 
7.2.1 Ammonia stripping from digestate 1 and 2 using biogas 
 
The results of ammonia removal from digestate 1 with and without alkali addition/pH modification are 
shown in Figure 11. Ammonia stripping without alkali addition followed the previously observed trend, 
in which increases in flow rate and temperature both improved the ammonia removal rate. The range of 
gas flow rates used in these experiments was greater, however, at up to 0.75 l l-1min-1, and it can be 
seen that increasing flow rate above 0.375 l l-1min-1 has little impact on the rate of removal; a saturation 
point is reached where further increases in flow offer no process benefits. At 70 °C the timescales 
required for ammonia removal to concentrations of 1000 mg l-1 or less were between 30 and 80 hours. 
 
In these experimental runs the pH decrease that was observed in the preliminary experiments was not 
encountered. Whereas previously the pH drop led to a cessation in ammonia removal at concentrations 
of approx. 6000 mg l-1, here the concentration decreased to below 1000 mg l-1 in all cases.  
 
Addition of alkali to modify the initial pH was shown to have a strong effect on the ammonia removal 
kinetics, as seen in Figure 11. The timescales for removal decreased from 30-80 hours to ~20 hours. 
This is again in agreement with the theoretical framework developed at the start of the project. 
Increasing the pH leads to a greater proportion of free ammonia and therefore a greater rate of 
removal. With high dosages of alkali, however, experimental problems were encountered due to 
excessive foaming. Antifoaming agent (J-QUELL 19 mineral oil defoamer supplied by J1 Technologies 
Ltd, Trafford Park, Manchester) was successfully used to prevent this.  
 
Figure 12 shows the ammonia removal characteristics for digestate 2 during experimental runs without 
and with pH modification. Removal was found to follow the same qualitative trends as for digestate 1. 
 

  
Figure 11 Ammonia stripping from digestate 1 without (left) and with (right) alkali addition 
 

  
Figure 12 Ammonia stripping from digestate 2 without (left) and with (right) alkali addition 
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7.2.2 Comparison of ammonia stripping from two digestate samples 
 
Ammonia removal kinetics were modelled according to an exponential decay relationship: 
 

         Equation 1 
 
where C is ammonia concentration, C0 is the initial ammonia concentration, t is time and τ is the 
removal time constant. The function gave a satisfactory representation of the system behaviour.  
 
Figure 13 shows removal time constants plotted against biogas flow rate for runs without alkali addition. 
It is clear that the removal of ammonia from digestate 1 was more rapid, in all cases, than digestate 2. 
The effect of biogas flow rate on the time constant is similar for both digestates, albeit with a different 
absolute magnitude: an increase in flow rate produces an improvement in ammonia removal up until a 
flow of ~0.375 l l-1 min-1, after which there is a saturation effect where a further increase in flow rate 
shows no appreciable improvement in removal rate.  
 
Figure 13 also shows the time constant for removal plotted against initial pH. Increasing the pH using 
NaOH is shown to have a stronger impact on the ammonia removal in digestate 2 compared with 
digestate 1, such that at high pH the removal rates of ammonia from both digestate are comparable, 
with time constants of around 4 hours. 
 

 
 
Figure 13 Effect of flow rate (left) and initial pH (right) on ammonia removal constant for 
digestates 1 & 2  
 
7.2.3 Effect of VFA on ammonia stripping 
 
Results from the preliminary experimental runs were characterised by an initial increase in pH followed 
by a sharp swing to lower pH, resulting in cessation of the ammonia removal process. This behaviour 
was not reproduced in later experimental runs. It was hypothesised that this could be due to the initially 
high VFA concentration in digestate 1, which gradually degraded over time and therefore affected later 
experiments less. During the early stages of the project, when digestate 1 was still fresh from 
collection, VFA concentrations were measured at 13847-23880 mg l-1. It was during this period that the 
initial ammonia removal experiments were performed. Later in the research, the same ammonia 
stripping apparatus was used but VFA concentrations were found to have reduced, probably due to 
natural anaerobic degradation and volatilisation, to a range of 1778-2826 mg l-1. VFA are acidic in 
nature and on the removal of ammonia, with a consequent reduction in alkalinity and buffering capacity, 
they will exert a strong influence on the pH of a digestate.  
 
To investigate the influence of VFA on stripping behaviour an experiment was therefore performed 
using digestate 1 spiked with acetic and propionic acid up to the concentrations found on collection in 
June 2009. The experimental conditions were 70°C, 0.375 l l-1 min-1 without pH modification. 
 
The ammonia removal and pH results are shown in Figure 14 with results from run 4.1 in the same 
conditions without the added acetic and propionic acids. It can be seen that the effect of the high VFA 
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concentration was to reduce the pH of the digestate, causing a pH swing as the ammonia was 
removed; and to inhibit the removal of ammonia at ~4300 mg l-1, compared with a final ammonia 
concentration of 1090 mg l-1 without VFA addition. This explains the discrepancies between the 
preliminary and subsequent findings and is an important result, since it has implications for the use of 
ammonia stripping to recover food waste digesters that have already accumulated high concentrations 
of VFA: in these conditions removal is less effective and is unlikely to reduce ammonia concentrations 
to less than 4000 mg l-1. 
 

 
 
 
 
Figure 14 Ammonia stripping from digestate 1 spiked with acetic and propionic acids at 
conditions 70°C, 0.375 l l-1 min-1 

 
8 Integration of ammonia stripping with anaerobic digestion 
 
Two semi-continuous laboratory scale experiments were performed in order to provide further 
information on how ammonia stripping could be integrated with the anaerobic digestion process. In the 
first, a laboratory-scale side-stream stripping process was operated for a period of 100 days in order to 
investigate the interaction of the ammonia stripping and anaerobic digestion processes. In the second, 
the potential for ammonia release during the hydrolysis stage of the anaerobic digestion of food waste 
was investigated.  
 
8.1 Ammonia stripping as a side-stream process  
 
8.1.1 Experimental setup and procedure 
 
The apparatus used in this part of the research consisted of two separate pieces of equipment: the 
digesters and the stripping system, as shown in Figure 15. Four mesophilic digesters were fed on food 
waste at an OLR of 2 kg VS m-3 d-1. On a daily basis 0.36 litres of content of the digester contents 
(10%) were removed and placed into the corresponding stripping reactor. The contents of the stripping 
reactor removed on the previous day were replaced in the main digester. The volume in the main 
digesters was kept constant by removing excess digestate for analysis. The stripping system was 
flushed daily with biogas and operated continuously to circulate the gas between the stripping reactor 
and the ammonia traps at a rate of 0.375 l l-1 min-1 (based on the stripping reactor volume). The 
experiment consisted of two duplicate digester/stripping systems, the only difference being the stripping 
temperature. Digesters were named according to the stripping temperature (i.e. DM=mesophilic, 
DT=thermophilic). The results were compared to those from a digester fed on the same feedstock at 
the same loading but with no ammonia stripping (control). 
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Figure 15 Schematic of the continuous side-stream stripping experiment 
 
8.1.2 Results and discussion of side-stream ammonia removal 
 
The experimental results are summarised in Table 4, and daily methane production is shown in Figure 
16. The methane production of all systems showed a gradual increase during the first 20 days of the 
experiment as the digestate acclimatised. After this one of the two digesters with mesophilic stripping 
showed a decline from approximately day 60, while the other showed some recovery from day 75 
onwards. The two thermophilically stripped digesters showed a different pattern: after stripping began 
there was a reduction in methane production until around day 45-50 followed by an increase for the 
next 50 days. It is likely that the period of decreased methane production was a second acclimatisation 
period for these digesters, this time to the temperature changes experienced by the microorganisms 
due to the thermophilic stripping stage. Towards the end of the experiment the thermophilic stripping 
appeared to be delivering a process advantage, in that these digesters produced the largest specific 
methane yield (DT2 produced 0.469 litres g-1 VS day-1 c.f. 0.414 for the control).  
 
The ammonia concentration in the digesters remained steady throughout the experiment and was 
similar to that in the control reactor. The simplest conclusion was that the stripping system was not 
removing a measurable quantity of ammonia. The higher specific gas production indicates a higher 
degree of organic matter breakdown, however, which is associated with greater release of ammonia 
nitrogen.  A nitrogen mass balance around the system was not carried out, but it is possible that 
ammonia removal was taking place down to the limiting concentration of the system. By the end of the 
experiment the VFA concentration in the stripped digesters was around 14000 mg l-1and as shown 
earlier the presence of VFA may determine the minimum achievable ammonia concentration. This 
argument is supported by the fact that when stripping started on day 17 there was a reduction in the 
ammonia concentration in the digesters accompanied by a pH drop from 8.4 to 8.1.  
 
Table 4 Summary of results of the continuous side-stream stripping experiment (averaged over 
a 7-day period 21/11/09-29/11/09) 

Quantity DT1/ 
ST1 

DT2/ 
ST2 

DM1/ 
SM1 

DM2/ 
SM2 

Control 

Specific methane production  
(STP l g-1 VSadded) 

0.362 0.469 0.201 0.330 0.414 

Digester pH 7.70 7.84 7.36 7.63 7.92 

Stripper pH 7.95 8.14 7.53 7.78 NA 

Digester ammonia-N concentration  
(mg l-1) 

4546 4783 4688 4776 4808 

Stripper ammonia-N concentration  
(mg l-1) 

4415 4636 4576 4855 NA 

Digester total alkalinity (mg l-1) 23251 25240 21046 23236 23535 

Digester partial alkalinity (mg l-1) 11716 12861 7767 10620 15352 

Digester intermediate alkalinity (mg l-1) 9617 10577 10587 10499 8182 
Digester intermediate:partial alkalinity 0.82 0.83 1.37 0.99 0.54 
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Figure 16 Daily methane production of the continuous side-stream stripping digesters 
 

Under the experimental conditions used the side-stream process was not successful in preventing the 
accumulation of volatile fatty acids, and this in turn limited the effectiveness of the ammonia removal 
process.  A more extensive programme of experimentation is needed to optimise the system, 
particularly in order to maintain the system at low ammonia concentrations in the initial stages. The 
stripping process should also be used in conjunction with trace element supplementation to prevent 
VFA accumulation.  
 
8.2 Ammonia released during the hydrolysis of food waste 
 
8.2.1 Experimental setup and procedure 
 
8 digesters with a working weight of 600 g (~600 ml working volume) were operated in duplicate by 
feeding with food waste to give retention times of 10, 8, 7, 6, 5, 4, 3 and 2 days. Samples were taken 
for measurement of pH, ammonia concentration, gas volume (production) and gas composition. The 
experiment lasted a total of 65 days, 43 of which were spent at the higher retention times (10, 8, 7, 6) 
and 22 at the lesser (5, 4, 3, 2) reflecting the time required for the digesters to reach stable operating 
conditions based on the parameters measured. 
 
8.2.2 Results and discussion of ammonia release during hydrolysis 
 
A summary of the main experimental results, taken in the period when the hydrolysis reactors were 
deemed to be in stable operation, is given in Table 5. It can be seen that the ammonia concentration in 
all digesters is around 1000 mg l-1 indicating that only ~15% of the hydrolysable ammonia-containing 
organics were being degraded and that changing the retention time of the hydrolysis digester had no 
effect on this parameter. This has negative implications for post-hydrolysis ammonia stripping without 
pH control since only a small quantity of ammonia could be removed whilst the rest would still be 
released during the main methanogenic digestion stage and could therefore still inhibit acetoclastic 
methanogenesis. 
 
Table 5 Summary of results from the hydrolysis reactors at steady state 

Retention 
time (d) 

pH σ Carbon dioxide 
production (l/d)  

Σ Total ammonia  
concentration 
(mg/l) 

Σ 

10 4.72 0.03 0.403 0.045 1052 27 

8 4.72 0.03 0.529 0.060 1024 31 

7 4.72 0.03 0.581 0.078 1026 20 

6 4.71 0.02 0.703 0.051 1017 20 

5 4.03 0.04 0.744 0.029 1084 31 

4 4.01 0.04 0.949 0.033 1072 53 
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Retention 
time (d) 

pH σ Carbon dioxide 
production (l/d)  

Σ Total ammonia  
concentration 
(mg/l) 

Σ 

3 3.99 0.05 1.234 0.049 1084 57 

2 3.89 0.02 1.818 0.043 1060 49 

 
The inhibition of the hydrolysis/fermentation processes can be observed in digester gas production, as 
shown in Figure 17. No methane was found and the main component of this biogas was carbon 
dioxide. The specific gas production is similar for all of the digesters, independent of the retention time 
(Figure 17). This suggests that hydrolysis and fermentation are proceeding to a similar extent on the 
food waste and that these processes occur rapidly (<2 days), after which any further fermentation is 
inhibited by the digestion conditions. 
 

 
 
 
 
 
Figure 17 Gas production from hydrolysis reactors 
 
9 Modelling ammonia removal in an anaerobic digestion plant 
 
The aim of this part of the work was to use the experimental results from ammonia stripping 
experiments as a basis for modelling ammonia removal and to give guidance on the options for 
industrial application in various full-scale plant configurations. The model was built to represent two 
scenarios: scenario 1 represents removal of ammonia in a pasteuriser at 70°C with some digestate 
recycle, and scenario 2 models in situ ammonia removal during the mesophilic anaerobic digestion 
stage, by combining gas mixing with a biogas ammonia stripping system. These scenarios are 
illustrated in Figure 18. 
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Figure 18 Model structures for scenarios 1 (left) & 2 (right) 
 
For both scenarios the following conditions were simulated: organic loading rates of 2 and 5 kg VS m-3 
d-1, and initial ammonia concentrations of 500 and 6000 mg l-1, with the following constants: bio-
available ammonia in the food waste 6000 mg l-1; VS content of the incoming food waste 217 g kg-1; 
ammonia strippers operated 24 hours a day; mesophilic ammonia stripping with a time constant of 575 
hours as per run 0.1; ammonia stripping at 70°C with a time constant of 4 hours as per runs 20.1 and 
20.2. For scenario 1 a hydraulic retention time (HRT) in the digester of 30 days was simulated to avoid 
potential biomass washout, thus setting the ratio of recycled digestate : incoming food waste.  
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Figure 19 shows the in-digester ammonia concentration from simulation of both scenarios. It can be 
seen that the final ammonia concentration is independent of the initial concentration, which is as 
expected since the inoculum material is eventually diluted out of the digester. For scenario 1, at 2 and 5 
kg VS m-3 d-1, ammonia reductions of 72% and 31% are achieved respectively. In the highly loaded 
system performance is poor since, to avoid biomass washout, only a small amount of digestate can be 
recycled and mixed with the incoming food waste (0.45:1 recycled digestate : food waste on a volume 
basis c.f. 2.62:1 at 2 kg VS m-3 d-1), leading to ineffective in-digester ammonia concentration reduction. 
The results of simulation of scenario 2 show ammonia removal rates of 81% and 63% respectively at 
the same organic loading rates, demonstrating the advantage of in situ ammonia stripping.  
 
Although in situ ammonia removal shows potential process advantages, this may not be the case on an 
energy basis. Post-digestion ammonia stripping has a high energy demand for heat (through 
pasteurisation) and a lower demand for pumping gas, whereas this situation is reversed for in situ 
removal. It is clear that the situation is not so simple that one method can always be recommended, 
and best practice in a particular situation may depend on the availability of waste heat and the 
operating conditions of the plant. 
 

  
 
Figure 19 Simulated ammonia removal for scenarios 1 (left) & 2 (right) 
 
10 Conclusions 
 

• Source segregated food wastes from Luton and Hackney and those used at the Ludlow digestion 
plant were very similar in their physico-chemical properties.  

• Selenium and cobalt are the key trace elements that are needed for the long-term stability of food 
waste digestion, but that are likely to be lacking in food waste. The minimum concentrations 
recommended for selenium and cobalt in food waste digesters at moderate organic loading rates 
(~2-3 kg VS m3 day-1) are around 0.16 and 0.22 mg l-1 respectively. A total selenium concentration 
greater than 1.5 mg l-1 is likely to be toxic to the microbial consortium in the digester. Mo, W, and Ni 
are present in food waste in sufficient quantities for moderate loadings, but may have to be 
supplemented in digestion at a high organic loading rate (~5 kg VS m3 day-1). The potential for 
synergistic effects involving Mo and W has yet to be clarified. Food waste has sufficient Al, B, Cu, 
Fe, Mn and Zn. 

• Food waste digesters can be operated stably with low VFA concentrations at an organic loading 
rate (OLR) of 5 kg VS m-3 d-1 with a volumetric biogas production of 3.8 STP m3 m-3 d-1 and specific 
biogas production of 0.76 STP m3 kg-1 VS. 

• Prevention of VFA accumulation in the digester by trace element supplementation is necessary, as 
recovery of a severely VFA-laden digester is not a rapid process even when supplements are 
added. 

• Increases in temperature, gas flow rate and pH had a positive effect on the ammonia removal rate. 
In the case of gas flow rate a threshold was observed above which no further increase in removal 
rate occurred. At 35 and 55 °C the decay constants at the optimum flow rate were in the order of 
600 hours, whereas at 70 °C this reduced to 15-17 hours. With pH adjustment the time constant 
could be further reduced to 3.9 hours at 70 ˚C.  
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• High VFA concentrations were shown to have a negative impact on ammonia removal. This has 
implications for recovery of anaerobic digestion plants where the process is already operating at 
high VFA concentrations. 

• Removal of ammonia in a side-stream linked to semi-continuous digesters is a complex process 
and a more extensive programme of experimentation is needed to optimise the system, particularly 
in the initial stages in order to maintain the system at low ammonia concentrations. The stripping 
process should also be used in conjunction with trace element supplementation to prevent VFA 
accumulation.  

• Post-hydrolysis ammonia removal was found to be unfeasible without pH control as only a small 
proportion (~15%) of the bio-available ammonia was released.  

• Simulation of the ammonia concentration in a food waste anaerobic digester suggested that in situ 
mesophilic stripping combined with gas mixing will lead to the lowest in-digester ammonia 
concentrations, especially at high organic loading rates. A more thorough analysis of system 
energy requirements is needed, however, and best practice may be situation specific depending on 
the availability of waste heat. 
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