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Abstract 

Anaerobic digestion (AD) is a well-established technology, particularly suited to handle organic material. It is 

widely used at large scales as a renewable energy source as it produces biogas, while the remaining digestate is 

used as fertilizer. However, as energy and transportation prices rise, small-scale applications and decentralised 

local energy production will become more attractive. The aim of this work is to evaluate the sustainability of 

small-scale urban AD systems and investigate the scale down to which they remain techno-economically viable.  

Data on small-scale domestic AD applications was gathered from literature and analysed to provide an 

overview of the current situation and identify gaps, potential correlations and trends. A steady-state mathematical 

model of the AD process was developed for scenario evaluation, based on feedstock analysis, mass balances and 

kinetics. Literature data from AD applications were simulated, and a sensitivity analysis was also carried out to 

study the effect of several model parameters on the process. 

The data analysis confirmed the challenges of small-scale systems, as larger reactor volumes are required to 

treat more dilute feedstocks, such as sewage. The analysis showed that the clear majority of small AD systems 

are installed on farms and in rural areas, and conversely, very few small-scale applications treat municipal wastes 

or sewage, indicating a technical gap in these systems. Finally, the model can successfully predict the efficiency 

of AD systems based on feedstock characterisation and it will be used to evaluate the feasibility of such systems.  
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1. Introduction & Aim 

Anaerobic digestion (AD) is commonly used to treat the organic matter from sewage sludge, manure-slurries, and 

food and agricultural wastes. It is widely used as a renewable energy source as it produces biogas, which is suitable 

for energy production (electricity, heat, gas). At the same time the nutrient-rich remaining digestate can be used 

as fertilizer, since it contains nearly all its major mineral elements (nitrogen, phosphorous and potassium). AD is 

also an important pillar of the European circular economy concept as it mitigates greenhouse gas emissions, it 

recycles nutrients, it prevents nitrogen leakage into groundwater, and it avoids the spread of harmful diseases 

through extended landfilling [1].  

AD is traditionally conducted at large scale, e.g. at a wastewater treatment works or in a co-operative of 

farms, and hence transport to centralized facilities is required. However, as energy and transportation prices rise 

and the demand for local waste treatment increases, this framework may change and local fertilizer and energy 

production will become more attractive [2]. Besides the financial aspect, decentralized treatment also contributes 

to sanitation and provides local and social benefits. Implementing more localised AD also offers the opportunity 

to reduce additional loadings on existing sewer and wastewater treatment works due to new development.  

Small-scale (household and community) AD systems are popular in several parts of the world, particularly 

in Asia, Africa and South America, where sewage and kitchen waste is co-digested with agricultural streams. 

According to Rajendran et.al [3] there are millions of household digesters around the world with most of them in 

China, followed by India. In most of these cases manure is the basic feedstock used to produce local energy, 

mainly for heating and cooking. However, in the industrialized world small-scale AD applications treating 

domestic derived wastes are rare. There are a lot of small-scale farm applications producing energy from manure 

and crops, but very few small-scale AD systems to treat municipal wastes. This is mainly due to the lower content 

of biodegradable organics in such feedstocks. Small scale domestic AD systems have mainly been used as projects 

by companies to test various substrates and technologies, and by small communities as pilot projects. In most of 

these cases AD is part of a bigger ecological and sanitation project. 

Whilst a sustainable AD process has been achieved for large scale applications, this is connected to 

economies of scale, and thus the economic sustainability of smaller systems is in question. As AD systems become 

smaller in scale, several technical and economic limitations will arise. Garfi et.al [4] highlight that although the 

potential of this technology is well demonstrated, some barriers are identified such as the need for technical 

improvements, lack of social acceptance, and high investment costs. Hence, for smaller AD systems to be 

sustainable, the energy (biogas) and nutrient recovery must be optimized. This would allow the use of AD as a 

decentralised technology, which would move the treatment closer to source, reducing loadings on existing 

wastewater treatment plants. Examples could include the use of small-scale AD systems to treat waste from food 

and drink processing industries, from new housing developments, in villages, and for large office blocks, etc.  

The capital investment costs, feedstock characteristics and methane production are the most important 

parameters, which will define the required size of the AD system. This work focuses on three types of domestic 

waste feedstocks: food waste, source separated waste, and sewage. Generation of different substrates varies per 

capita or per household, as does the composition (solids content, organic matter etc.), which determines the biogas 

production according to biodegradability.  Thus the size of the AD reactor is strongly dependant on the type of 

feedstock treated. Based on literature [5, 6], in the UK, the average person produces 150 litres of wastewater per 

day of which 4.5 litres is black water. With regards to food waste an average value is 150 Kg per year.  

The basic aim of this work is to evaluate the sustainability of small-scale AD systems to treat domestic waste 

and investigate AD for more decentralized applications, whilst maintaining technical and economic viability. We 

study the optimisation of biogas production using modelling tools to investigate the effect of varying substrate 

composition and other operational parameters (hydraulic retention time, organic loading rate, solids content etc.) 

on the qualitative and quantitative properties of the produced biogas. The final objective is to characterise different 

feedstocks and explore their feasibility for use in small scale and decentralised AD systems. 
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2. Methodology  

2.1 Small-scale AD database construction 

Data regarding AD applications was gathered from literature and analysed to evaluate the current status of small-

scale AD technology and feedstocks, to develop a better understanding of the sustainability of AD systems, and 

to explore any trends or correlations within the data. The database was constructed based on small-scale AD 

applications (< 1,000 m3), and targeting the most common operational parameters which control the process, e.g. 

reactor type and volume (m3), temperature (o C), hydraulic retention time (HRT, d), organic loading rate (OLR, 

Kg COD m-3d-1), COD removal efficiency (%) and biogas yield (m3 biogas Kg-1 VS added).  

The data was sorted based on the scale of application (full scale, pilot, lab, feasibility studies), and the type 

of the feedstock treated and its composition. The targeted feedstocks were food waste, source separated waste 

(black water) and sewage. Farm and animal waste was also included as a reference point. Where needed, the 

literature data was reprocessed to standardise values and to fill in the gaps of information. As a result, a database 

of small-scale AD systems was built, based on size classifications used by the original authors. Table 1 shows the 

number of cases per feedstock type and per type of application found in the literature search.  

Table 1 Small-scale AD applications from literature used for database construction. 

Application 
Feedstock type Reactor size 

range (m3) Source separation Sewage Food waste Farm-animal 

Full scale 10 1 3 19    0.2 - 900 

Pilot 1 4 3 42    0.125 - 25 

Lab  8 1 - 5   0.005 - 1.22 

Feasibility studies - 2 - -    200 - 700 

Total 19 8 6 66  

2.2 Model development  

A simple steady-state spreadsheet model of the AD process was developed to correlate gas production and 

substrate composition, to predict the influence of various parameters on the process, and to simulate the outcomes 

of literature cases. The data from literature cases were used as model inputs, and simulations were run by adjusting 

parameters such as kinetic constants or feedstock characteristics where these were missing from the data. 

Temperature, reactor volume, HRT, influent COD and inflow were taken from each literature case and the model 

calculated the methane yield, COD removal and OLR. The model predictions were then compared to the literature 

data. All of the literature cases (Table 1) were simulated, apart from those treating farm and animal waste, which 

were used as a reference and to help identify trends and correlations within the broader literature data.  

An internal sensitivity analysis was carried out to investigate how the model responds to changes in important 

operational parameters and the feedstock characteristics. The effect of dry matter content, temperature, HRT, non-

biodegradable COD fraction, VFA content and feedstock composition was evaluated on methane yield and COD 

removal efficiency. The model was based on COD fractions and mass balances, Monod kinetics and the Buswell 

equation for biogas prediction. It was built as follows.  

2.2.1 Influent characteristics 

The influent wet mass (Kg d-1) was calculated with the feed flow rate (m3 d-1) and the feedstock specific gravity 

(Kg m-3). Dry matter content (DM, %) was defined as percentage of wet mass, while the organic dry matter (ODM, 

%) was defined as a percentage of the dry matter. Organic dry matter was broken down into proteins, lipids, 

carbohydrates, volatile fatty acids (VFA), and lignin, which corresponds to the non-biodegradable part. Where 

this information was not explicit from the literature examples, these features were calculated by interpolation and 

mass balancing, based on “typical” values.  
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2.2.2 Operational parameters 

The reactor volume (m3) was set and the hydraulic retention time (d) was then calculated based on the given flow 

rate (m3 d-1), or the other way around according the information gathered. The organic loading rate (OLR - Kg VS 

m-3 d-1) was calculated based on the influent ODM (Kg VS d-1) and the reactor volume (m3). The reactor 

temperature was also defined, as this was used to adjust the kinetic parameters.  

2.2.3 COD fractionation and Monod kinetics 

This aspect of the model followed the mass balance and kinetic methodology of Sötemann et.al [7]. In the system, 

apart from the influent COD (Sti, Kg COD L-1), a fraction of COD that is converted into biomass (E) was calculated 

based on the biomass formation yield (YAD, g COD biomass g-1 COD substrate) and the endogenous respiration rate 

(bAD, d-1). These parameters were based on typical literature values, and the solids retention time (SRT; d). SRT 

is assumed to be 20% greater than the HRT, as if the bacteria are not retained long enough an effective culture 

may not develop. 

The residual COD concentration (Sr, Kg COD L-1) was calculated based on standard values of Monod kinetic 

constants: Ks (Kg COD L-1), Km (Kg COD Kg-1 biomass COD d-1), bAD, YAD, and the SRT. Assuming that 100% 

of the biodegradable COD fraction is degraded, which is over ambitious but at least provides the maximum 

potential, the biodegradable COD fraction removed (Sbr, Kg COD L-1) was calculated as Sbr = Sbsi + Sbpi − Sr, 

where Sbsi is the readily biodegradable soluble COD concentration and Sbpi the slowly biodegradable particulate 

COD concentration. The biomass COD concentration (ZAD, Kg COD L-1) was calculated as ZAD = Sbr × E. Having 

defined biomass and residual concentrations the hydrolysis rate (rh, Kg COD L-1 d-1) was calculated as rh = (Km × 

Sbr × ZAD) / (Ks + Sbr). 

The total effluent COD concentration (Ste, Kg COD L-1) was calculated as Ste = Supi + Susi + Sr + ZAD, where 

Supi and Susi are the influent non-biodegradable particulate and soluble COD concentrations respectively. The 

produced methane concentration was calculated as Sm = (1 − YAD) × SRT × rh, whilst the effluent COD 

concentration (Se, Kg COD L-1) was Se = Sm + Ste and the percentage COD removal efficiency: CODr = 1 – (Ste / 

Sti). In relation to gas production it was assumed that Sm includes the VFA COD concentration, which is 

completely converted into methane.  

2.2.4 Stoichiometry and elemental balance 

The organic dry matter of the waste is broken down into its major constituents (proteins, carbohydrates, lipids, 

VFA and the non-biodegradable part). The Buswell equation was used to calculate the composition (CH4 and 

CO2) of the produced biogas. The theoretical maximum CH4 production (L d-1) and methane yield were also 

calculated by based on the daily influent mass of ODM, as a reference point. Finally, the theoretical COD (g COD 

g feedstock-1) was calculated based on the elemental composition of the ODM fractions. TOC was calculated 

based on the elemental composition of the ODM fractions and so was the COD/TOC ratio. The methane 

production values reported from the model are based on the substrate specific influent characteristics, the COD 

mass balances, and the temperature driven kinetics.  

2.3 Model assumptions 

The model uses typical literature values, and various assumptions were made, in order for to simulate AD 

processes treating different types of feedstock substrates. During the calculation of influent characteristics, the 

assumptions presented in Table 2 were made [8, 9, 10, 11, 12, 13 and 14]. Each feedstock has different total solids 

(TS) and organic volatile solids (VS) content, whilst the feedstock composition also varies. The values for these 

characteristics were based on literature data, so to increase robustness, several literature sources were compared, 

and in some instances average values were used to try and ensure uniformity. The sensitivity analysis allowed the 

influence of these values to be determined on the model predictions. 

In addition to the parameters listed in Table 2, some constants used in the model were also fixed according 

to literature values – see Table 3. These parameters were fixed, unless relevant information was provided in the 

literature cases. In such cases the real data were used to replace the assumptions. In case of gaps in the literature 

data, simple mass balance calculations were used complete the data. Unless specified in the literature, a standard 

temperature of 35 0 C was used, corresponding to mesophilic conditions.  
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Table 2 Characteristics and averaged assumed compositions for different substrates. 

Parameter Black water Food waste Sewage 

Total Solids (TS, %)   0.74 20.00   0.10 

Volatile Solids (VS as % of TS) 72.00 85.00 60.00 

Specific gravity (tn.m-3)   1.01   1.20   1.05 

Carbohydrates (% of VS) 27.81 41.07 45.00 

Proteins (% of VS) 47.80 22.08 30.00 

Lipids (% of VS)   6.08 20.28   6.69 

VFA (% VS)   4.23   2.49   4.23 

Non-biodegradable (% of VS) 14.08 14.08 14.08 

Table 3 Constants and assumptions used according to literature data. 

Parameter Value Source 

COD/VS ratio    1.42 [15] 

VFA/COD ratio    0.06 [15] 

Non-biodegradable COD fraction (%) 20.00 [16,17] 

Non-biodegradable soluble COD fraction (%)   5.00 [16,17] 

Non-biodegradable particulate COD fraction (%) 15.00 [16,17] 

Readily biodegradable soluble COD fraction (including VFA) (%) 20.00 [16,17] 

Influent biodegradable particulate COD faction (%) 60.00 [16,17] 

Typical elemental composition of lipids C51H98O6 [18, 19] 

Typical elemental composition of proteins C5H7O2N [18, 19] 

Typical elemental composition of carbohydrates C6H10O5 [18, 19] 

Typical elemental composition of VFA C2H4O2 [18, 19] 

Typical elemental composition of lignin C6H10O5 [18, 19] 

Biomass formation yield (g COD biomass.g-1 COD substrate) 0.113 [7] 

Endogenous respiration rate (d-1) 0.041 7] 

Solid retention time (d) 120% × HRT - 

Monod kinetics constant Ks (Kg COD L-1) 0.108 [7] 

Monod kinetics constant Km (Kg COD Kg-1 COD biomass d-1) 1.097 [7] 

CH4 COD (g.mole-1) 64.00 - 

CH4 gas volume at STP (l) 22.40 - 

3. Results and discussion 

The model was used to simulate the actual literature applications and evaluate the influence of operational 

parameters and substrate composition. The target substrates of sewage, source separated, and food waste were 

compared with other theoretical compositions and to the literature values. Finally, the model and literature analysis 

helped to evaluate the range of scale of small-scale AD to be used in decentralised systems. 

3.1 Current small-scale AD situation 

The evaluation of current published small AD studies showed that at the typical mesophilic (35°C) and 

thermophilic (55°C) AD temperatures there is high variability in terms of organic loading, OLR (Figure 1a). 

Average OLR values under thermophilic conditions were higher for mesophilic, which is in line with theoretical 

increased kinetic rates at higher temperatures. In the same way, at low temperatures the kinetics rates are reduced 

and as a result the loading rates were kept below 2 Kg COD m-3d-1 to avoid overloading. Figure 1a also reveals 

that nearly all source separation and sewage applications were carried at lower temperatures, indicating that 

probably no additional (or parasitic) heating was employed. Thermophilic temperatures (> 45 o C) seem only to 

be employed for smaller reactor sizes. 
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Fig. 1 Correlation of temperature (a) and HRT (b) with OLR for published small AD application data. 

The OLR is not linearly dependent on HRT (Figure 1b) under thermophilic conditions, even with similar 

feedstocks, which is because various combinations of reactor size and feed flows were used in the evaluated cases. 

Figure 1b also reveals that higher loading rates are used at smaller retention times. This is consistent with the mass 

balance relationship which indicates that for the same or similar COD, lower loading rates should be applied for 

longer retention times. It is also clear that feedstocks such as source separated black waste and sewage, which are 

more difficult to break down than farm-derived feedstocks, employ lower values of OLR for the same HRT.   

The literature data analysis revealed that farm applications tend to have much higher OLRs than systems 

treating municipal waste, but at the same time they show a lower COD removal efficiency (Figure 2). As that all 

substrates except food waste generate similar amounts of biogas, and lower removal rates are obtained for farm 

applications, the overall efficiency of such processes might be favourable for municipal waste treatment. 

However, Figure 2 also shows that applications treating sewage have a low OLR and lower HRT than for other 

substrates. This evidence confirms the challenge facing small-scale AD for sewage and domestic treatment, as 

these influents are more dilute than farm wastes, and hence larger reactor volumes are required.  

 

Fig. 2 Average literature values of four targeted parameters sorted by feedstock type – error bars represent the 

standard error of the sampled population of data. 

Food waste is a substrate with high biodegradability and which could therefore be used to increase the influent 

biodegradability and methane potential during co-digestion of lower value feedstocks. The data analysis confirms 

that food waste achieved both the highest COD removal efficiencies and the highest biogas yields (Figure 2). 

Source separated waste applications also achieved high methane yields and COD removal. This is not surprising 

given the higher biodegradability, and thus biogas potential, of such feedstock types. According to the 

classification of reactor type (data not shown), up-flow anaerobic sludge bed (UASB) applications tend to have 

lower retention times, which is because of the higher degradation rate achieved by enhanced retention of the 

anaerobic biomass. However, UASB reactors cannot be applied to feedstocks with high solid content, such as 

municipal or food waste.  

Analysis of the literature data also shows that there is more general variability for smaller scale reactors in 

terms of biogas yields achieved. It was noticed that at retention times longer than 30 days the COD removal 

efficiency is always higher than 60%, whereas at shorter HRTs there is more variability, with removals sometimes 

as low as 40%. Source separated wastes appear to lead to high removal efficiencies, and the highest COD removal 

efficiencies were achieved when the OLR was relatively low (below 2 Kg COD m-3d-1). The highest biogas yields 
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(above 0.65 m3 Kg-1 VS) correspond to relatively short HRTs (< 30 days) while the highest COD removal 

efficiencies and biogas yields were achieved in cases when OLR was relatively low.  

The literature analysis shows that the rate of applications of small-scale AD systems is increasing, but that 

the significant majority of these applications are installed on farms and in rural areas to treat manure, kitchen 

waste and crop residues. There are very few small-scale applications that treat municipal wastes or sewage. This 

is likely to be due to the limitations that arise when reactor size is reduced, since it becomes much harder to 

maintain a low OLR, but also because of the economies of scale. 32 literature cases involved treatment of sewage, 

black water and food waste (Table 1). If we exclude the 9 lab scale cases, where the reactor volume is very small, 

the average reactor volume within the remaining 23 cases is 107.85 m3. This suggests that AD can be sustainable 

at such sizes and supports the objective of our further research.  

3.2 Influence of operational parameters on the AD process 

A sensitivity analysis of the steady-state AD model was carried out to evaluate the effect of various operational 

parameters on the process, and to ensure that the model results are in line with theory. A baseline model substrate 

was used with a composition of 80% ODM, 55% carbohydrates, 30% proteins and 16.7% lipids by weight. The 

reactor volume was fixed at 1,000 m3. The baseline DM content was 12%, the HRT was 25 d, and the operating 

temperature was 35 °C. These parameters were then varied independently, and the impacts of biomass yield, 

VFA/COD ratio, and the endogenous respiration rate were also investigated.   

Figure 3 shows the influence effect of the dry matter content Figure 3a), HRT (Figure 3b) and temperature 

(Figure 3c) on the methane yield and COD removal efficiency. As expected, at higher temperatures, longer 

retention times and for feedstocks with higher solids content, both of these outcomes increase. Assuming the 

necessary methane yield for viable small-scale AD systems is 0.38 m3 KgVS-1, a minimum of 5% DM and an 

HRT of 10 days are required, while the temperature has little apparent influence on the outcome. The feedstock 

content in terms of carbohydrates, proteins and lipids is highly dependent on the type of influent being processed. 

Feedstock composition can be considered as an operational parameter, as pre-treatment methods may change the 

characteristics, for example, concentration techniques could be used for very dilute influents to increase the solids 

content prior to digestion. Deliberate blending of feeds may also be possible to improve feedstock characteristics.   

Fig. 3 The effect of dry matter content (%), HRT (d) and temperature (o C) on methane yield (m3 Kg-1 VS) and 

COD removal (%). Results from model sensitivity analysis. 

3.3 Influence of feedstock composition 

Typical literature values with regard to protein, lipid and carbohydrate content were used to represent food waste, 

sewage and source separated waste (Table 1). Figure 4 shows how the varying composition of the feedstock affects 

the methane yield. The indices 1 to 8 on the x axis relate to random composition variations, whereas BW, FW and 

SW represent black water, food waste and sewage respectively. Food waste, which has the highest lipid content 

of the three feedstock types, unsurprisingly has the highest biogas yield. Various other combinations were 

modelling, to calculate methane production and COD removal (Figure 4). This shows a positive correlation 

between the percentage of lipids in the feedstock and the methane yield, i.e. the more the lipids present in the 

feedstock the more methane is produced. This is unsurprising as lipids are understood to lead to high methane 

yields. Similarly, as increasing percentage of carbohydrates in the substrate leads to reduced methane production. 

From Figure 4 it is obvious that small variations in composition can have strong impacts on the methane produced, 

and this supports the notion that blending feedstocks could be an important strategy with regard to the successful 

development of small-scale AD systems. 
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Fig. 4 The effect of feedstock composition on methane yield 

3.4 Simulation of literature cases 

A steady-state AD model was used to simulate different literature cases. The model was used to evaluate methane 

production and yield, COD removal efficiency, and other performance parameters, for three different type of 

feedstocks: food waste, source separated waste (black water) and sewage.  

Figure 5 shows real data values compared to the model predictions when evaluating the various literature 

cases. Figure 5a shows the relationship between OLR and COD removal, whilst Figure 5b shows the correlation 

between OLR and operating temperature. Even though the fit is not perfect, the model can be said to succesfully 

reproduces the outcomes and that are found in the literature. It should be remembered that the model assumes 

steady-state operation and a number of assumed or estimated parameters – it is therefore performing well across 

the wide range of literature data under these circumstances and can be said to be robust. 

 

Fig. 5 Literature data vs model simulation results: All feedstock types 

Figure 6a shows literature data from applications treating food waste and the corresponding modelling results, 

whilst Figure 6b shows results from analysis of applications treating sewage respectively. In both cases model fit 

is satisfactory compared to data values, given the steady-state assumption, and allowing for reasonable adjustment 

of model parameters in relation to published values from literature.  

 

Fig. 6 Literature data vs model simulation results: Specific feedstocks 
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Finally, Figure 7 shows a correlation between the organic loading rate and the methane yield for different 

feedstocks, and compares model predictions to literature data. It is clear that the simulation results follow the same 

trend as the literature data, as at higher OLR the methane yield is higher. Figure 7 also confirms that food waste 

has the highest methane yield followed by source separated waste. With regards to sewage, there is high 

variability.  

 
Fig. 7 OLR vs methane yield: Literature data compared to modelling results: sorted by feedstock type 

4. Conclusions  

The literature shows that the rate of application of small-scale AD systems is increasing, but that the majority of 

these applications (68%) are systems installed either on farms or in rural areas to treat manure, kitchen waste and 

crop residues. There are very few small-scale applications that treat municipal wastes or sewage, reinforcing the 

need to develop new approaches to tackling such challenges. The literature analysis also confirms the challenge 

of small-scale AD for sewage waste, by confirming that larger reactor volumes are used for more dilute influents. 

The steady-state AD model allowed good prediction of methane production and COD removal for different 

feedstocks, even thought it was built with a number of assumptions and some fixed parameters. This suggests that 

the model is robust across the range of literature data analysed, and is a good basis for further work. The sensitivity 

analysis which explored changing operational parameters gave early indications of the limits within which small 

AD might work. Based on an assumed methane yield of 0.38 m3 kg-1 VS, a minimum 5% DM content and an 

HRT of 10 days are required. Although a higher HRT would increase COD removal, larger volumes will be 

required to maintain a low OLR in order to stabilise operation. The literature analysis shows that there is 

inconsistent treatment of the results of AD trials in relation to feedstock characterisation and overall performance 

analysis. The steady-state modelling presented here indicates that reliable methods of AD performance analysis 

can be achieved with varying feedstocks, and demonstrates the benefit of a standardised treatment of trials data. 

Future work aims to identify at what reduced scales urban AD systems they can remain financially viable. 

This will include gathering more data and use of more advanced process modelling tools to simulate small-scale 

AD reactor performance. Lab scale experiments utilising blended pre-treated feedstocks will validate the 

modelling analysis and to help guide process optimization. Life cycle assessment and cost benefit analysis tools 

will be used to evaluate the economic and through life potential of the most promising small-scale AD systems. 
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