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Abstract
Spent coffee grounds present themselves to be an underrated resource. The spent coffee retains large proportions of its calorific content and natural oils. These function as suitable replacements to current biofuels production, bioplastics and coffee logs and pellets. This project evaluates all these applications and their processes. Additionally, anaerobic digestion is compared to the alternative applications as it serves as the current disposal method for food waste but not currently adapted to spent coffee grounds. McDonalds was used to investigate and record the quantity of coffee waste. It was calculated that from the spent coffee grounds from a single McDonalds was able to produce over 500 litres of biofuels or over 13,000 coffee logs for domestic heating. Furthermore, the combination of all McDonalds stores in the UK have the potential to produce over 16,000,000 coffee logs or 600,000 litres of biofuel.
[bookmark: _GoBack]Pandemic Impact
The coronavirus has impacted my project due to myself being heavily reliant on university facilities, such as quite spaces and computers. As my project has been mainly research based, this has limited my access to resources including library books and some online literature. Working at home has been frustrating as access to a steady internet connection proves difficult. These technical issues may be present regardless to the current situation, however, at this current time it has been very intermittent and caused work to come to stop occasionally. This time in isolation impacted productivity transitioning into working at home. Although the deadline for this major project had been extended, exams have not been pushed back. To prepare for pending exams, time has been taken away from dissertation to not be totally unprepared facing the exams. 
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[bookmark: _Toc39461630]Introduction
Across the world coffee is one of the most valuable agriculturally exported commodities (Nguyen, et al., 2020). Each day in the UK alone millions of cups are sold daily. Once brewed, the spent coffee grounds are more often than not disposed of inappropriately. The effects of this wrongful disposal express concerns regarding additional strain on global warming. 
Waste management is an increasing are of attention as litter has spread across the globe at an uncontrollable rate to which it is visually unpleasant and environmentally harmful. With finite resources depleting and modern society embracing a life of disposable products, change must be implemented immediately. 
The aims of this project are to address the waste management techniques used in the food industry, focusing on McDonalds in order to research how all forms of waste are either disposed of or recycled. McDonalds is major global brand which single handily produces vast amounts of waste. Their publicity requires them to act on their waste in an appealing manner but coffee grounds from observation like many other companies have been neglected. The effects of inappropriately disposing of the spent coffee grounds will be conducted, as well as determining other requirements which validate enforcing stricter waste management towards the forgotten by product. In addition to requirements there might also be benefits to be gained by seeking alterative applications to spent coffee grounds.  
The fundamental objective of this project is to the investigate the possible alternative applications to spent coffee grounds which would divert them from landfill and extract either energy or value from the waste product. These applications will be evaluated of their necessity and how they compete with existing products available. The alternative application will be examined, detailing the process in which extracts the energy of value from the spent coffee grounds. 
To aid in determining the extent in which coffee grounds are produced and visualise the quantity of products produced by coffee grounds, data will be collected discovering the daily coffee ground waste produced by a single store. This data can then be extrapolated to determine an annual waste produced by the store and all the McDonalds stores nationwide.
[bookmark: _Toc39461631]Literature Review
[bookmark: _Toc39461632]Scale of Waste Produced
Each year across the UK millions of tonnes of municipal waste is sent to landfill. Included in this waste contain vast quantities of bio-degradable materials. Over the past decade, the department for environment, food & rural affairs, and government statistical service gathered data to examine waste produced across the UK. From their findings, figure1 represents the municipal waste that is sent to landfill sites each year (Department for Environment, Food & Rural Afairs, 2019). From 2010 to 2017 the data shows a decrease in almost 10 million tonnes of waste reaching landfill. This decrease in waste can be accounted for by the increase in awareness generated to its environmental impact and depletion of finite resources, prompting growth in recycling. Recycling rates in 2017 reached its maximum to date at 45.5% (Department for Environmental Food & Rural Affairs, 2020). Prior to this study, in 2007 recycling rates were only 34%, increasing by 11.5 % over the decade. Looking further back, in 1984 less than 1% of all waste was recycled showing how far it has come over the past few decades (Abbott, et al., 2011). 
Figure 1 (Municipal waste to landfill (Department for Environment, Food & Rural Afairs, 2019))


Figure 1 shows that better waste management techniques are being implemented but far from ideal. Although recycling rates are increasing, the proportion of waste as a whole is also increasing unsustainably, presenting the need for further development into better waste management practices.
To narrow down to a specific area and improve upon within the broad spectrum of sectors that both domestically and industrially produce waste in many forms, the restaurant, and food sector will be investigated. Within restaurants, waste management is a current issue that needs to be identified and rectified due to the techniques used but also because of the scale of which restaurants produce waste. In this industry alone in the UK, on average it annually produces 915,400 tonnes of waste. Out of this amount 199,100, tonnes of this figure represent food waste (wrap.org, 2018). 
To investigate the techniques used within a restaurant, McDonald’s and specifically store number 948 in Cwmdu retail park, Swansea, has been selected to inspect and evaluate. In the UK there is a total of 1249 McDonalds restaurants. The fast-paced environment combined nature of single use packaging has the potential to create large quantities of waste outside the premise of the restaurant. Furthermore, due to the nature, sales and volume of products sold there are vast quantities and forms of waste on site that need to be disposed of. These forms include wastes such as oils, food waste and packaging. As a brand with such a large global presence, implementing improved waste management techniques or reducing just a small amount per store can amount to a much more significant reduction on a large scale. This also applies vice versa, so each store must play its part to enforce the instructed waste management.

[bookmark: _Toc39461633]Waste minimization

A preliminary procedure used to reduce waste output is to apply waste minimization techniques. Waste minimization is achieved through the reduction or complete removal of raw materials that would later produce unwanted waste (Lawson, 2019). McDonald’s have implemented this technique over recent years to eliminate all non-biodegradable plastic from their McFlurry lids, salad bowls and plastic straws. This has been accomplished by redesigning the products to serve with the same purpose but with less environmentally harmful materials. 
Waste minimization following the waste hierarchy chart is the best form of waste management technique that can be used (wrap.org, 2008). Using fewer resources simply reduces waste output. Removal of material is beneficial even if it can be recycled as it removes the consumer’s error to follow all recycling procedures as well as the energy it would take to recycle the material.
[bookmark: _Toc39461634]Waste management techniques 

After waste minimization has been applied, materials will still need to be used to produce a physical product. Once it has completed its use and serves no additional purposes, it needs to be appropriately disposed of. Firstly, separation is required in preparation for each material to be transported to different locations where individual methods of recycling or energy recovery will take place. Within each store each McDonalds have implemented a strategically designed recycling unit, making recycling easier for the customer. (McDonald's, 2017-2019). The recycling unit separates cups, plastic, general and liquid waste. This way the consumers not only aids in the recycling within store but are also educated to follow the proper techniques themselves. McDonald’s produces a variety of wastes and after separation, the disposal techniques are conducted as followed;
[bookmark: _Toc39461635]General waste

McDonald’s are aware of the waste in which they produce and acknowledge there are better applications to waste than just simply throwing it away. McDonalds within the UK has set targets to reduce general waste sent to land fill to 0% by the year 2020 (McDonald's, 2017-2019). McDonald’s wherever applicable tries to recycle as much of their waste as possible. However, to achieve such a target they are sending their remaining general waste to energy from waste (EFW) plants. The store under evaluation outsource the disposal of their general waste to Veolia who transport their waste to one of their EFW plants across the country. Energy from waste plants recovers energy from the waste by incinerating it as a fuel source to produce electricity, supplying the national grid. Following the waste hierarchy, energy recovery is the last option before landfill, below that of the higher categorised techniques such as minimization, reusing and recycling (wrap.org, 2008). 
[bookmark: _Toc39461636]Recycling 

The products that are recycled in store are cardboard, mixed recyclables and paper cups.  This id due to the external partners than deal with the waste. Along with general waste Veolia also transports the mixed recyclables to a recycling plant where they are sorted and recycled. Cardboard and plastic as separated and dealt with accordingly. Paper cups contain a plastic lining and difficult to recycle so or separated and sent to a specialist plant to recover the materials. Martin Brower is the company in which provides the deliveries to this franchise of McDonalds. After delivery they simultaneously act as waste removal taking back the paper cups and carboard from the store (Brown, 2019).

[bookmark: _Toc39461637]Food waste & used cooking oil    

As a restaurant, a large proportion of its waste will be in the form of food waste. This can be in the form of unused food that has pasted it best before date, raw and cooked food that is unfit for sale, as well as the food leftover by customers. The food waste is later collected by Martin Brower who transports the food waste to anaerobic digestion plants tha produce utilise the gas produced for power generation. 
All the vats in the restaurant use large quantities of cooking oil. The cooking oils are regularly filtered but once it has completed its use, the oils are taken by Martin Brower and Olleco. These companies, in fact, use the waste oils in the production of biofuels to run their vehicle delivery and waste collection fleets (Brown, 2019).
[bookmark: _Toc39461638]Spent Coffee Grounds

As an employee at McDonalds, the author discovered through procedures routinely conducted regarding waste carried out daily were seen to neglect a waste product, coffee grounds. In the previous chapter, all the other waste products have been categorised and dealt with appropriately. Whether this may be for energy recovery or recycling, each material or product had a location of disposal on site. There was confusion to the disposal of coffee grounds produced on site. Coffee grounds are classed as unavoidable food waste since they are the solid residue of the brewing process of coffee. This led to the assumption that they should be combined with the other food waste products. The managers expressed that coffee grounds were accepted as part of the food waste. Therefore, the only other possible disposal off coffee grounds in store was to combine it with the general waste. The coffee grounds were also seen to be disposed of in significant volumes, prompting the research into different applications. McDonalds have been seen to be at the forefront of good practise in waste management techniques and should seek to do this further by tackling their large volumes of coffee waste.
Aside from researching the alternative application to replace that of general waste disposal, there are several factors that contribute to the reasoning to the relevance of such an investigation such as legal requirements, environmental impact and the social and economic benefits. 
[bookmark: _Toc39461639]Compliance with law and nationwide targets

WRAP have produced a food waste reduction roadmap to aid in the lowering of volumes in food waste. WRAP is an organisation that is dedicated to the independent observation of workplace standards based on international and local laws regarding health and safety, legal requirements and environmental practices (Worldwide Responsible Accredited Production, 2020). The roadmap’s purpose is to seek large food associated businesses with the aim to get them to record, act and set targets on their food waste. The targets set by WRAP in 2018 were to reach 50% of the businesses to act on their food waste by September 2019, 75% of businesses by 2022 and 100% of businesses by 2026. The overall aim for all these businesses is to be acting on their targets by 2030 (wrap.org, 2018). These targets are in association with the working towards Courtauld 2025 objective, whose aim is to have reached a 40% reduction in the quantity of food waste produced in the UK by 2025. The reduction goals are centred around the food waste produced in 2007 using it as a baseline to set these targets (wrap.org, 2018).
McDonalds current procedure includes several food wastes counts per day, recording raw food waste, cooked food waste and the food returned by customers. These food items are stored in bins located at several points within the store and then counted and recorded when appropriate. As these food items are unused these food waste counts are means of measuring and calculating the costs associated with the loss in profit. As spent coffee grounds are a by-product of brewing coffee, they do not have a negative loss as they have already had they value extracted. This has resulted in coffee grounds being neglected from food waste counts and being recorded. Recording this waste would further aid in determining the best application appreciate to its disposal. 
Under European legislation, directive 2008/98/EC states that correct waste management where applicable should be used such as recycling and energy recovery. This was implemented to reduce harm to health and the environment (EUR-Lex, 2008). This legislation produced a hierarchy in which waste management techniques are categorised in order of priority, with waste prevention as the most desirable at the top, to disposal to landfill at the bottom. This hierarchy has been integrated with UK law.  

[image: ]
Figure 2 (Food waste hierarchy (wrap.org, 2008))
Failure to utilise or reduce food waste is a complete waste of energy. Vast amounts of energy and resources are used from growing food, all the way to the customer. Some of these including energy and water used in the farming and harvesting stages of the process continuing to packaging and distribution of finished products (WWF, 2019). Therefore, following the chart in figure 1, since coffee grounds can’t be redistributed as a food source, the aim should be to be recycled through anaerobic digestion or some form of energy recovery above landfill or its current energy recovery from EFW plants.

[bookmark: _Toc39461640]Environmental impact

Currently, it is estimated that a third of all food per year goes to waste. This statistic is extremely worrying food either doesn’t continue post-harvest, retail and by consumers. In developed countries such as the UK the main area of loss is in the retail and consumer sector with up to 40% of food going to waste (FAO, 2019). A large proportion of this food waste ends up in landfill sites instead of anaerobic digestion plants. Their decomposition produces methane in an uncontrolled environment, releasing methane and other harmful greenhouse gases into the atmosphere. These gases are more volatile producing a global warming effect 21 times greater than CO2 (Simpson, 2020). Furthermore, an article published by the Resources, Conversation and Recycling journal discovered that is was common that the spent coffee grounds produced by coffee shops and food chains are simply disposed of. It’s mixed with general waste only to end up at landfill sites where it can cause harm, not providing a sustainable solution (Kookos, 2018). If coffee grounds are deposited into landfill sites, they have the same effect as food waste as they are all made up of organic matter. Prior to the recent external change by McDonalds to use energy from waste plants, the disposal of coffee ground was sent to landfill the same as many other food chains. To reduce the quantity of these gases, the utilisation of alternative methods to coffee grounds needs to be explored to reduce the vast volumes of organic matter that are disposed of inefficiently and harmfully.
Upon a visit the author attended at Viridor, a local EFW plant, the educational officer stated that the general waste is not inspected or sorted on site. They assume that the consumers themselves have followed the correct recycling procedures. Due to this the incineration that takes place is under the assumption of certain materials and quantities present. They do not account for organic matter to be be mixed with general waste. This affects the properties of the fuel source, resulting in a less efficient incineration (Viridor, 2020). 


[bookmark: _Toc39461641]Economical profit

Investing in alternative applications to spent coffee grounds could present several economic benefits. Firstly, due to the large volumes of waste produced by McDonalds there are substantial costs associated with their removal. This store annually pays upwards of £9,000 to remove compacted general waste which after tax costs over £11,000. Each compacted waste taken away is weighed and is charged according to its weight. The reduction in large volumes of coffee grounds mixed with general waste will lower its weigh and relative cost. General waste disposal compared to the removal of plastics and other mixed recyclables is far more costly to remove as there is less value in the product. If an external company recycled the coffee grounds, the cost of removal would be less than its current disposal as they would benefit from the value of the product they make.
If the quantity of spent coffee grounds produced were large enough to validate McDonalds developing their own form or recycling, it would save money as there would be no respective disposal costs and profiting from generating a product of value 

[bookmark: _Toc39461642]Social impacts

Businesses that are innovative and look too preserve the environment and its resources can gain in more ways than just economical profit. These changes and advancements driven at the heart of the company and show considerable impact can indirectly benefit the business as well as the environment. The business can then be seen to be given the status of a sustainable brand. The social impacts behind this “sustainable brand” quality would distinguish themselves from their competitors (ercofusa, 2019). Moreover, this branding may bring customer loyalty if the business truly strives in making a difference (Lannuzzi, 2017).
As McDonalds is such a large restaurant chain these changes would be seen by their millions of customers. As mentioned in section 2.3 where existing waste separation takes place it not only aids the company in its own waste management but teaches and exposes customers to good practice. Additional changes within the store would also be seen, presenting awareness and need to protect and preserve the environment. McDonalds is just one of many major restaurant chains. The implementation of sustainable techniques by one company would drive the development of the remaining businesses. Competition between businesses is beneficial in driving innovation (Nicholas, 2010). By adopting more environmentally disposal methods the drive by other companies would increase, increasing the sustainability of the food sector as a whole.   
 


[bookmark: _Toc39461643]Alternative Applications

The use of technological advancements towards spent coffee grounds have solely been developed within the past decade and vastly increased over recent years. This sudden interest has been generated by the coffee industry itself and academics developing strategies presenting its true potential, highlighting the need for further study and development. Currently to validate new application’s advancements two fundamental principles need to be considered, do the possible environmental and economic achievements provide recognizable improvements than that of current techniques available (Kookos, 2018). 
Each application has a unique method to extract value or energy from the spent coffee grounds. In addition, each application has its own area of requirement to replace that of existing methods.

[bookmark: _Toc39461644]Biofuel / Biodiesel
[bookmark: _Toc39461645]Need and applications of biofuels

What we consider as biofuels today were actually invented and widely used previously in the late 1890s to early 1900’s. With the creation of the diesel engine, began the use of fuel like substances utilising peanut and vegetable oils. These were then driven out by the production of petrol which proved a low-cost alternative (Pahl, 2005) presenting no other reason for consumers to need or want these substitute fuels. Over the past few decades’ biofuels are now sort after to replace the depleting of the worlds oil reserves. Fuel prices have increased and only set to increase further as supplies become scarcer. It wasn’t until the late 20th century that the term biodiesel was given (Ven Gerpen, et al., 2007) and the introduction of large-scale manufacturers grew in the early 2000’s. 
The introduction of the electric car poses a long-term solution to zero emission vehicles. However, the current development in technology enables the exhaust emissions not to be produced at vehicles geographical location but at the point of its energy generation, essentially relocating the point of pollution (Lave, et al., 1995).This however does considerably reduce the quantity of pollution as large-scale energy generation is more efficient than individual internal combustion engines. Energy produced by renewable projects powering these electric vehicles would legitimize the zero-emission claim but a considerable expansion of these projects must be fully functional beforehand (Bellekom, et al., 2012).   
Electrical power is the future of motorised vehicles, but significant development needs to be made into the technology to before universal acceptance. Advancements such as energy storage capabilities, charge times and capital costs of available electric vehicles. The infrastructure across the UK cannot currently support electric vehicles commercially on a large scale. 
However, biofuels present an immediate solution to decarbonisation, easing the transition into electric vehicles. The current state of pollution and climate change cannot wait for any longer for action to be taken and reach a point in which it is irreversible. The rate at which fossil fuels as being depleted is increasing, outpacing the introduction of low carbon alternatives (Jackson, et al., 2018). The development of low carbon alternatives will aid firstly by causing fossil fuels to reach their peak usage, capping their growth, followed by their reduction.
Spent coffee grounds categorise as a second-generation biofuel. First generation biofuels are feedstocks that are harvested with the primary focus of biofuel production. Second generation biofuels, also known as advanced biofuels, are produced by non-edible biomass parts produced by crops as well as animal and food waste that can no longer be consumed. (Dahman & Chaudhry, 2019)  
Advancements in second generation biofuels were established as first generation fuels have many factors that have restricted their success. It is estimated that around 95% of the currently large-scale first-generation biofuels are produced by crops fit for human consumption (Hoe Goh, et al., 2020). This factor is possibly the most argued over limitation that biofuels are presented with, food vs fuel. As a society, do we regard the production of a fuel source more valuable than that of allowing enough crops to be grown to supply the worlds food demand (Shields, et al., 2018). Its a controversial topic, as a lack of fuel would be disruptive as it plays such a key role in todays society, where everyday transport, domestic or commercial, is seen as an essential. However, food nether the less is also an essential and fundamental to human survival.  The origin of biofuels tends to be developed by 1st world nations, though the feedstock primarily is produced in 3rd world nations such as brazil, which is the largest producer of biofuel feedstock. Some areas within these developing nations primarily eat the grains that are being transitioned to biofuel feedstock. Greater percentages of their incomes are generally used for essentials such as food (ABC NEWS, 2007). If the popularity of biofuels grows, there will be a shortage of these crops for consumption but also an increase in the costs. Developed countries would be reaping the benefits over the expense of poorer communities across the world.
Typically for first generation biofuels the cost associated with the feedstock can be upwards of 75% of the final production cost (Kwon, et al., 2013) (Shields, et al., 2018). Not only do spent coffee grounds replace feedstock crops that could else be used to produce additional food sources it presents and economical solution. Approximately 10% of Brazil’s land agricultural land is utilized for biofuel production and similarly to many countries there is next to no more untouched usable land for additional crop production (Chakravorty, et al., 2009). Spent coffee are mass produced and consumed across the globe. Thus, producing a feedstock that as a waste, due to its popularity and global coverage can produce as a suitable replacement.
As part of the renewable energy directive established by the European Union, renewable energy sources include a section directly mentioning biofuel sources. By 2030 a minimum of 14% of transport by road and rail but come from a renewable source. Within this target includes sub sections set primarily for the use of biofuels. These require 1% of all energy for transport come from biofuels and 3.5% by 2030. These aid the total target for transport from renewable sources, however, the directive highlight the push for 2nd generation biofuel and limits the percentage counted towards the overall target of first generation feedstock biofuels to 1.7% (Giuntoli, 2018).
Spent coffee grounds as second-generation biofuel serves as a suitable second-generation biofuel with the abundance to and chemical properties to serve as a replacement to the first-generation fuels and accomplish these European set targets. 
[bookmark: _Toc39461646]Oil extraction and biofuel production
Drying 
After the spent coffee grounds have been collected and transported, they need to undergo a drying process to eradicate the moisture content. Additionally, drying prevents the coffee grounds spoiling and the growth of bacteria (Blinova, et al., 2017). To process large quantities the processing plant would receive deliveries from multiple sources of shops and restaurants. The removal of moisture creates a homogeneous mixture establishing a known chemistry of the raw material and a more reliable end product (Bio-Bean, 2020). Consequently, the uniform mixture enables the maximum percentage of oil extraction per unit of spent coffee grounds. The combined spent coffee grounds mix approximately has a moisture content ranging from 60% to 70% (Kookos, 2018).

[image: ]
Figure 3 (Spent coffee grounds, dried and defatted (Somnuk, et al., 2017))


Typically, temperatures ranging from 60˚C to 80˚C set the conditions for which they will be dried at. The spent coffee grounds are dried for a period spanning between 24-48 hours to reach the desired low moisture content (Kwon, et al., 2013). Temperature and duration are altered to suit the respective spent coffee grounds batch size and moisture content.

Oil extraction 

Subsequently to moisture removal, the lipids which are used to produce the biofuel need to be extracted. Lipids are fatty acids that are produced organically which are insoluble in water but soluble in an organic solvent. The lipids are naturally occurring within the growth of the coffee beans and present on the form of oils. After the brewing process the spent coffee grounds retain a most of their calorific value and contain enough lipid contents that make extraction viable. Once dried the oil content of the spent coffee grounds can range from 10 to 20 % of their weight (Al-Hamamre, et al., 2012) (Blinova, et al., 2017) (Nguyen, et al., 2020). Since lipids are insoluble in water, the oils can be extracted using the principles of 2 solvent extracting methods such as using a Soxhlet extractor and supercritical fluid extraction.
Soxhlet extractor
A Soxhlet extractor is a piece of apparatus that operates under continuous extraction using a solvent. A heating mantle heats the solvent to its boiling point to which it becomes a vapour. A chilled water circulator ensures that as the vapour rises, condenses and then drips into a thimble. The thimble encapsulates the dried spent coffee grounds situated in a cellulose filter which prevents any particulates from escaping. As the solvent drips into the thimble, it slowly fills up. The solvent dissolves the lipids and once the thimble completely fills, it is siphoned back into the solvent’s container on the heating mantle. The solvent continuously circulates around the system, vaporising and condensing, until all the lipids are extracted from the spent coffee grounds.  The solvent is distilled after complete extraction to separate the oils and recover the solvent, recycling it and utilizing the solvent in additional batches (Blinova, et al., 2017). (Couto, et al., 2009) 
The solvent most widely within the Soxhlet method is hexane. Hexane has been found to obtain the highest recovery of oil and has the lowest boiling point. The Soxhlet method is a lengthy process to completely extract all the oil content. The lower the temperature the solvent can be kept at to operate continuously, especially with large volumes, decreases the cost associated with heating large quantities at the constant temperature. The oil yield varies over several variable including the solvent used, ratio of solvent per unit weight of spent coffee grounds and the duration of extraction. Out of the 10 to 20% weight of oil content available, experiments that were performed determined that they were able to obtain 8 to 16% yield of the total weight (Al-Hamamre, et al., 2012).
Supercritical fluid extraction
Supercritical fluid extraction is the separation of substance using a solvent in the form of a supercritical fluid. Using carbon dioxide as the solvent, it is pressurised to 15-30 MPa’s using a compressor and maintained at a temperature between 40˚C to 60˚C using a heater (Couto, et al., 2009). To produce the critical point to become a supercritical fluid the conditions must exceed 7.4 MPa’s in pressure and 31˚C in temperature (Jahromi & Roosta, 2019). Under these conditions the carbon dioxide can exhibit the properties of both a liquid and a gas. To increase oil yields, co-solvents can also be added such as ethanol to aid in extraction. The spent coffee grounds are then contained in and extraction cell. The pressurized supercritical fluid acts a as a solvent, dissolving the soluble oils present. A pressure controller act as a valve that relieves pressure, ensuring that it doesn’t build up within the system as well as discharging the oil into an extract collector. Carbon dioxide is the preferred solvent due to its high availability, low cost and its ability to reach its critical point at a lower temperature than other supercritical fluids (Couto, et al., 2009).

Biodiesel production
To produce biofuels from these the extracted oils they are combined with alcohol and undergo transesterification. The most common alcohols used are methanol and ethanol but can also be undertaken using propanol and butanol (Oliveira, et al., 2008). This process can be conducted with or without a catalyst. A non-catalytic process however produces slow reactions that require a high pressure and temperature (Shields, et al., 2018). Transesterification is the process of converting triglycerides into diglycerides. These are converted into monoglycerides which convert into glycerol and esters (Karmee, 2018). Triglycerides are a type of lipid present in the fatty acids. These esters are what Transesterification can be done under 2 processes. A one step alkali-based transesterification or a two-step acid and alkali-based transesterification (Blinova, et al., 2017).
One step Transesterification
This form of biofuel production uses an alkali as a catalyst to react the methanol and triglycerides. However, the free fatty acids react with the alkaline catalyst and produce water and soaps. Ester saponification can be caused by the reaction of water and the alkaline which produces more soaps and consumes the alkaline present. Since saponification creates emulsions forming which proves complications refining the biofuel to the appropriate standard (Blinova, et al., 2017). The depleting levels of the alkaline 
Two step Transesterification
Spent coffee grounds present the issue of containing large quantities of free fatty acids. Therefore, an acid catalyst is used to cause esterification of the free fatty acids as well as the transesterification of the triglycerides. The alcohol and acidic catalyst are used to convert the free fatty acid into esters. The acid catalyst however is not effective at forming esters from the triglycerides. The second step is the introduction of an alkali catalyst to the convert the remaining triglycerides through transesterification to produce esters (Blinova, et al., 2017) (Karmee, 2018) (Hammond & Wang, 2005). This method of acid esterification followed by alkaline transesterification produces a higher yield over the singular alkaline catalyst approach, especially utilizing feedstocks with a high free fatty acid content (Urrutia, et al., 2016). 
A study produced by Lancaster university concluded that the production of biofuels from coffee grounds in not only feasible but with more interest and development, has great potential. To increase the performance of the system, the process has been condensed into a single system of production, compared to that of the multiple processes it currently undertakes (Najdanovic-Visak, et al., 2017). This single process would greatly improve the production time and reduce costs that the longer processes would take. Advancements such as these promote biofuels and validate their potential.
[bookmark: _Toc39461647]Bio Plastics 
[bookmark: _Toc39461648]Need and application of bioplastics
Bio plastics are biodegradable polymers created by renewable feedstocks and wastes typically produced through bacterial fermentation creating bio plastics such as polyhydroxyalkanoates (PHA) and polylactic acid (PLA). These bio plastics are currently desirable as an alternative to fossil fuel derived polymers due to the depletion in finite resources and their biodegradable nature. PHA and PLA both have similar properties to that of polypropylene (PP) and polyethylene (PE). PHA even has better properties that PP, functioning as a better oxygen barrier for the packaging of food (Bioplasticsguide, 2016). 
Currently, plastics are produced synthetically from petroleum-based sources. They can withstand chemical degradation and decomposition by microorganisms, presenting them with durable qualities with a long-life span. In many product applications these are sort after qualities. Modern day culture on the other hand which produces countless single use plastic products and worryingly low rates of plastic recycling. Part of the problem is not the plastic product itself but more the mindset of humans. Most of the plastic deemed unrecyclable can in fact be recycled but not economically viable to do so, making it a matter of its priority than its possibility. Additionally, the ignorance of individuals and cultural unawareness cause the disposal of plastic to be conducted how they deem fit, not using appropriate recycling methods, only for plastics to be disposed of in land fill or to end up in places like the ocean. Globally a total of 9% of plastic per year has been recycled since 2015 (Geyer, et al., 2017).  This attitude towards plastics presents concern, resulting in environmental harm and depleting resources, and subsequently have been in the spotlight over recent years.
Once plastics has been disposed of, its properties are then what cause it to have such an overwhelming effect. Since they can withstand decomposition, plastics have a substantial lifespan ranging in duration, with plastic bags lasting 10-20 years, plastic bottles lasting up to 450 years and other products lasting over 1000 years (ThoughtCo, 2020). These single use products such as the plastic bags and bottles last a considerable amount of time, especially compared to the duration of given uses. Since these products last for such a long time, enables them to accumulate and travel to various geographical locations. 
Ecological systems are harmed through plastic ingestion or entrapment, being recognised as a major threat to the health of wildlife (Laist, 1997). These wildlife include varieties of all species from fish to seabirds, affecting them by restricting their movement, feeding capabilities, reproduction and can even cause death (Thompson, et al., 2009). 
Single use plastics should be at the centre of attention to increase their biodegradability and their purpose is to be thrown away. The charity, Plastic Oceans, found that each year the global production of plastic equals 300 million tons, 50% of that total being plastics produced purely for single use purposes (Plastic Oceans, 2020). 14 % of all litter is created by plastic beverage containers such as bottles and cups. Bio plastics due to their material properties have limited applications but as they have similar properties PP and PE. PP and PE both are utilized in single use plastic industry, manufacturing plastic films and bottles (Polymer science learning center, 2003). Bio plastics would serve as a perfect replacement to these as they are not petroleum based as well as being a carbon neutral and biodegradable product.
Like biofuels in section 4.1.1, existing PHA and PLA production already exist, but current industrial methods have limitations. The production of PHA relies on a carbon rich feedstock. Up to 45% of its current production costs are associated with obtaining these feedstocks. Therefore, spent coffee grounds as an abundant, high carbon and inexpensive waste source, it would be more economically viable to create these plastic products (Obruca, et al., 2014)
A limiting factor to bioplastic is that although they are labelled biodegradable. Similar to petroleum-based plastics containing additives, they need to be within a certain environment in order to degrade. All plastics are biodegradable but bioplastics and petroleum-based plastics containing additives can biodegrade in a shorter time frame compared to conventional plastics. Biodegrading is the process of bacteria of fungi breaking down the plastic, decomposing into natural elements. Whereas compostable properties are similar to that of biodegradable properties, set to degrade under fixed conditions such as temperature and moisture. All plastic will degrade over time; however, biodegradable labelled products will break down quicker under these conditions. In addition, bio plastics offer advantages over conventional plastics. Their biodegradable nature increases soil fertility and exhibits less bulky plastic material (Tokiwa, et al., 2009).
Bioplastics provide a better choice over biodegradable petroleum based plastic due to being carbon neutral. When bio plastics decompose, they still produce carbon dioxide but only expelling the carbon used by the biomass feedstock. This creates a value not far from net zero carbon as energy is required to extract and form the bioplastic. Fossil fuel-based plastics have a much greater net carbon footprint as they release trapped carbon. 
[bookmark: _Toc39461649]Bioplastic production
There are several processes in which waste spent coffee grounds aid or produce plastic. These processes are newly developed or in the early phases of development. These include the harvesting of polyhyrdoxyalkonoates (PHA), strengthening and production of poly-lactic acid (PLA).
Polyhydroxyalkanoates (PHA) are bio-based plastics produced by bacterial fermentation of organically produced carbon, sugars and lipids. The bacteria produce PHA as a store of energy and carbon, accumulating particles within their cells and then extracted for use. The strains of bacteria commonly used care cupriavidus necator, bacillus subtilis and alcaligenes latus. These microorganisms are contained in a nutrient rich environment, such as spent coffee grounds which contain a high calorific value and natural oils to rapidly increase its population. When the desired population level has been reached, to force the excess production of PHA their environment is placed under several conditions that deprive them of oxygen, nitrogen and nutrients. The high carbon content of the spent coffee grounds is then used by the bacteria to build up carbon reserves. These PHA carbon reserves are then harvested as small granules for use. 
Polylactic acid (PLA) known for its applications in 3D printing but also a popular material for medical purposes and food packaging. The 3D printed products using this plastic are often weak, so their applications are limited. Washington state university undertook a study seeking additives to increase performance and reduce costs but utilizing waste products to prevent them from going to land fill. The university used defatted spent coffee grounds which is the substance remaining after the oils have been extracted from the spent coffee grounds. PLA that consisted of 20% of this coffee waste was able to increase the strength by 400% (Chang, 2019). As simple as this application is, it is able to increase strength of PLA and have had value extracted previously in the production of biofuel. It’s a great example of a circular economy where all value had been extracted resulting in zero waste.
In addition to defatted spent coffee grounds enhancing the properties of PLA, PLA itself is a biodegradable plastic derived from biomass sources. Typically, feedstocks that supply facilities to produce PLA come from corn sugar and sugar canes. The method behind producing PLA is to convert carbohydrates into lactic acid or lactide polymers and then polymerization of the lactides into polylactide, also known as polylactic acid (Vink, et al., 2003).
Lactic acid can be produced by 2 methods, either by bacterial fermentation or chemical synthesis. Chemical synthesis however creates lactic from fossil fuels, from acetaldehyde present in crude oil and coal. Different varieties of the lactobacillus species can be used to conduct fermentation, feeding off the nutrients located within the simple sugars present in the carbohydrates.  The bacteria thrive in conditions of 5.9 ± 0.5 pH and a temperature of 40˚C ± 2˚C. Dependent of the application of to the PLA such as medial or food packaging products the lactic acid produced by the bacteria is purified by distillation (Castro-Aguirre, et al., 2016). 
There are two methods utilized in industry to produce PLA. The first method is a one-step polycondensation of lactic acid and the second uses the ring opening polymerization process. One step polycondensation is the formation of polymers with a low molecular mass using a catalyst producing PLA and water (Maharana, et al., 2009). Ring opening polymerization is more effective at controlling the properties of the PLA due to creating PLA with a higher molecular mass. This other method is a two-step process which combines the lactic acid with a metal catalyst forming lactides. Polymerization then converts the lactides into polylactides, which are categorised and also named PLA (Hong, et al., 2012).
Coffee grounds have not been used in the production in PLA, but their chemical properties could make them possible adversary to the currently used corn sugar feedstock. Some species such as green coffee can consist of a carbohydrate content up to 40-50% (Coffeechemistry.com, 2015).

[bookmark: _Toc39461650]Coffee Logs & Pellets
[bookmark: _Toc39461651]Need and application of coffee logs & pellets
The utilization of wood for a fuel source has existed for millennia. Interest has increased back into fuels in homes as they provide a more cost effective and sustainable solution than then energy consumption needed to fulfil the same output.
Wood is one of the most sustainable forms of biomass. Using seasonal wood sources release the same carbon dioxide levels that will be absorbed by other trees and plants, creating a continuous cycle of a net zero carbon dioxide production as well as transitioning away from fossil fuel based sources (The LOG Shed.com, 2020). A study in France presented that wood fuel heating was on the rise with 23 % of houses using wood for domestic heating (Limousy, et al., 2015). These wood sources particularly being in the form of manufactured logs or pellets. Manufactured wooden logs are most cost effective, requiring less effort to light the fuel and have a longer lasting flame. These wooden logs are made with additives given them properties to replicate crackling of a natural fire along with the longer lasting flame to feel like an authentic and natural fire. (Sprules & Johnson, 2004)
Processed wooden logs and pellets could present a sustainable product, however, the combination or sole use of spent coffee grounds can increase the properties of or outperform conventional logs. Bio Bean, the UK’s leading manufacturer of coffee grounds have produced coffee logs and pellets to consumers in 2016. The coffee grounds present a higher calorific content that kiln dried wood alternatives. The higher calorific value allows the coffee log to burn 20% hotter than the timber alternatives and for a longer duration (Bio-Bean, 2020). The coffee pellets aimed for more industrial burners produced by Bio Bean also have a higher calorific content which enables them to provide more energy per unit volume, requiring less deliveries than wood pellet competitors saving transportation costs and fuel (Bio-Bean, 2020).
Biomass products do present uncertainties. To effectively sustain wood as a domestic and industrial fuel source would require constant replanting of trees to ensure an infinite supply. To keep up with the global demand for wood large areas undergo deforestation. Under these circumstances excessive depletion can result in damage to the ecosystem and can prove difficult to return to its original state. 
Most coffee log mixtures still require the combination of wood sources. The addition of spent coffee grounds not only increases the calorific value per unit volume but uses less wood sourced biomass as a portion of the volume is made up of the coffee grounds. The energy output by conventional manufactured logs could be supplied using less coffee logs or the same equivalent of wood could be used but output more energy.
[bookmark: _Toc39461652]Process

The manufacturing of logs containing spent coffee grounds is very similar to the process of the conventional method. To manufacture these logs, they the materials both woodchips and coffee grounds need to be dried, grinded and finally compacted. An industrial tumble dryer with an inlet temperature of 400˚C dries the woodchips and coffee grounds separately for up to 25 minutes. The moisture content of both coffee ground and wood source need to be reduced to under 20% (Kang, et al., 2017). After the drying process a hammer grinder grinds the materials followed by sieving to produces sizes of 5-20mm. The woodchips and spent coffee grounds are combined with a mixture containing 20% coffee grounds and 80% woodchips. A pressure log maker operates under 120˚C and can apply pressure up to 2 tons/cm2. Logs are formed with a diameter of 90mm and length of 300mm. The logs are then left to cool prior to packing (Limousy, et al., 2015). 
There are several different ratios and mixtures used to create manufactured coffee logs.  These include materials such as saw dust and a flammable wax which bind the mixture together (Sprules & Johnson, 2004).  

[bookmark: _Toc39461653]Anaerobic Digestion 

In order to analyse all these alternative applications of attaining value from spent coffee grounds, anaerobic digestion (AD) should be addressed and evaluated. Anaerobic digestion is the process already in place across the UK and used globally tackling the excessive amounts of food waste produced each year. Since this technique is already intergraded into the nations waste disposal infrastructure, it should be evaluated to determine whether spent coffee grounds can and should be currently disposed of using this technique.
Anaerobic digestion is the process which is naturally occurs when bacteria break down organic matter without the presence of oxygen. The purpose of an AD plant is to capture and utilise the gases produced by this process and use them as a form of energy generation in replacement of releasing the gases straight into the atmosphere with no recovery of energy (Zhang, et al., 2014). Anaerobic digestion is the last form of energy recovery before landfill and incineration of food after redistributing edible food to humans or animals (Banks, et al., 2018).
The process of industrial anaerobic digestion undergoes 4 steps, hydrolysis, acidogenesis, acetogenesis and finally methanogenesis. Hydrolysis is the breaking down of the organic matter by bacterial fermentation into simpler materials such as fatty acid and glucose. Acidogenesis is the further breaking down of these substances into volatile fatty acids. Further digestion called acetogenesis produces acetate, hydrogen and carbon. These are then converter through methanogenesis into methane.
The efficiency of anaerobic digestors are determined by several factors such as temperature, pH level and C:N ratio. Carbon and nitrogen are both essential in performing anaerobic digestion but to provide optimum results they must be within a specific ration. A ration of 20:1 to 30:1 is said to be the optimum range of anaerobic digestion although the process can still take place outside of these parameters. Th reason this ratio is important is to stop the excess production of ammonia. Low levels are needed for bacterial growth, but excess levels restrict the production of methane. Furthermore, excess levels of ammonia can lead to the complete failure of the anaerobic digestion process (Zhang, et al., 2014). Coffee grounds contained caffeine, tannins and polyphenols which can also inhibit bacterial growth (Vitez, et al., 2016). (Lin, et al., 2019)
Mono digestion being the anaerobic digestion of purely spent coffee grounds is susceptible to failure. However, the use of a co-digestion, the use of multiple form or organic matter could prove feasible to make use of the coffee grounds waste feedstock. The addition of different feedstocks such as sewage waste, woodchips and food waste could restore the C:N ratio to appropriate levels (Kim, et al., 2017). 
Since the properties of spent coffee grounds are different to other food waste products, if the current food wastes anaerobic digestion process is conducted under mono digestion the coffee grounds could reduce the efficiency of the digestion and even cause it to fail. Therefore, anaerobic digestion is possible but the current partner of McDonalds that recycles the food waste doesn’t operate under conditions that allow the mixture of coffee grounds.  For the AD plant to accommodate the removal of coffee grounds as part of the food waste, the C:N levels of the organic mixture in the plant would have to be recalculated, prompting the addition of another feedstock with would then compensate the coffee grounds, creating a C:N mixture within the 20:1 – 30:1 optimum level.
[bookmark: _Toc39461654]Alternative Applications Discussion 

Firstly, the utilization of any of these applications is greater than the current method of disposal, using landfill sites. Not only are more environmentally friendly products made or attain energy that would otherwise be wasted, they primarily reduce the amount of methane released recklessly into the atmosphere.
Biofuels, bioplastics and coffee logs produce desirable products. Whereas the mainstream industrial applications of anaerobic digestion only exist in our current infrastructure to appropriately deal with the sizable volume of food waste produced. Large amounts of waste are needed to make these sites economically viable, but additional feedstock is not necessary as anaerobic digestion is used as a last resort to extract energy. Following waste hierarchy guidelines, coffee grounds could be of more value through one of the other alternative applications. 
Biofuels, bioplastics and coffee logs using spent coffee grounds create products that are better than no sustainable fossil fuel-based products, but they also serve as suitable replacements to the biomass feedstocks. These feedstocks require vast amounts of land which could be better utilised for crops fit human consumption. However, coffee grounds alone cannot replace the scale of the market each of these are sold. Spent coffee grounds as a waste product should of primary focus and the remaining demand should be filled using biomass alternatives. Doing so would use up all the coffee waste and reduce the strain on biomass feedstocks. 
All these alternatives provide immediate solutions. However, biofuels would only serve as a temporary solution until the transition over to electric vehicles. Although the current demand is large and in need of immediate attention in which coffee-based biofuels could fulfil, how long will biofuels be needed? Focus could be directed towards biofuel production only to be deemed obsolete in several years. Anaerobic digestion will continue to exist as along as food waste is produced. The ultimate aim is to reduce food waste from being produced in the first place but in many cases some food waste is unavoidable. Recycling plants are developing to recycle plastics that have not previously been economically viable to recycle, but until 100% of plastics are recycled will prompt the need for bioplastics. 
Currently the industrial production of biofuels and bioplastics from coffee grounds are not in place. Whereas coffee logs are currently available on the market, as well as AD plants which could be adapted for the intake of coffee grounds. Biofuels and bioplastics from spent coffee grounds do not have sites able to currently start production. More development, resources and time would have to allocated to these to make the processes more efficient and construct facilities. Coffee logs and AD plants would be able to immediately tackle larger volumes of coffee waste. 
A study into the biogas production of coffee grounds through anaerobic digestion determined that the levels of coffee waste produced globally needs appropriate forms of disposal. They concluded that the high calorific content in the spent coffee grounds should be utilised, whether that may be anaerobic digestion or biofuel production (Vitez, et al., 2016). This literature enforces then need to develop and implement solutions as the current volume of waste requires attention before it becomes overwhelming. 
[bookmark: _Toc39461655]Methodology

The main ideology behind investigating spent coffee grounds was to assess the current waste management procedures in place and explore the possible applications that coffee grounds could be used for, but to what extent would investing in these applications benefit the environment? To be able to quantify their potential, the waste coffee grounds were needed to be recorded in order to quantity their relation to the alternative products.  
Data was gathered from McDonald’s in Cwmdu retail park, Swansea. The data was collected spanning from the 11th November 2019 to the 29th February. Currently in-store, the spent coffee grounds are already separated from general waste in a container beside each coffee machine, before being mixed with the general waste in a compactor in situ.  A weighing scales were located near the coffee machines to tabulate their mass before disposal. The data was recorded using weekly chart with several section for the numerous recording that would take place each day, across the 2 coffee machines. 





[bookmark: _Toc39461656]Results

Figure 4 displays the data recorded the week commencing on Monday the 11th of November. This graph best describes how the data was recorded. Each day the spent coffee grounds were recorded whenever they were disposed of. The fast-paced and customer orientating nature of McDonalds caused the disposal and recording to take place during quiet periods, or when the container reaches max capacity. Due to this irregular disposal pattern the number of recording per day can vary. As shown in figure 4, on the 17th of February the waste coffee ground contents were emptied a total of 4 times. The store operates continuously 24 hours a day, therefore, waste generated can overrun onto the next day’s waste count. Due to communication issues and other priorities the waste coffee grounds were not always recorded. After the initial few weeks of data, the intentions of this investigation were thoroughly communicated to the employees, ensuring consistency in the data recorded. 


Figure 4 (Coffee grounds week of November the 11th)
The data set spanned for 111 days until the 29th of February 2020 and displayed in figure 5. The general trend was to be expected as the Christmas period is the stores busiest and most profitable time of the year with increased sales, especially hot beverages which peak the week previous to Christmas day. This being followed by January which tends to be the quietest time of the year. Throughout the duration the data stayed consistent displaying a small variation in Kg per day which can be accounted for due to a variation in sales daily and human error but follow a noticeable trend. The data presented using red points are days which will not be used to calculate the annual average due to not conforming to the trend and deemed anomalous results. These points represent the days in which data was partially or not recorded. However, one of these points was on Christmas day when the store was closed accounting for the zero-waste produced. 

Figure 5 (Total spent coffee grounds production)
The data gathered had several limitations. The scales were simplistic in design and the coffee grounds weight was recorded to the nearest kilogram by visual inspection. Although there are accuracy issues present the data collected is able to provide a good representation of the extent to which coffee spent coffee grounds are being produced and wasted.  

The quantity of the spent coffee grounds recorded can be used to extrapolate a daily and annual average. 
  Equation 1
McDonalds is closed for 364 days a year excluding Christmas day.
  Equation 2

In the UK there are 1249 stores nationwide. This figure is estimated under the assumption that it produces an average amount of spent coffee grounds compared to other McDonalds stores of different sizes and sales revenue.  

Equation 3
Bio Bean produce coffee logs that are purely made from coffee grounds. 8 Kg of coffee grounds are used to produce 16 coffee logs, each log containing 500g of spent coffee grounds (Bio-Bean, 2020). Therefore, after reducing the moisture content from 60% to minimum acceptable level of 20%, one store can produce annually;
   Equation 4
Equation 5
Across all McDonalds in the UK;
   Equation 6
   Equation 7

After the spent coffee grounds have been reduced by 40% to account for moisture and each coffee log is made from 0.5Kg, a total of 13,353 coffee logs could be made from the waste of a single store. Using the estimated value across the UK, 16,759,701 coffee logs could be made. Equivalent to 834 and 1,047,481 bags of coffee grounds respectively. 

As stated in section 4.1.2, the moisture content of spent coffee grounds was found to lie between 60 & 70%, as well as presenting an oil yield ranging between 8 & 16%. Therefore, to best produce a theoretical coffee to biofuel ratio, the mean value for moisture and oil yield content were given the values of 65% and 12%, respectively. The final biodiesel product through alkaline transesterification was found to achieve a conversion ranging from 70 to 85% of the oil extract into biodiesel. The more effective two step transesterification process had almost complete conversion rate up to 99% of the oil producing biofuel (Al-Hamamre, et al., 2012). Therefore, the coffee grounds to biofuel ratio using the two-step transesterification process is;
Percentage of dried spent coffee grounds from wet grounds;
Equation 8
Percentage of oil per unit of wet coffee grounds;
     Equation 9
Biofuel produced per unit of wet coffee grounds;
     Equation 10
A single store;
    Equation 11
All UK stores;
      Equation 12

The units for fuels liquid fuels are typically expressed in litres. Using the density of biofuel, it has been calculated that 0.87 Kg is equal to 1 litre (Aqua-Calc, 2020).
    Equation 13
A single store;
    Equation 14
All UK stores;
      Equation 15
After conversion from kilograms, 534 litres and 667,251 litres can be produced from a single store and all across the UK respectively.


[bookmark: _Toc39461657]Conclusion 

There is limited literature on the alternative applications of spent coffee grounds due to the niche nature of the subject as well as recent interest only just being displayed into their development. However, this project recognises that spent coffee grounds, although it may be a waste product, still contains a significant amount of value which can be extracted. There are several applications such as biofuels, bioplastics and coffee logs, each with individual value extraction methods. Coffee grounds present a better alternative to some renewable products. Since spent coffee grounds are the waste product of coffee beans, no additional land is required for feedstock compared to the likes of wood biomass and biofuels sources. These are just the values extracted from one store and franchise. If these methods were to be in conjunction with other business’s the potential is enormous, both environmentally and resourcefully.
The current volume and disposal of coffee grounds is simply unsustainable and requires immediate attention. Any of these applications serve as a good replacement than current disposal practise. One or more applications should eb utilised do the legal requirements following the waste hierarchy as well as reducing harm to the environment. 
To be able to implement these schemes it is recognised that there are several factors which determine whether they are viable. Firstly, these calculations were performed under assumptions to estimate tangible benefits of the applications. By introducing these applications there would be logistical issues that have not been addresses, such as distributing to single or multiple locations and whether this would cost more or less than the current methods.  






[bookmark: _Toc39461658]Recommended Further Work

Within the literature used to research this project they used mainly one species of coffee to undertake their study. If further work was to be carried out, further research or practical would be undertaken to determine whether the combination of species would affect biofuel or bioplastic yield. 
To further study biofuels is recommended to research the biofuels produced and their compatibility to modern engines. Discovering if any additional processes are required to directly use the biofuel as a suitable, immediate replacement. 
The case study conducted gathered data from an individual restaurant and was only collected over several months. To analyse the data effectively data would be collected over 24 months and across multiple stores to validate the results and find the average waste per store in the UK. From this, it could be possible to conduct an analysis in whether the spent coffee grounds produced by the food chain would enable McDonalds to collect and produce products themselves compared to outsourcing to another company and the associated benefits or failures that it presents.
In addition to the alternative applications explored, there are many other areas of application, including bio-composites and flavouring to be used in consumable food products.  
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