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[bookmark: _Toc37360173]What is an anaerobic digestion plant (ADP)? Marcos Gonzalez Norris
For many years anaerobic digestion has been used to produce carbon neutral energy. The first ADP was built in 1859 in Bombay, India and since then they have been used all over the world (Energize Connecticut, 2014). Anaerobic digestion is when organic matter is broken down without the presence of oxygen, producing methane gas, heat and a solid known as a digestate. An anaerobic digestion plant is essentially a waste treatment plant that uses anaerobic digestion to produce these desired products to either be used by the plant itself or for other commercial opportunities. 
When looking at ADP’s there are three main areas that need to be considered, they are: the feedstock, the size of the plant and the purpose of the plant. Feedstock is the name given to the organic matter that is initially inputted into the plant to be digested. The type of feedstock used is essential as it has a direct effect on what is outputted by the plant. The size of the plant will determine how much organic matter can be digested at one point and therefore the output of the plant. This also effects things like location, costs and possible commercial opportunities. The purpose of the plant will determine whether the plants outputs are solely for financial gain or whether the plant is more for waste management and sustainability. This will affect what kind of feedstock is chosen as well as what to do with products produced by the plant.
[bookmark: _Toc37360174]Project description and roles (Tom Pettifer)
In this project we were tasked with designing an Anaerobic Digestion Plant. We looked into what Anaerobic digestion is, the possible feedstocks that can be used and how important it is to choose the right feedstock. A location/purpose for the digester also had to be determined. We chose to build the plant for a dairy farm, as a form of waste management, free energy and an extra income for the farm. The main features and systems that the plant can utilise to perform efficiently, and the possible commercial opportunities for the biogas and digestate. Furthermore we looked at the laws and legislation that define the project, as well as the health and safety concerns involved. The project was split into 6 parts, one for each team member:
Kseniya Gomzjakova – Feedstock
Marcos Gonzalez Norris – Chemical Process 
Tom Pettifer – ADP Layout
Jordan Fuge – Pressure vessel design and storage
Alex Rivas – Commercial opportunities 
Omaira Hernandez – Legislation 
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It has been decided to set up AD Plant on the medium-scale farm, hence the average sized herd of 300 dairy cows has been assumed. The decision to build a plant on the farm has been chosen because farm is a great source of organic matters, such as animal, water and agricultural wastes, crops and grass etc. Feedstock in this context is any substrate that can be digested by anaerobic bacteria and converted to methane. Feedstock is a key for successful running of the AD plant and as a result for production of the final products such as methane (CH4) and soil fertiliser. Moreover, the feedstock plays an enormous role as it influences the reactor configuration, such as design and operational considerations, as well as influences the bacterial physiology (Zafar, 2019)
Many areas where to choose a location for the plant to be installed has been considered and it has been decided to set up a plant in Wales, in Ceredigion area. Wales has been chosen because of it land use is predominately grassland pasture which accounts for 75% of land use in Wales, as well as Wales has wetter climate than much of the UK, which in turn let cut a grass 3 times (sometimes 4) in a year (Armstrong, 2016). As well as Ceredigion is known as the area where are many dairy farms located and as the area with rich grasslands pastures. All these factors have been considered to run AD plant as smoother as possible feedstock availability wise.

Different feedstock produces different rates of biogas yield. For narrowing a range of feedstock, it has been decided to exclude those materials containing large amounts of inorganic matter, poorly degradable material (such as wood as it consists of lignin) or even materials containing compounds to be toxic for anaerobic bacteria ,- for instance ammonium and sulphur inhibit anaerobic bacteria (Sears, K; Alleman , JE; Barnard ,JL; Oleszkiewicz ,JA., 2004). As result, different types of feedstock have been considered and evaluated and cattle slurry and grass silage have been chosen as a final feedstock. The best option of feedstock has been selected as best combination of low-yielding and cost-free slurry and high-yielding and little cost grass silage (biogas yield values are shown in Fig 1 and 2. Moreover, by choosing this feedstock the animal waste could be managed without falling out of legislation requirements. 

[image: ]
Figure 1: Biogas yield from different types of feedstock (Free-Energy LtD, 2012)
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Figure 2: Characteristics of feedstocks (Steffen, R; Szolar, O; Braun, R, 1998)

For successful running of the AD plant various factors of substrate composition must be considered. These are – Total Solids concentration (TS), Carbon to Nitrogen ratio (C/N ratio), Volatile Solids concentration (VS) which lead to formation of Volatile Fatty Acids (VFA), pH, Retention days (Polpraset, 1996)
1. Slurry 
Slurry is a manure with 4 to 10% solids content, other words, it is a mixture of solids and liquids. These liquids could be milking parlour washwater as well as washwater from the farm. (Fig 3):
[image: ]
Figure 3: Characteristics of different animals' manure (Manure Management Systems Series, 2004)
Slurry has been chosen because the density of a matter is low but highly nutritious, which will benefit to bacteria successful grow and digestate the feedstock, thus leads in turn, for successful running of AD plant.
It has been researched, that 1 dairy cow (6000 to 9000 litres milk yield) of the weight of  450-500 kg and aged over 2 years old produces manure approximately 8-10% of its weight, which is around 40- 53 litres (or kilograms) of excreta daily (DEFRA, 2011) with a dry mass content roughly 7.3 kg per day (10-12%  of total solids) (Font-Palma, 2019)
The amount of excreta a cow produces is slightly varying in different sources, but the highest amount of excreta was found could been seen in Fig 4:
[image: ]
Figure 4: Daily excreta for dairy cows (AHDB Daily, 2010)
Therefore, it has been decided to take minimum amount that have been established, which is 40 kg (or l) per cow per day. Thus, 300 dairy cows produce 12 000 kg per day with a dry content of 2 190 kg. This calculation has been done assuming 40 kg of slurry contains 7.3 kg of dry content. 
Nevertheless, this calculation is made for cattle in winter times, when cows are kept fully housed and slurry will be collected in fully, this is estimated to 165 days a year. During the grazing, 200 days a year it has been concluded based on Mr J. Teffry statement (Teffry, 2020) that total amount of slurry to be collected is about 36% of total slurry, considering the dairy cows are gathered back on the farm for milking twice a day. So, during grazing months from 300 cows could be collected only about 4 320 kg of excreta per day (12 000x0.36), which will contain about 432 kg of solids. It should be noted that during summer the biogas production will be decreased. Alternatively, to keep a rate of biogas production, another additional feedstock needs to be considered.


2. Grass silage
To operate AD plant efficiently and cost-effectively it has been decided to use co-digestion. For this purpose, energy crops and grass silage has been compared. Slurry itself does give quite low biogas yield (Fig 1), while energy crops or grass silage added to the main feedstock could improve anaerobic digestion as well as increase biogas production. Energy crops -maize especially has known as the best feedstock regarding a biogas yield. But there are some downsides, such as harvesting is limited to once a year, while grass silage 3-4 times a year, as well as energy crops harvesting leads to land deterioration and depletion.  Moreover, to grow these crops on the farm will increase the cost of AD and will be difficult and costly to maintain a stock of energy crops between harvestings. So, finally grass silage has been chosen for co-digestion among with a slurry. It has been assumed, based on research (Hopwood, 2011) that the optimal ratio is 70:30 slurry to grass silage.
Nevertheless, the high-quality grass silage is needed to produce high yield of biogas as well as a quality of silage reduces failures within digestor because of lignin containing in the grass is recalcitrant and nondegradable. Therefore, grasses should be cut and ensiled at leafy stages, generally prior to or until anthesis, but the first cut should not be before the stage of ear emergence. A size of ensiled grass is crucial also. For this purpose, it is assumed that grass will be chopped both during harvest and during silage removing from a silo (Kalač, 2011). Extensive lignification occurring after full heading; therefore, a grass is assumed to be cut at leafy stages.
The first cut of grasses offers more methane than later cuts as late cutting crass contains less crude protein and fats – the factors which increase a methane content. Three cuts are usually recommended under favourable growing conditions (Prochnow, A; Heiermann, M; Plöchl, M; Linke, B; Idler, C; Amon, T; Hobs, PJ, 2009). Thus, a highest biogas yield is expected to be when is used first cut grass and slightly decreased second and third cut grass.
For winter months when cows heard stay in the house more grass silage needed to feed the cows. It has been determined that 1 cow needs 1.5 tonnes of silage per month (Department of Agriculture, Environment and Rural Affairs, 2020), so this is 450 tonnes/month for 300 cows. This factor should be considered as there is probability to have a shortage of a silage to maintain the ratio of 70:30 for the digestor. Because AD plant is going to be based in Ceredigion area, where many other farms and pastures are located, the option of exchange or buy a silage from them should be considered as well. Another option is to change a ratio for the digestor such as 85:15 as slurry will be collected in fully due to heard not grazing on pastures, this, in turn will lead to methane production to be slightly increased during winter.
To maintain a ratio of slurry to grass silage, the silage needs a space to be stored. It has been calculated that to obtain a ratio of 70:30 it needed about 5 tonnes of silage per day. As the grass get cut 3-4 times a year, so the space for storage should be considered to be full between last (approximately October) and first (usually May) cut (FW Reporter, 2017). So, based on this assumption, the storage space has been calculated for 7 months or 210 days (from October to May) using a formula from Figure 5:
[image: ]

Figure 5: Formula to determine silage storage (Dairy NZ, 2020)
5 tonnes x 210 days = 1 050 tonnes of grass silage needed for anaerobic digestion
1050 tonnes x 5.7 = 5985 cubic metres of storage, minimum.

As during summer months, the collection of slurry will be decreased to 4 320 kg, so the amount of grass silage will be 5 000 x 0.3 = 1500kg of silage per day.


Factors to be considered
1. Carbon to Nitrogen Ratio (C/N ratio)
Different sources are showing slightly different vales for Carbon to Nitrogen, such as between 15 to 30 of Carbon to 1 part of Nitrogen to be optimal. Higher C/N ratios limit microbial growth due to nitrogen shortage affects a yield of methane due to deactivation of methanogens and possible further process failure. Thus, anaerobic digestion of cattle manure needs to be combined with grass silage in order to achieve the C/N ratio needed in the process (Font-Palma, 2019). As it is shown in Fig 2, combining cows’ slurry (6-20:1) and grass silage (10-25:1) the optimal C/N ratio could be obtained. Calculations are based on if C/N ratios are 15:1 and 25:1 for slurry and grass silage respectively and ratio of feedstock for slurry and silage is 70:30:
15 x 0.7 = 10.5 -  Value for C/N ratio for slurry
25 x 0.3 = 7.5 – Value for C/N ratio for grass silage
This total is 10.5 + 7.5 = 18. So, the C/N ratio could be obtained as 18:1, which complies with theoretical optimal ratio Carbon to Nitrogen.

2. pH
pH affects bacteria habitancy and therefore affects biogas yield drastically. As (Polpraset, 1996) states, pH level in the digester should be between 6.6 and 7.6, the optimum range is 7-7.2. If the pH drops below 6.6 the methanogenic bacteria are inhibited. 
Calculations of pH are based on the pH values from Fig 6 and 7 and shown below.

[image: ]
Figure 6: pH for cattle slurry (Font-Palma, 2019)
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Figure 7: pH for grass silage (Kalač, 2011)

It has been assumed that if pH for slurry was minimal value – 7.70, then grass should consist of at least 25% of dry matter to obtain the minimal required pH level in the digester (with same ratio 70:30 slurry to silage respectively):
7.70 x 0.7 = 5.39 – minimal pH for slurry
4.35 x 0.3 = 1.31 - minimal pH for grass silage
5.39 + 1.31 = 6.7 – total pH
Although this value is in the optimal range for successful running of the plant, but this could be critical. So, the best option if pH of slurry is taken minimal, so dry matter content of silage should be 40-45%.
For the pH maximum scenario (8.94), then calculations are following:
8.94 x 0.7 = 6.26 - maximum pH for slurry
As pH of slurry is varying constantly within 7.70 and 8.94, then pH should be monitored and if there are major fluctuations, then either the amount of silage should be slightly increased, or the grass should be added with the lowest percentage of dry matter or additional water some lime to be added to adjust neutrality (Polpraset, 1996).
 
3. Retention Time
Retention time is important factor influencing bacterial physiology and biogas production yields. The retention time for slurry is 20-30 days and for grass silage is 10 (Fig 2). Thus, it has been established 20 days as the optimum period. Too short retention time will now allow sufficient time for methane-forming bacteria to metabolize the wastes (Polpraset, 1996), while too long retention time could affect in the biogas reduction rate (Steffen, R; Szolar, O; Braun, R, 1998)

It has been found using a data from Fig 1, that 20 cubic metres of biogas from 1 tonne of cattle slurry and 180 cubic metres from 1 tonne of grass silage could be produced. Based on this information, it has been calculated the biogas yield going to be (12 x 20) + (5 x 180) = 1140 cubic meter per day in winter months and in summer times - (4.3 x 20) + (1.5 x 180) = 356 cubic meter per day.

Feedstock conclusion
Different types of feedstock could be used for anaerobic digestion, as well as different type of feedstock produces different rates of biogas yield. The slurry and grass silage has been chosen as it costs for little if AD plant is going to be installed on a dairy farm, as well as availability of feedstock all year round. Moreover, these feedstocks are great to be combined for co-digestion to maintain anaerobic bacteria growth and physiology, as well as to increase biogas yield.
  It has been assumed that during summer months (about 200 days a year) that the production of biogas will be enormously decreased (for about 64%) due to cattle herd would have been grazing on pastures. It has been decided to keep a ratio of 70:30 slurry to grass silage. But as an option, feedstock could be amended slowly to make sure this change will not inhibit bacteria on any of stages during anaerobic digestion. 


[bookmark: _Toc37360178]ADP Layout – Tom Pettifer
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Choosing the right type of digester is key to utilizing the space available and optimizing the biogas yield from the feedstock. 
Key considerations:
· The type of feedstock and the Total Solids Content (TSC) of the feedstock is a defining factor when choosing the type of digester used. The TSC defines whether it is Dry (TSC >15%) or Wet(TSC <15%) Anaerobic digestion. (EPA, 2019) 
· Batch vs continuous flow. A batch flow reactor is loaded and sealed for set amount of time to let digestion occur, before then being emptied and reloaded. In a continuous flow reactor feedstock is constantly added and digested material is equally removed at the same rate. (EPA, 2019)

Table 1Types of digester (Climate Tech Book, 2011)
[image: ]
[bookmark: _Toc37360180]Covered Lagoon

[image: ]A covered lagoon digester is what is known as a passive system. It has the advantage of having very low maintainace. Liquid waste/slurry is pumped into a lagoon. The lagoon has 2 cells, one covered with an impermeable cover and one uncovered. Digestion takes place in the covered lagoon and methane gas is harvested. As feedstock is added the digestate is displaced into the second, uncovered lagoon for odour control treatment and storage. Covered lagoons are not heated so their production is dependent on the outside temperature. When temperatures drop below 20’C biogas yields drop. Figure 1 Schematic of Covered lagoon system (Farm Energy, 2019)

(Farm Energy, 2019)
[bookmark: _Toc37360181]Plug flow

[image: ]A Plug flow reactor only works with dry AD. Feedstock enters at 1 end of the digester and is pushed through like a ‘plug’ at a steady rate. As the feedstock passes through the digester, displaces the older digestate. The length and federate of the digester should reflect the retention time of the feedstock. (The time it takes for the feedstock to pass through the digester is the retention time). This type of digestor can be vertical, and gravity driven. Or more commonly, horizontal and mechanically driven. In either instance the reactor must be long and narrow, around “5 times longer than they are wide”. (Farm Energy, 2019) This is important to consider is space is an issue.Figure 2- Schematic of plug flow digester
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[image: ]This design of digester works for slurry/soup like feedstock rather than solid feedstock.  Reactor size becomes inefficient with high liquid contents, making it unsuitable for liquid waste. The tank uses either a hydraulic jet mixing system, or more commonly a mechanical actuator to agitate the digesting material, to optimise the biogas yield during digestion. These reactors can either be continuously mixed or intermittently mixed. Sometimes multiple tanks are used to aid performance and storage capacities. Feedstock displaces the digested mix and the effluent is either transferred to the next tank, or removed for post treatment. (Farm Energy, 2019) Figure 3 CSRT Schematic


[bookmark: _Toc37360183]Single or multiple digesters 

Anaerobic digestion occurs in stages. “Some systems have multiple reactors to ensure each stage occurs sequentially and is as efficient as possible.” (NNFCC, 2020) Although multiple digesters have the benefit of a more efficient digestion, they require more maintainace and a higher capital cost and higher running costs. Most digesters in the UK are either single, or double digesters.

The reactor chosen for the plant will be a CSTR. This digester has been chosen as it is the most suitable for the feedstock, as the TSC could drop if excess waste water is collected, or silage runs low. Making plug flow an unsuitable option. The feedstock will consist of macerated cattle slurry mixed with grass silage and TSC will be around 10-14%. Using 2 CSTR in series would be more effective at harnessing the biogas yield, but would be more expensive. We have decided to go with a single digester with a storage tank connected.

[bookmark: _Toc37360184]Types of mixing systems

[bookmark: _Toc37360185]Mechanical stirrer/ propeller
This is the most basic, and most common system found in CSTRs. A mechanical actuator or propeller is used to mix and agitate the feedstock. Disadvantages of this system are that operational wear such as abrasions from solids and grit can damage the actuator and need repair. Rags can also form on the propellers/actuators. As the reactor is sealed the part cannot be repaired without unsealing the tank. These systems can also use a lot of energy. To reduce energy consumption they can be programmed to run intermittently. Although this saves energy, it reduces biogas production and could cause inconsistencies in the mixture.

[bookmark: _Toc37360186][image: page2image1181192640]Linear motion mixer
This system uses a rotary motion and transfers it, much like a crankshaft and piston in an engine, into a linear motion, to move a disk up and down through the slurry/soup. This agitates the mix. It uses less power than conventional mechanical methods and require less maintainace. “The disk mixer required [roughly] 10 % (7.5 kW) of the energy required for the impeller draft tube mixers (67 kW) yet achieved comparable mixing.” (Neil Massart, 2008; Neil Massart, 2008)  It is an especially good method for thicker slurries. A linear motion system is also capable of a 90% volume mix rate, resulting in a homogenous mix and a higher biogas yield. They are usually located at the top of the digester and in the centre to provide even distribution. Moving parts can be accessed on the outside of the reactor for maintainace.  (Ovivo)Figure 4 Linear motion mixer (Ovivo)


[bookmark: _Toc37360187]Hydraulic Jet mixing system (Pump and nozzle)
[image: ]
A jet mixing system uses chopper pumps to draw in the and macerate the mixture, before forcing it out of jet nozzles creating a current in the tank. Set up efficiently this system can achieve 100% volume mix rate, and uses less energy than a linear motion system. The system also removes solids from the tank floor, ensuring a homogenous mix which is important to improving performance and reducing maintainace costs. The system can also be used to clean the tank, when being flushed out, reducing cleaning costs. (Treleven, 2017)Figure 5- Representation of flow pattern created by jet mix system (Evoqua water technolongies, 2016)



[image: ]Hydraulic Jet mixers are a good option for digested sludge with a TSC of <10%, usually around 6%. As our tank will be around 10-14% the sludge may be too thick for this system and cause blockages in the pipes. For this reason a Linear motion mixer would be a more suitable option. A Linear motion mixer is quick and easy to install and has low installation costs. A case study also shows that in some cases, Linear motion mixers can use less energy than a hydraulic (Pump and nozzle) system. The main configuration made by Ovivo being:Table 2 Linear motion vs Pump and nozzle mixers (Dineen, 2015)

Operation Speed: 30 CPM (cycles per minute)
Stroke Length: 12 in, 16 in or 20 in
Disk Size: 72 in, 84 in, 96 in  

[bookmark: _Toc37360188][image: ]Schematic of ADPFigure 6 Schematic of ADP (Tom)


· The schematic above represents our ADP. 
· Slurry/Manure is collected from the cow barn using a rope scraper and fed into a hopper. The slurry is then weighed to see how much has been collected. Once the amount of slurry in the hopper has been calculated, a screw conveyor transports the correct amount of silage, in order to maintain a 70:30 ratio of Slurry : Silage. 
· The slurry and silage are then macerated and pasteurized in order to kill off any nasty pathogens, and break down the feedstock for better biogas production. 
· Once macerated and pasteurized the feedstock is transported into the digester via a screw conveyor. 
· The feedstock will be digested in tank for 20 days. 
· A temperature monitoring and control system keeps the feedstock at a consistent temperature in the tank.
· The biogas is collected and burnt in a CHP to generate heat and electricity. This heat and electricity are used to run the plant as well as power/heat the farm and farmhouse. Excess electricity is exported to the grid, via power cables.
· When excess gas is produced, and the pressure rises, pressure sensors located within the tank send a signal to allow the excess gas to be vented into the gas storage tank.
· The digestate is transported via screw conveyor to a solid separator for dewatering.
· The solid digestate (cake) is used on the farm as a natural fertilizer, used as bedding for the cattle or sold as a compost. With its reduced liquid content the digestate is easier to store, simpler to handle and cheaper to transport.
· The liquid effluent can be sprayed on the fields as a natural fertilizer, or recycled into the digester, to encourage bacterial growth and dilute the feedstock if solid levels are too high.


[image: ]
[bookmark: _Toc37360189]Slurry collection and Hopper

The slurry will be collected from the floor in the cow barn using a rope scraper. (0.5kw) The slurry drops through a grate (to remove stones and solids), directly into the hopper, where it is weighed. A screw conveyor then transports the correct amount of silage to the hopper from the silage storage. Another screw conveyor then transports the mixed feedstock to be macerated and pasteurised. A computer system will calculate how much grass silage is needed once the mass of the slurry collected is input. A screw conveyor will then transport grass silage until the hopper reaches the desired ratio of 70:30. The silage will be available directly  to the screw conveyor. In order to keep the screw conveyor stocked, the farmer must ensure the silage is moved towards the hopper, using a tractor or other heavy machinery.Figure 7- Rope scraper (Cowcare systems, 2020)



[bookmark: _Toc37360190]Maceration and pasteurisation 
The feedstock is fed into a universal shredder/ knife mill where it is macerated. Milling increases surface area and improves cellulose recrystallisation, leading to higher biogas yields.  A universal shredder is preferred to a hammer mill, as it uses less energy and will cut the feedstock into smaller pieces, increasing biogas yield. “Hammer mills have an energy demand of roughly 2 to 5 times that of knife mills” (Lucy F. R Montgomery, 2014) The feedstock is then pasteurised, where it is further broken down and heated, in order to kill off pathogens and improve biogas yield.

[bookmark: _Toc37360191]Screw conveyor 
[image: ]
The feedstock is transported around the plant via screw conveyors. Screw conveyors have been chosen instead of standard pumps and pipes as it will ensure that solids and grit don’t cause blockages, and helps mix the 2 feedstocks. Due to the liquid content of the feedstock, belt conveyors would not be suitable. In order to save energy the hopper is located at ground level, so that the slurry and silage can be dropped in. The screw conveyor runs horizontal to the ground to deliver the feedstock to pre-treatment. Once treated the screw conveyor slopes down under the ground to the bottom of the digester, which is partially submerged. Gravity assists the feedstock travelling down the conveyor, saving energy.Figure 8 - Trough screw conveyor (VanBeek, 2020)


[bookmark: _Toc37360192]Silage storage 

The grass silage will be harvested a few times a year and stored in a silage clamp located on the farm. The silage clamp will be topped up by local farms if needed. A silage clamp allows for speedy harvesting and is less labour intensive than making bales. (Genever, 2020) A screw conveyor will be located directly adjacent to the clamp, for easy loading. The silage clamp has to hold nearly 6000m3 of grass silage. The dimensions for the clamp will be 30m x 20m x 10m.

[bookmark: _Toc37360193][image: ]CHP (Combined Heat and Power)Figure 9 - Schematic of CHP (EPA, 2019)


 The CHP will burn the methane produced in an engine/ turbine to power a generator. The heat from the engine is harnessed by a heat recovery unit, whilst the electricity generated by the generator is sent back to the farm, or into the grid.

[bookmark: _Toc37360194]Dewatering/ solid separation 

A screw press will be used to separate the solids and liquid content of the digestate. This process optimises the uses of the digestate. The liquid can be sprayed on the fields as a fertilizer or used to dilute the feedstock. The solids (Cake) can be used a fertiliser or bedding. And sold as compost. Separating the liquids and solids makes the solids more economical to transport and easier to handle. 
[image: ]
Figure 10 - Diagram of screw press (Bernhard Drosg, 2015)

[bookmark: _Toc37360195]Costing and energy usages
[image: ]



Figure 11 - Equation to work out power needed for screw conveyor (nl, 2020)

12,000L of slurry plus (5t x 5.7) x 1000 = 28,500L of grass a day will be fed into the digester every day. That means 40,500L / 405m3 of feedstock that needs to be transported through the plant every day. Roughly 34m3/hr for 12hrs a day. 17t/12hrs = 1416.7kg/hr
Average biogas yield = Slurry (8.16t x 20) = 163.2m3  Grass silage (2.448t x 180) = 440.6m3  Total = 603.8m3 
1m3 = 6.7kWh so the plant produces  4045.5kWh per day


Rope Scraper -  Approx. £1000				0.5kWh
Screw conveyors- (5 x £2000) Approx. £10,000			
Shredder – Approx. £25,000
Screw press – Approx. £25,000
Heat Exchanger – Approx. £30,000			
Pasteurisation – Approx. £450,000 			41kW/t
Linear motion mixer – Approx. £15,000			7kWh
Silage clamp (1000 Tonnes) – Approx. £27,000
Total: Approx. £583,000



[bookmark: _Toc37360196]Pressure Vessel (Jordan Fuge)

Digestor and Tank Solutions

Having Identified a Continuously Stirred Tank Reactor (CSTR) to be used. To maximise the biogas yield but also to maintain cost effectiveness of the system there are a variety of considerations that need to be made. These are as follows: 

· Material and Manufacturing of the reactor
· Size and Design of the reactor
· Reactor Ancillaries 

Materials and Manufacturing

With material development in the 21st Century there are a variety of material classifications that could be used that have sufficient mechanical properties, from polymers and synthetics to metals and composites. The initial defining factor in material selection has been based primarily on its raw cost but also on its flexibility with respect to fabrication and construction and the associated costs. This quickly ruled out Polymer and Synthetic Fibre based materials. Narrowing it down to two prevailing material categories. These being metals, specifically steel and steel alloys but also concrete. These were selected for further consideration due to their cost, ease of construction and flexibility with fabrication. 

Ultimately, the materials chosen for the tank construction is a mixture of Low Carbon Mild Steel (LCMS) and 316 Stainless Steel (316 SS). These will be arranged as a composite sheet, with one side of the sheet comprising of 316 SS, while the other would be LCMS. 316 SS being the inner surface of the tank, the exceptional corrosion resistance makes it the ideal material to cope with the highly acidic internal environment, while the LCMS composes the majority of the sheet. This ensures that the resultant structure will have sufficient integrity whilst simultaneously keeping construction costs to a minimum due to the significantly lower raw costs of LCMS compared to that of its stainless counterpart. Furthermore, it will mean that the lifespan of the tank will be greatly increased over that of Concrete or a purely Carbon Steel digester meaning that the potential return over the reactors lifespan is far higher. As detailed by (EPS Consultants and Laurie Curran Water Pty Ltd, 2015) the expected design life of a reinforced concrete digester is in theory expected to be between 40-60 years. However, for a number of different factors mainly due to the acidic environment has been observed to be as little as 20 years. This same report put an expected lifespan on an equivalent epoxy lined carbon steel digester at 25 years. 

With the effective lifespan of 316 Stainless Steel as outlined by the BSSA (Article: Durability and life expectancy for stainless steels in external environments, 2020) in a marine environment as 260 years with comparable lifespans seen across a multitude of highly corrosive environments. It would be feasible to assume that the lifespan of this steel composite digestor will far outperform a purely LCMS constructed digester. 

Lipp Systems GMBH (Home - Lipp GmbH Tannhausen, 2020), are a sub contractor that have been identified as providing bespoke tank solutions utilising composite steel coils and a revolutionary production method which sees a decrease not only in the manpower and industrial machinery required to manufacture any size tank up to a maximal diameter of 40m on site. Lipp also guarantee a decrease in production time of at least 30%, meaning that not only will the cost saving in construction and fabrication offset the higher material costs. The plant will also be operational earlier, offsetting more of the additional cost. Further to these cost savings, due to the method of construction. These tanks can be built in a modular fashion, meaning that any infrastructure that is put in place can be easily adapted and even moved entirely at a later date should modification/expansion of the ADP be required. This can be done inexpensively comparative to the development of extensive new infrastructure. What’s more, their tanks for waste storage, water storage etc could be if required to, at a later date adapted and converted to an additional digester(s) if commercial opportunity was to arise. 

Due to the fact that it has been decided to have an additional slurry storage facility on site and the fact that this facility would, due to legislative measure have enough capacity to hold manure for a 22 consecutive week period. This reinforced the decision to use Lipp Systems engineering as if commercial opportunity was identified at a later date. This storage tank could be converted into an anaerobic digester with very minimal capital expenditure. 











[image: LIPP Double-Seam process]Unlike traditional steel tanks, which are cut down into panels, rolled into shape, treated with a glass or an epoxy lining to make them gas tight and then transported and bolted together on site. Lipp Systems implement an efficient onsite production method which results in a tank with a near seamless internal wall and unrivalled structural integrity. They essentially take coils of raw product, in this case both a 316 Stainless Steel and a Low Carbon Mild Steel composite. Pass a continuous coil through hydraulic rollers which have dies to fold the edges of the steel sheet together with an addition of a gasket material to create a gas tight seal. 
Fig 1. (Left) Shows the double seam technology that Lipp Systems have established. As can be seen, the steel is folded together with a bead of patented gasket technology placed between the folds. As this then passes through the dies, this bead of gasket is pressed through the folds to ensure an unrivalled gas tightness. 

Fig 2. (Below, left) Shows a coil being passed through a set of hydraulic rollers during the manufacturing process. 

A further advantage to this construction method means that the tank is being built from ground level. Which not only means a safer working environment as workers are not required to work at height, but also the implementation of ancillaries such as coolant systems, pipe inlets etc can also be
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fitted at ground level. This is just one example of just how this method of construction would limit the expenditure used for manpower and access equipment during construction. Furthermore, the joins in the tank create ribs spanning the entire circumference of the tank. This has been found to greatly increase structural integrity, especially along the tanks horizontal plane. 
Design and Size

There are a number of variations of reactors that are suitable for the intended application. Many of which share common design characteristics, however with subtle changes to assist in either the process of digestion and thus, biogas yield or to reduce the initial capital investment, making the technology accessible to smaller companies/individuals. A vertical tank with rigid roof and an inbuilt gas accumulator has been decided on for our application. 
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Fig 3. (Above) Shows a representative example of the type of digester that will be implemented. 

A fixed, rigid roof digester was decided on due to the ease of manufacturing but also seeing both a reduced initial investment, as it is easier and quicker to build a rigid roof digester but also the decreased ongoing maintenance costs as there are no moving parts to be maintained, make this an ideal solution for our application. Due to the agitation solution selected, this cannot be implemented without a fixed dome roof which will be discussed later in this report. An inbuilt gas accumulator has also been opted for as this again decreases the capital investment required as a separate gas storage facility is not required to store the gas produced during the digestion process and instead, can be transferred directly from the digester to the Combined Heat and Power (CHP) Generator that will be on site. 

Based on the feedstock information earlier in the report and to ensure that a steady supply of electricity is provided throughout the duration of the year, the average slurry production has been calculated as 8160kg per day, or 8.16 cubic metres. It is this value that will determine the required digester size. In the winter months, where slurry collection is at 100% as the cattle are not out at pasture. A portion of this manure will be stored in a separate tank and used to supplement feedstock in the summer months, where slurry collection is significantly reduced. As this will be a 70:30 ratio, slurry to silage. The average amount of daily silage required is 2448kg or 13.95 cubic metres. This makes a total of 22.11 cubic metres per day of feedstock. Based on a retention time of 20 days. The tank capacity would need to be 442.2 cubic metres. After a 20 day retention we would expect to see a gas production of aproximately 603.84 cubic metres per day. Data used to determine these figures was collected from (Feedstocks, 2020). Having a gas accumulator of 100 cubic metres, this would allow a constant 2.5MPa to be maintained within the gas accumulator and as such, provide a CHP with a constant source of fue. This would bring the total volume required by the anaerobic process to 542 cubic metres of functional storage. Rounding this up to 650 cubic metres allows for any additional ancillaries as required but also for fault tolerance in any fluctuations with regards to volume capacities. This would mean a cylindrical tank with a fixed apex roof of approximately 10 metres in width by 10 metres in height. 

Ancillaries

Heat Exchangers

(Heat Exchangers for Anaerobic Digestion Plants UK HRS Etc, 2020) A spiral, tubular heat exchanger at the bottom of the digester is the chosen form of exchanger. This is due to the increased surface area of the exchanger comparative to a plate or linear tubular exchanger, it maximises cooling and heating efficiencies whilst adding very little to the capital investment required over their less efficient counterparts. Naturally in heating applications, the excess heat generated from the CHP will be used here. There will also be tubular heat exchangers running the circumference of the tank, these will be smaller in diameter and provide a more even distribution of heat. 

Cladding and Insulation 

The digester will be cladded with a simple treated Mild Steel cladding, behind which will be a vapour barrier and fibreglass insulation. This is the most cost effective insulating solution so that heat is retained within the digester whilst simultaneously providing weather protection to the outer Mild Steel of the digester tank. 

Agitation
While there are a number of different agitation solutions. Linear motion mixing is the solution being implemented for a number of different reasons. First and foremost, it is far less energy intensive than other agitation methods. Meaning that a 24/7 agitation can be provide at 10-15% of the cost in terms of energy input, compared to say Paddle Rotor agitation. On top of the energy input savings, CFD analysis has shown that this method also provides a more homogenous mix, resulting in less dead spots within the medium being digested ensuring that there is a higher gas yield. (Meroney and Sheker, 2020)


Slurry Tank
This is an additional tank that will be implemented to store excess slurry either in times the digester is being maintained during downtime, or seasonal fluctuations cause an increase in. the amount of slurry harvested. This will be comparable in size to the digester tank at 650 cubic metres. The reason for this is due to the fact there will be a similar volume of slurry that is stored at intermittent times through the year, but also, if future commercial opportunities are identified and there is a need for an additional digester. Then this can be easily retrofitted to handle the same output as the digester we will be implementing.  

Costings
Digester – Approx £355,000
· Digester Tank – Approx £150,000
· Gas Accumulator – Approx £50,000
· Cladding and Insulation – Approx £45,000
· Linear Motion Mixer – Approx £15,000
· Heat Exchangers – Approx £45,000
· Concrete and Bung – Approx £50,000

Slurry Tank, Concrete Base and Bung - £135,000

[bookmark: _Toc37360197]Legislation (Omaira Hernandez)

In order to achieve the goal of no accidents, no harm to people and no damage to the environment, it is crucial to follow the HSE (Health, Safety and Environmental) standards. Aiming to work in accordance with the HSE, the plant has been divided in site designing and plant operation, as well as the planning permission needed, biomethane injection to the grid and incentives available are discussed.  
SITE DESIGNING
The correct location for the project would be close to the farm that will be provided with the out-put energy, minimising the distances for transportations and therefore reducing the environment impact that could be caused. 
To reduce noises impact that are originated in a biogas plant, the different components must be noise protected by sound absorbers and sound-damping measures. 
Another environmental factor to have into consideration while the designing phase is water pollution produced by spills, something that could be reduced by surrounding tanks and digesters with concrete or clay. Additionally, building a lagoon near the plant to secure that the digestate is pumped into it instead of being wasted in the case of a failure could save an environmental disaster. Also, safety valves to prevent going beyond the acceptable amount of pressure or liquid should be fit on digesters and biogas storage tank, as well as drainage systems to ensure only clean and uncontaminated rainwater is released into the local watercourse. (Pietrangeli Biancamaria and Roberto Lauri, 2018)

To minimise the visual impact, a sensitive design shall be considered, including colour and appearance, as well as trees and hedge planting is recommended to reduce visual effects.
 To storage slurry on the site, some requirements must be followed: (Rules for storing slurry on farms | NetRegs | Environmental guidance for your business in Northern Ireland & Scotland, 2020):

· The construction materials used to build the tank must be impermeable and against corrosion to prevent leaks. 
· When adding new storage slurry material onto the tank it would need to be at least 22 weeks of slurry production. 
· Reception pits must be able to hold at least 2 days of slurry production.
· Pipes on the slurry tank must be fitted with 2 valves. 
The plant must be separated in “clean” and “dirty” areas to avoid cross infection.  The dirty area is where raw feedstock are prepared for digestions while the clean area is where the feedstock has already been processed to an adequate temperature and time (Biogas Handbook, 2008).
Dirty Area
· The raw material reception area must be enclosed 
· Cleaning areas for waste delivery transport
· Digestion tank must be allocated near the reception area 
· The floor must be constructed with draining facilities 
Clean Area
· Pasteurised material must be storage away from reception area
One of the main environment concerns related to anaerobic digestion plants that would mainly affect neighbours and workers, is the air quality. Odours and emissions derived from storing of feed stock, transportation and digestion process could be a potential hazard. There are numerous techniques to minimise those risks caused by organic dusts and bioaerosol released to the atmosphere:
· Installation of forced ventilation systems in confined spaces to control the odours, apparatus that must be examined and tested every 12-14 months. 
·  Offices and social designed areas must be constructed outside the high-risk zone where biomass is produced to avoid workers from continuous inhalation. 
· Silage must be storage in a bund area where there are retaining walls and it must be covered with plastic material wrap. 
·  Stirring the slurry present in the tanks with agitators to avoid sedimentation of particles and therefore air pollution. 
The methane in biogas in combination with air can form an explosive mixture, therefore, safety measures against fire risk must be taken.  A designing plan to prevent sources of ignition is a key factor to keep the low risks. Some common sources of ignitions are hot surfaces, sparks created by electrical appliances and mechanical actions (i.e., friction) open flames or lighting strikes. The Dangerous Substances and Explosive Atmospheres Regulations 2002 (DSEAR) requires the plant to be divided in different zones which must be marked with a specific sign that consists of a triangular shape with the black letters “EX” (and edge) on a yellow background. These zones are classified by the frequency and duration of the occurrence of an explosive atmosphere (Pietrangeli Biancamaria and Roberto Lauri, 2018) : 
· Zone 0: Area in which an explosive atmosphere is present continuously or for long periods. Components are gas holder, the air intake of the combustion engine, the combustion chamber of the glass flare and the reactor.
· Zone 1: Area in which an explosive atmosphere can rarely occur. This region is composed of inspection/maintenance openings in the gas storage tank. This zone is within 1 m from tank opening where there is ventilation.
· Zone 2: Area that goes from 1 to 3-meter radius from components of the plant. In this area, an explosive atmosphere is rare to occur, but if it does it is for a short period of time. 
According to The Regulatory Reform (Fire Safety) Order 2005, the plant must keep good cleaning standards to avoid any fire source of ignition building up. To prevent fire from spreading in the case of an accident, the gas storage tank must have 6 metres in horizontal with the other plant installations, transport paths, facilities and other buildings (only for buildings below 7.5m). If the building is higher than 7.5m, to calculate the right distance a specific formula must be used: a = 0.4 x H1 + 3 m. In the case of 2 buildings higher than 7.5m, the formula to calculate the safety distance is: a = 0.4 x H1 + 0.4 x H2. The different components of the plant must be constructed from a two-hour fire resistance as well as non-flammable building materials, including gas pipes (these should be self-closing when a gas leak has been detected). Every door and opening in fire walls that doesn’t lead to air must be fire self-retardant and self-closing, which means that if a fire is detected or the alarm goes off, they automatically close to seal in the air between the door and the fire. However, escape doors which are open to the outside will not necessarily be constructed of fire resistance materials. When constructing the biogas plant, paths have to be well marked to facilitate fire vehicles job. For anaerobic digesters, the firefighting system should consist of 12 ABC portable fire extinguishers in addition to hydrants that would spray 1600 L min-1 of water in 2 hours. Finally, fire detection and static as well as portable gas leak systems must be present not only in confined but also around the plant. Gas systems must be fit by a professional who is qualified and registered on the Gas Safe Register. Also, analysis of emissions must be carried out. There must be continuous fire training, including fire drills, to ensure workers are properly trained in the event of a fire. Finally, a biogas flare system must be fitted to the plant to safely burn excess of gas that cannot be used. It is crucial pointing out that the flare burner must be allocated at least 30m from the plant (Biogas Safety, 2016)

 
BIOGAS PLANT OPERATION
Most of the accidents on an anaerobic digestion site happen during the operation phase, therefore, the plant operator must guarantee the correct operation and monitoring of the plant components. In addition to this, every employee should receive the right training before starting to work in the plant, as well as the appropriate knowledge to work in the plant should be verified if a worker from an external company works at the site.  
To avoid any type of biohazards pathogens (bacteria, viruses, parasites and other types of microorganisms), some controls must be taken into consideration: 
· Avoid the use of livestock with health issues. 
· High risk biomass that is suspected of being infected with a disease (i.e., animals that have been used in experiments or animals that have been contaminated due to illegal treatments) must not be used on a biogas plant. 
· Any animal parts or products that are not meant for human utilization but are not into any of the groups mention above, must go through pasteurization or sterilization methods to eliminate disease causing microorganism (i.e., slaughterhouse residues). However, there are some feedstock groups that do not need sanitation techniques as the AD process itself will be sufficient for pathogens reduction/inactivation. The reduction of pathogens must not be presumed but proved by using one of the certified organism indication methods. 
Hygiene measures must be followed correctly to avoid health risks faced by employees (Common Safety Practices for On-Farm Anaerobic Digestion Systems, 2011):

· Hand disinfection and use of alcohol base hand sanitizer after being in contact with biological material.
· Eating, drinking and smoking must be banned in the plant, excluding the welfare area. 
· Work clothing should never be used outside the working area and neither it should be kept with private clothing. 
Some activities (biomass handling, maintenance work, biomass reception, etc.) could increase the exposure to organics dusts, bioaerosol, bacteria and other microorganism, leading to respiratory health issues, such as asthma or hypersensitivity among others medical problems, hence PPE equipment must be used: gloves, safety goggles, safety helmet, steel toe shoes, hearing protection and self-contained breathing apparatus. In addition to the PPE equipment, hair must be tie back and finally, jewellery and loose-fitting should not be worn (Common Safety Practices for On-Farm Anaerobic Digestion Systems, 2011).

Drawing threat is present when working around liquid tanks, therefore, the plant must be equipped with ladders, life rings and ropes, to use immediately in the case of an accident. 
 
According to the HSE, whenever a worker is at a height of 4 feet or more there must be fall protection present, such as safety harness, guardrails and self-retracting lifelines, to prevent significant injuries from a fall. Also, as HSE states, feedstock storage tank must be equipped with enclosed fixed lad and guardrail system, something that supports a worker on heights limiting an employee's drop (Common Safety Practices for On-Farm Anaerobic Digestion Systems, 2011).
 
Another potential hazard for the Anaerobic Digestion plant personnel is burn hazards derived from working with hot liquids, waste gas, engines, pumps, etc.  Pipes must be insulated to reduce risks and all hot surfaces should be labelled as burn hazards. In the case of a burn accident, use the first aid-kit. Considering the site as a high risk environment for health and safety, the plant should provide a small first-aid-kit if the number of employees is less than 5, a medium one if the number of employees goes from 5 to 25 and one large kit should be provided 25 employees in the case there more than 25 workers (Fit for Work, 2020).

Equipment such as bulldozers and backhoes should immediately be available in the case of a digestate or feedstock spill, to avoid irreparable environmental or surrounding building damage by constructing a temporary containment structure around the affected area. After the spill is controlled, authorities must be contacted. The final action is to clean and restore the affected area. (Common Safety Practices for On-Farm Anaerobic Digestion Systems, 2011).

 
HSE points out that the power supply should be turned off and a padlock placed on the power supply before employees perform any activity as a safety measure to prevent employees from the unexpected release of energy while carrying out maintenance or servicing. The padlock, which must have a label on it to verify the employee who turn the equipment off, is used to prevent someone else from using the system whose electricity has been powered off for servicing. 
 
In the case of a fire accident and whenever it is possible, electricity must be shut off. In addition to this information, transformers and every electric equipment around the plant must be well sealed and locked and maintenance work must be carried out only by trained electricians. It is a national electricity code requirement that every electric panel must be well labelled to easily identify each breaker (Common Safety Practices for On-Farm Anaerobic Digestion Systems, 2011)

 
Everyone who visits the plant is requited to be in the company of employee. 
 
To ensure the right functioning of the plant, records which must be kept in the plant for a period of 3 years. These records must be available for the yearly inspections carried out by the DAFM Regional Veterinary Inspectors. Some of the most important records are (Common Safety Practices for On-Farm Anaerobic Digestion Systems, 2011):

· ABP batches delivered or collect by the plant as well as every other raw material.
· Cleaning and hygiene procedures and how often they take place. 
· Thermographs with data from pasteurization process where it shows that the right temperatures/time are achieved. 
· Equipment maintenance and calibrations (temperature and time probes must be calibrated once a year).
· Sampling techniques used and the results obtained.
· A Hazard Analysis and Critical Control Points plan and the techniques that are used to control and check the critical points.
· The corrective actions taken in the case of a failure or accident.
· Records on the end use of the digestate produced. 
 
 PLANNING PERMISSION
 An environmental permit would be needed to operate the anaerobic digestion plant to ensure the site follows the requirements of environmental law in the UK. The type and nature of the authorisation will depend on the size of the biogas plant as well as the feedstock used for treatment. Some of the reasons why an exemption would not be available for this plant are: the resulting digestate could not be spread and neither the waste could be treated anaerobically. There are 2 types of permitting available: standard or bespoke permit, which covers medium to high risk facilities. Also, there is an exemption that only covers small risk premises which won’t need a permit, but they will still need to be register with the Environmental Agency (Environmental management : Environmental permits - GOV.UK, 2020).
 
For the plant to be design, which is a medium-scale plant, the permit chosen to apply for is the standard permit, considering that the bespoke permit is specially for larger and more complex activities and the associated costs are considerably higher. The main reason why the AD plant it not exempted from obtaining a licence is due to the presence of a flare system.   The plant would not be suitable for an exemption due to the use of manure and slurry Some of the rules necessary to apply for the standard permit that are worth pointing out are: 
·       Waste cannot be at the site for longer than 3 years.
·       Waste to be storage on the plant must not exceed the 75,000 tonnes annually.
·       The plant must not be allocated within 10 m of a waterway or 250 m of a borehole. 
 
As a result of the 1,208 MWh output electricity generated and according with the SR2018 No7 law, which remains unchanged, the charges for the AD Plant will be: application charge (£446), subsistence charge (£194), transfer charge (£169) and surrender charge (£125). 
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Figure 12. (Medium combustion plant: apply for an environmental permit, 2020)
 

BIOMETHANE INJECTION TO THE GRID
 To meet the Gas Safety (Management) Regulations 1996 to upgrade biogas into biomethane and be able to inject it into the grid, impurities would need to be removed as well as the upgrade gas would necessary be predominantly methane (> 97%). Gas quality monitoring equipment is necessary to demonstrate to the HSE that the requested gas quality is met (How to comply with your environmental permit. Additional guidance for: Anaerobic Digestion, 2013).
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Figure 13. (How to comply with your environmental permit. Additional guidance for: Anaerobic Digestion, 2013)
INCENTIVES
Among all the incentives available for AD Plants, Feed-In Tariffs (FITS) and Renewable Heat Incentive (RHI) are the most common ones. The FITs incentive is suitable for a plant that produces up to 5MWh, whether the RHI is for larger scales plants that produce big amounts of electricity, the FITs is the one that the plant would apply for. According to the FITs incentive, tariff that runs for 20 years, the biogas plant would get 4.50 p/kwh. (Incentives, 2020)
GREEN GAS CERTIFICATION
Having this certification would identify and ensure certainty for consumers who buy the gas. A fee of £500 yearly must be paid at the beginning of each calendar year (Scheme Fees - Join - Green Gas Certification Scheme, 2019).
CONCLUSION
The legislations and policies that rule the biogas sector are aimed to achieve a more secure energy system. There are many effective methods, laws and organisations to allow employers to respect the environment as well as the human race. In particular, it has been demonstrated that a well-designed factory/company/industry alongside a correct business management would definitely be effective to prevent any accidents or errors. Also, staff trainings, logbooks or routine checks, amongst others, are essential for the correct functioning of a company
 

[bookmark: _Toc37360198]Chemical Process- Marcos Gonzalez Norris
[bookmark: _Toc37360199]Chemical reactions
For anaerobic digestion to take place the feedstock must go through a chemical process. As mentioned before, the chemical reactions occur without the presence of oxygen. This is because the microorganisms that digest the organic matter cannot survive in the presence of oxygen or are inhibited by it. There are many different types of microorganisms that are found within an ADP and they contribute to at least one of the four main stages that occur within the chemical process. These four main stages are known as: Hydrolysis, Acidogenesis, Acetogenesis and Methanogenesis. (Anukam et al., 2019)
Hydrolysis is the first stage that takes place within the digester. In this process organic matter is broken down into amino acids and sugars. As a result of this being done by the addition of water, the retention time of the digestion is increased by using solid feedstock over a liquid feedstock. Equation 1 shows how this process generally works.
Equation 1:
(C6H10O5)n + n H2O → n C6H12O6 + n H2 (Anukam et al., 2019)
In equation 1 we can see the addition of water to cellulose (the organic matter) to produce hydrogen and glucose. These two products are useful compounds that are used later in the chemical process with glucose being used in the acidogenesis and the hydrogen is used during methanogenesis and acidogenesis. The reason that the cellulose must be converted into glucose is that unlike cellulose, glucose is a soluble organic compound which can be utilized by the bacteria cells. (Anukam et al., 2019)
The second step of the chemical process is known as acidogenesis. During this step amino acids and sugars are broken down into ethanol and fatty acids. Equation 2 shows how ethanol is produced in this step while equation 3 shows the production of propionic acid and equation 4 the production of acetic acid.
Equation 2:
C6H12O6 ↔ 2 CH3CH2OH + 2 CO2 (Anukam et al., 2019)
Equation 3:
C6H12O6 + 2 H2 ↔ 2 CH3CH2COOH + 2 H2O (Anukam et al., 2019)
Equation 4:
C6H12O6 → 3 CH3COOH (Anukam et al., 2019)
The microorganisms involved in this step are quite pH sensitive and as a result their production is dependent on the pH. If the pH is higher than 5 then the production of volatile fatty acids or VFA’s are increased. If the pH is lower than 5 then the microorganisms involved with the production of ethanol thrive and therefore ethanol is produced. However, none of the microorganisms can function in a pH below 4 and so at this pH all production is stopped. (Anukam et al., 2019)
The third step of the chemical process is known acetogenesis. During this process fatty acids and ethanol are broken down to form hydrogen, carbon dioxide and acetic acid. Equation 5 shows how propanoate would react during this step while equation 6 shows how glucose reacts and equation 7 shows how ethanol is broken down.
Equation 5:
CH3CH2COO− + 3 H2O ↔ CH3COO− + H +HCO3 − + 3 H2 (Anukam et al., 2019)
Equation 6: 
C6H12O6 + 2 H2O ↔ 2 CH3COOH + 2 CO2 + 4 H2 (Anukam et al., 2019)
Equation 7: 
CH3CH2OH + 2 H2O ↔ CH3COO− + 3 H2 + H + (Anukam et al., 2019)
It is important to note that the microorganisms involved in acetogenesis are inhibited by hydrogen which is one of the products of the reaction. As a result of this it is important that acetogenesis takes place in conjunction with methanogenesis which uses the hydrogen and there prevents it from inhibiting the reaction. (Anukam et al., 2019)
The final step is known as methanogenesis. During this step we see the production of methane as methanogenic bacteria uses hydrogen, acetic acid and ethanol to produce carbon dioxide, water and methane. Equations 8,9 and 10 show this process takes place.
Equation 8:
CH3COOH → CH4 + CO2 (Anukam et al., 2019)
Equation 9:
CO2 + 4 H2 → CH4 + 2 H2O (Anukam et al., 2019)
Equation 10:
2 CH3CH2OH + CO2 → CH4 + 2 CH3COOH (Anukam et al., 2019)
Equation 10 shows how ethanol is broken down into methane and acetic acid which is then used in equation 8 to produce more methane and carbon dioxide. The carbon dioxide produced in equation 8 is then used in equation 9 alongside hydrogen produced by the acetogenic step to produce more methane and water. However, as equation 9 requires 4 hydrogen compounds for every carbon dioxide compound there will be an excess of carbon dioxide and as a result it also becomes a biproduct of anaerobic digestion. It is also important to note that methanogenic bacteria is very pH sensitive and can only operate in neutral pH.
The chemical reactions that occur in anaerobic digestion are not restricted to the equations that are shown nor do they always occur in this order. Anaerobic digestion involves many different microorganisms as well as feedstocks always varying in chemical composition making it very hard to map out every reaction that takes place. However, these four steps underline the fundamentals of how anaerobic digestion takes place.
[bookmark: _Toc37360200]Mesophilic vs thermophilic 
When looking at the operating temperatures for microorganisms in anaerobic digestion there are two main categories, mesophilic and thermophilic.
Mesophilic bacteria operate between 30 and 38 degrees Celsius while thermophilic bacteria operate between 49 and 57 degrees Celsius. (Jarvie, 2019). Both types of reaction have advantages and disadvantages which should be considered when choosing the working temperature range of an ADP.
Due to the low temperature requirements that mesophilic bacteria have, it requires less energy to maintain those temperatures than it would for a thermophilic reaction. Another benefit to using mesophilic bacteria over thermophilic bacteria is that mesophilic bacteria is far less pH sensitive. This is because only a very specific type of bacteria can survive at the high operating temperatures and therefore the pH operating window is far smaller (Mesophilic and thermophilic systems, 2020). However, thermophilic also has its benefits. A thermophilic reaction has a retention time of 5-12 days which is quicker than a mesophilic retention time which between 10 –30 days (Schnaars, 2020). Thermophilic reaction also has a higher methane yield of 35% compared to mesophilic reactions. Another benefit to thermophilic reaction is that it has a pathogen inactivation rate 15-17 times higher than what you would find in a mesophilic reaction (Zhao,et al.,2019).
Having investigated the advantages and disadvantages of mesophilic vs thermophilic reactions it is recommended that for the purpose of the ADP in the farm mesophilic operating temperatures are used. This is because a mesophilic reaction requires less monitoring compared to thermophilic reactions due to the bacteria being less sensitive to pH changes and less energy being required by the plant. A system with minimum maintenance and monitoring is important as the plant will be operated mainly by the farmer who has limited time and experience to be working on the plant itself. By using mesophilic operating temperatures, we reduce the complexity of the plant, making it a more appealing prospect for a farmer to implement. Although the process will produce less methane than it would have with a thermophilic reaction it is assumed that the advantages greatly out way the disadvantages in this case specifically.
[bookmark: _Toc37360201]Pathogens and pasteurisation
Pasteurisation is a heat treatment process designed to kill or deactivate pathogenic microorganisms. There are different forms of pasteurisation for example milk is pasteurised at a temperature of around 63° C while ultra-high temperature pasteurisation also known as UHT operates between 138° C to 150° C (pasteurization | Definition, Process, Inventor, & Facts, 2020).
An issue with using manure as a feedstock is the potential of having harmful pathogens within the digestate. Pathogens such as harmful bacteria, parasites and viruses can be found including salmonella, cholera and coronavirus to name just a few (Zhao, et al.,2019). As a result, it is important to have measures to ensure that there are no left-over pathogens in the digestate so that it can be either used or sold without being hazardous to health. It is important to note that some of the pathogens are killed during the digestion period, but it is not a sure way of removing all the pathogens. The best way to remove these pathogens is by using pasteurisation. 
In order to produce, spread and sell a digestate you are permitted by law to pasteurise at some point within the ADP, otherwise a permit must be acquired (Recycling Product News, 2020). In order to stay in accordance to the BSI PAS110 the pasteurisation must take place at 70 degrees Celsius for 1 hour (HRS, 2020).
There are two stages at which pasteurisation can occur, they are post digestion or pre digestion.an advantage of using pasteurisation before the digestion is that it can be used as a pre-treatment process. This means that not only are the pathogens killed but also the feedstock is broken down which gives it a higher methane yield. This process also pre heats the feedstock so that when it is added to the digester less energy is wasted, and it can start the chemical process straight away. As a result of these advantages the pasteurisation process will occur before the digestion.
When it comes to the pasteurisation process there are two ways in which it can be laid out: Batch and continuous. In a batch process the substrate is held in a pasteurisation tank for a set amount of time until the pasteurisation is complete. Then the tank is emptied completely before filled up again with the next batch of digestate. A continuous process will constantly feed in digestate with a constant output being produced at the other end. This process works by using a form of a heat exchanger thus allowing the digestate to reach the appropriate temperature whilst still moving along through the process (Methods of Pasteurization, 2020). 
For the purpose of this project a continuous pasteurisation process has been chosen. This is largely to do with the fact that the digestion process is also a continuous one. This means that our final output will be continuously fed out at the same rate as our feedstock is inputted to the digester. This also means that the plant does not have to have a secondary storage tank to store the digestate before it is pasteurised as it can be fed straight in. This in turn saves time and money for both the initial set up of the plant to the actual running of the plant.
(HRS, 2020) has a range of heat exchangers that are used for the pasteurisation within an ADP. They use a three-tank method in order to achieve a continuous process, Figure 1 shows a diagram as to how this type of system would be set up. This works by having one tank holding the digestate, one filling up with digestate and the third emptying itself thus continuously flowing pasteurised digestate. An advantage of using a system by HRS is that their heat exchangers have a corrugated pipe system which means that their pipes can deal with highly viscous feedstocks such as the ones that the plant will be using. A pasteurisation system like this would cost around £450,000 to purchase and set up. However, the result of using a pasteurisation system would drastically improve the overall efficiency of the plant.
Figure 1(HRS, 2020):
[image: ]


[bookmark: _Toc37360202]Temperature control
 As stated above, the temperature of the digester is very important. Being mesophilic reaction, it is important that the temperature stays between 30- 38 degrees Celsius and that it does not change by more than 0.6 degrees Celsius per day (Schnaars, 2020).  Due to the sensitive nature of this process temperature control is a vital part of any anaerobic digestion plant.
In order to monitor the temperature within the digester there will be multiple temperature sensors throughout the plant. This includes at the digester inlet, outlet, multiple along the bottom of the digester tank, along the walls of the tank and on the roof of the digester. By placing multiple sensors along the tank, we ensure that the average temperature readings are as accurate as possible.
The exothermic reactions occurring within the digester provide enough heat energy to heat up the digester at the appropriate temperatures. However, the issue occurs when the temperature either rises too quickly or if it rises above the desired running temperatures (Friedmann, 2015). Due to the biological heating effect, a cooling system needs to be implemented to stabilise the climate. 
There are two main ways in which a cooling system can be implemented. The first way is to have a series of pipes running through the digester. These pipes would be filled with a cool fluid which would absorb heat from its surroundings, in this case it would be the substrate inside the digester. This system is very simple to operate and very cost effective to implement. However, it is not a very energy efficient system as there are many losses to the system as well as the cooling not being distributed evenly until the substrate is mixed, this means it is hard to accurately adjust the temperature.
The second way is by cooling the substrate itself. This is done by pumping the substrate out of the digester and sending it through a heat exchanger to cool it down before pumping it back into the digester. This method is much more energy efficient as the substrate is being cooled down directly. However, this system can be harder to implement and maintain due to it having a higher complexity caused by the fact that you are having to remove the substrate out of the digester with pumps. 
Having looked at the project it has been decided that the best system to implement would be the second system. This is because of the sensitive nature of the microorganisms within the digester. Since the temperature cannot vary by more than 0.6 degrees Celsius per day it is important to have a system that is very accurate and easily monitored hence why the using the second system is the desired choice.  This is system should cost around £30,000 to implement with the price of materials, pumps and heat exchangers considered.
[bookmark: _Toc37360203]Chemical process conclusion
In conclusion the plant will use a mesophilic process with a running temperature of 30-37 degrees Celsius. It will use a continuous pasteurisation process to breakdown, heat up and eliminate pathogens from the feedstock before it is pumped into the digester. The temperature of the digester will be regulated by using a heat exchanger with a combination of temperature sensors and pumps.

[bookmark: _Toc37360204]Commercial Opportunities – Alex Estuardo Rivas Cusihuaman
Anaerobic digestion has been prosperous in many countries for a variety of objectives including energy production, waste stabilization, pathogen reduction and nutrient management. (Power Systems UK, 2019)
There are technologies that would be noteworthy opportunities in the functional process of an ADP which would increase the profitability of the plant by increasing its efficiency and making products of higher value in the actual market. Concurrently decreasing the ADP’s reliance on government support and keeping the plant in the lead of the curve in case other technologies emerges that other plants would engage. (The Anaerobic Digestion & Bioresources Association, 2020) 
Organic waste is one of the biggest problems around the world and over the years the process of anaerobic digestion has been taking a crucial part in minimizing the impact it has over the environment by reducing the methane emissions from the landfills. (Goldstein, 2020). This natural chemical process can happen naturally or in a controlled environment where an anaerobic digestion plant is essential (Anaerobic Digestion Community Website, 2014) to harness resources such as electricity, biogas, fuel and fertilizer. (The Anaerobic Digestion & Bioresources Association, 2020) 
At the developing of harnessing these resources leads to a self-sustained ADP that would provide a variety of commercial opportunities with the surplus. In the process of anaerobic digestion there are two major outputs such as digestate which can be used as a high-class fertilizer for the land and the farms and biogas which is a mixture of methane (CH4) and carbon dioxide (CO2). (QUBE Renewables Ltd., 2017)



 


Commercial Opportunities from Anaerobic Digestion
[image: ]
(The Anaerobic Digestion & Bioresources Association, 2020)

Types of Bioresources
Depending on the type of feedstock and the system design the outcome biogas is between 55% - 75% pure methane (Anaerobic Digestion Community Website, 2014) which some of it will be used to run a CHP engine (combined heat & power) to generate electricity and heat simultaneously. (Biogasman, 2019) 
Digestate
[image: ]
(American Biogas Council , 2017)



Digestate
Digestate is rich in nutrients either in fluid or solid matter, which is what is left after the anaerobic digestion process; it has all the nutrients present in the original organic material but in a way much easier to be absorbed by plants and soil. The structure and nutrients contained of the digestate would only depend on the feedstock supplied into the digester. The digestate can be spray onto the farms in liquid form as fertilizer, minimizing the need to buy synthetic fertilizers. Moreover, digestate in solid form can be used as bedding for the cattle or compost with little processing. And to make sure for safety and quality control purposes for digestate the biogas industry has created a certification program. (Tanigawa, 2017)
[image: ]
(WesTech Engineering , 2017)
Raw Biogas
Biogas straight forwards can be used to heat on-site buildings and power boilers or also help with the digester itself. As well as biogas would be used for combined heat & power operations mainly, it can simply be used to run a combustion engine, fuel cell, or gas turbine, with the surplus electricity to be used on-site  or sold onto the grid for commercial profit. (Tanigawa, 2017)  
Renewable Natural Gas
Is a process that biogas undertakes to be refined where carbon dioxide, water vapor, and other traces of compounds are removed to meet the standards of the natural gas industry, becoming a renewable natural gas (RNG) that could be injected into an existing natural gas network of pipelines and be used reciprocally with the conventional natural gas. If there is any surplus it can be stored into gas containers for commercial purposes such as heating and cooking and for the industry. (Tanigawa, 2017)
Compressed Natural Gas & Liquify Natural Gas
Renewable natural gas (RNG) can be used as fuel for vehicles same as conventional natural gas after it is turned into a compacted natural gas (CNG) or liquified natural gas (LNG). The CNG-powered vehicle’s fuel economy is alike to the conventional gasoline vehicles and can be used from light to heavy duty vehicles. LNG is not very popular to use because it is costly to produce and to store, although because of the density LNG has, it is a recommended premium fuel for heavy-duty vehicles that travel long journeys. To take advantage of fueling infrastructure, CNG & LNG are more convenient for a group of vehicles that returns to a base for refueling. (Tanigawa, 2017)




Utilization of Biogas
[image: ]
(QUBE Renewables Ltd., 2017)
Other Types of Bioresources
Bioplastics
In the anaerobic digestion process volatile fatty acids are created, these can be utilized to make bioplastics which can be used for packaging. Minimizing the dependence on non-biodegradable plastics terminating this way successfully with the loop. (The Anaerobic Digestion & Bioresources Association, 2020)
As bioplastic are biodegradable it can contribute in the digestion process to produce methane. If all plastic packaging used for food was made of biodegradable material such as bioplastics it would be a big advantage for the operators at the ADPs; since small pieces of non-biodegradable plastics ends up in the digestate, which is a actual problem for people who use the digestate as fertilizer, especially for the operators of the ADPs. (Biogasman, 2018)





Combined Heat & Power
CHP is an altogether production of electricity and heat from a unique source in this case biogas made from an AD process. (Enviromental Protection Agency , 2011)
[image: ]
(Woodford, 2019)
Conclusion   
ADPs system turns waste management cost into a revenue opportunity not just for dairy farms also for landfills, farms and industries, by converting organic waste into electricity, heat, and fuel. Providing a renewable source of energy that would minimize the reliance on the importation of foreign oil, minimizing greenhouse emissions, improve the quality of the environment and contribute to the increment of local jobs. Also, the ADPs gives way to the opportunity to recycle what is left of the digestate to be use as high-nutrient fertilizer, minimizing the need for petrochemical and mined fertilizers. (Tanigawa, 2017) 
ADPs system is a solution for organic waste that solve a wide range of problems and generate a variety of advantages, revenue streams included. However, to reach its full capability, the industry requires constant policy support.  A trustworthy funding for ADP would be beneficial as well as a secured and solid renewable fuel standard boost investment and innovation in the ADP industry. If the UK aims to modify its fuel supply and contribute on a change for global warming, it should strongly look at the variety of benefits that ADPs Dairy farms would bring. (Tanigawa, 2017)
[image: ]
(Woodford, 2019)
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Table I: Types of Anaerobic Digesters

Type of waste

Liquid waste

Slurry waste

Semi-solid waste

Appropriate digester

Covered lagoon
digester/Upflow anaerobic
sludge blanket/Fixed Film

Complete mix digester

Plug flow digester

Description

Covered lagoon or sludge
blanket type digesters are
used with wastes
discharged into water.

Complete mix digesters
work best with slurry
manure or wastes that are
semi-liquid (generally,

Plug flow digesters are
used for solid manure or
waste (generally, when
the waste’s solids
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Parameter Units Digester 10 (LM) | Digester 12 (P&N)
SRT Days 15.6 15.8
VA/Alk Ratio - 0.08 0.08
VSR % 57.8 56.6
Gas Production cf/lb VS Removed 20.7 213
Mixing Energy | kW/1,000 Ib VS Destroyed 1.15 5.62*

*Pump & Nozzle system operated with On/Off operation and VFD speed control.
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Hydrogen Sulphide (H2S)

Less than or equal to 5 mg/m3;

Total Sulphur (including H2S)

Less than or equal to 50 mg/m3;

Hydrogen (H2)

Less than or equal to 0.1% (molar);

Oxygen (02)

Less than or equal to 0.2% (molar);

Impurities and water and hydrocarbon
dewpoints

The gas shall not contain solids or
liquids that may interfere with the
integrity or operation of the network or
appliances

Wobbe Number (WN) (Calorific Value
divided by the square root of the
relative density)

Between 47.20 and 51.41 MJ/m3

Odour

Gas below 7 bar will have a stenching
agent added to give a distinctive
odour
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Table 4: Characteristics and operational parameters of the most important agricultural feedstocks

resock | s | Soa | o | i | M| comen | U IS | Bt
of kg V! o]
Wood shavings,

Pig slurry 3-89 | 70-80 3-10 0.25-0.50 2040 | 7080 |0 md | Aebone Somime | %
Cowslury | 5-12° | 75-85 | 620" 0.20-030 20-30 | 5575 (Rgieerrol jeme | Smmere |99
Chicken slurry | 10-30% | 70-80 3-10 0.35-0.60 >30 60-80 | N gtemd | Astibioucs | NHCabibiion s | () (15
Whey 15 80-95 na. 0.80-0.95 3-10 60-80 | ‘e piireduction | (3.0
Ferment.slops | 1-5 | 80-95 4-10 0.35-0.55 3-10 5575 | vedeemdalefn e | @en
Leaves 80 90 30-80 0.10-030” 820 na. wit Pesticides o
Wood shavings | 80 95 s11 na. na. na. | Uevasted material Meckasicalprovems | (3),(22)
Straw 70 9 9 035-045 | 10-50° | na. Sond, gt ol EOYC
Wood wastes | 60-70 | 99.6 723 na. o na. | Uswasted material e | @@
Garden wastes | 60-70 | 90 100-150 0.20-0.50 8-30 na | L | Pt sl JOYC)
Grass 2025 | 90 1225 055 10 na. Gt Pesticides pmicion | (.02
Grasssilage | 1525 | 90 1025 056 10 na. G pdcion | 3.0

Fruit wastes | 15-20 75 35 0.25-0.50 8-20 na | UEmbe P P reduction ®

Food remains 10 80 na. 0.50-0.60 10-20 70-80 | PSP | Duntecns | SRS mebmal| o)

D depending on straw addition;  depending on drying rate;  depending on retention time; ) depending on dilution;  depending on particle size; n.a. = not available
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