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Abstract 
 
Improved energy generation methods are required to guarantee sustainable energy 

sources for the future. Gasification technology allows for waste and low-quality 

biomass materials to be converted into a producer gas, which can in turn be utilised in 

a CHP system for sustainable heat and electricity generation. To improve the 

downdraft gasification process, blends of biomass materials were investigated for their 

impact on process parameters such as producer gas lower heating value, conversion 

efficiency, tar production and producer gas application processes. This work was 

carried out through a combination of experimental and simulation analysis. 

 

Novel work analysing agricultural residues such as poultry litter and anaerobic 

digestate, along with the bioenergy crop miscanthus showed improvement in gas 

lower heating value when using blended feedstocks. From previous feedstock 

blending literature, the blending ratios of interest were identified as 80/20, 60/40 and 

40/60 by weight percentage, with wood pellets the blending feedstock introduced. 

Small – scale experimental analysis was carried out on the Fluidyne downdraft 

gasification system in Ulster University, using the results collected to validate the 

computational simulations generated with ECLIPSE simulation software. 

 

Experimental results from the blended feedstocks displayed improvements up to 

12.9% in producer gas lower heating value, from the 24% increase in carbon content 

of the feedstock after the introduction of wood pellets. Increases in the combustible 

portion of the producer gas led to a 6.1% improvement in thermal efficiencies along 

with 2.5% increase in electrical efficiency of the simulated CHP process. A cradle to 

grave life cycle assessment carried out using SimaPro software to evaluate the 

environmental impact that blending feedstocks for downdraft gasification and the 

application process had showed improvements in environmental impacts when 

compared to traditional energy generation methods. Further ECLIPSE software was 

used to carry out the techno – economic analysis of the process and using financial 

indices to evaluate the impact of blends, decreases in net present value, break even 

selling price and payback period were found due to the purchasing cost of the wood 

pellet feedstock. 
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Chapter 1 - Introduction 

1.1 Introduction to the Topic 
Energy is currently one of the most important global research topics, due to the 

continued growth of global population. The waste-to-energy nexus is central to 

sustainable development (Sharma et al., 2020). Based on the principles of reducing, 

reusing, recycling, recovering and restoring, it focuses on simultaneously reducing 

waste and producing energy. With supply and demand for both commodities 

increasing globally, a coherent integrated approach is required to ensure a sustainable 

future for all nations. The current climate crisis with issues such as environmental 

pollution and increasing global temperature has brought this nexus to the forefront of 

many peoples thinking. This is due to an increase in severe weather events, rising sea 

tides displacing some of the most vulnerable communities, along with the prevalence 

of famine in some communities. These extreme conditions have sped up the transition 

of nations and industries from harmful fossil fuel energy sources, to more sustainable 

and renewable alternatives. Governments are implementing strategies to utilise 

resources which are closer to home, rather than relying on the import of oil or gas 

which may need to travel over long distances. Renewables in the form of solar and 

both on and offshore wind have become much more attractive options. They are 

capable energy generators with reducing capital costs and greater access the wider 

public (ISEA, 2016). Biomasses universal availability and potential sustainability 

means that through thermochemical conversion, it can become a staple of the future 

energy mix globally. This thesis will cover the most efficient of these biomass 

thermochemical conversion technologies, gasification and the advantages associated 

with it over other conversion methods. The research will focus on utilising sustainable 

and waste biomasses for energy conversion, blending these materials for increased 

system performance and efficiency, and using the producer gas in downstream 

equipment for heat and electricity production. 

 

The term biomass is used to describe any material consisting of recently living plant 

or animal-derived material. This can be divided into three groups; energy crops, 

primary residues and wastes. Energy crops can be both conventional crops such as 

cereals, oil seed rape or sugar beet and perennial energy crops such as short rotation 
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coppice (SRC) willow, poplar and miscanthus. Primary residues include forestry 

residues for example brash and short rotation forestry, and agricultural crop residues 

in the form of straw from cereals. Wastes covers a wide range of secondary and 

tertiary residues such as by-products from sawmills and arboricultural arisings. 

Tertiary residues include organic wastes, sewage sludges and animal manures (Slade 

et al., 2010). Biomass is one of the oldest energy generation methods known to man. 

The combustion of woody biomass for heat and food preparation has been carried out 

for thousands of years. More recently conversion methods have been optimized to 

increase the efficiency of this energy extraction, through methods such as gasification 

and pyrolysis. The use of biomass and biowastes as an energy source has become a 

much more attractive proposal since the environmental damage caused by fossil fuels 

became apparent. Sustainable biomass is widely available, in many different forms, 

with each having its optimum conversion method. To ensure a robust and reliable grid, 

a mixture of technologies will be required. A move away from large scale energy plants 

which traditionally combust fossil fuels will be necessary. In their place should be a 

system of micro-generation, where small scale energy generation is carried out close 

to the end user. This avoids the issues of long-distance transport of energy through 

overhead power lines or similar. Biomass holds the distinct advantage over other 

energy generation methods of being available year-round, and not dependent on the 

weather as is the case with solar and wind power (Elsner et al., 2017). This allows 

biomass to be a programmable source of energy, which causes less issues for the 

grid. Many conversion methods for biomass exist, each with its own optimum 

application. 

 

For successful application of biomass for energy usage, biomass materials need to go 

through an applicable conversion process. Biomass conversion for energy generation 

can be split into two groups, biological conversion and thermochemical conversion. 

The common biological conversion methods currently in use are hydrolysis, 

fermentation, and anaerobic and aerobic digestion (Goswami et al., 2020). These 

conversion methods can produce many primary and secondary products, such as 

sugars, solvents, alcohols, methane and electricity to name a few. These methods are 

more commonly used for materials with a high moisture content such as food waste in 

the United Kingdom. 
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This research is focused on the 2nd group of conversion methods, thermochemical 

conversion as shown in Figure 1.1 Thermochemical Conversion Methods including 

fuels, chemicals and powers. These conversion techniques include combustion, 

pyrolysis, liquefaction and gasification (Brown, 2019). They are much more suited to 

drier feedstocks, with a moisture content below 20% for optimum application. These 

each produce their own distinct products such as charcoal, bio-oil, fuel gas, heat and 

electricity. 

 

Figure 1.1 Thermochemical Conversion Methods including fuels, chemicals and powers 

Combustion occurs at temperatures between 800 - 1600°C, generating thermal energy 

which can be suitable for heating or power. This happens through the fast reaction of 

oxygen and fuel. Parameters influencing combustion include fuel heating value, 

moisture content, the stoichiometric ratio of fuel to air and the furnace design. 

Gasification can take place at lower temperatures than combustion and occurs under 

conditions where the stoichiometric ratio of oxygen to fuel is less than one. The primary 

products are a producer gas containing a mixture of carbon monoxide (CO), methane 

(CH4), carbon dioxide (CO2), hydrogen (H2) and nitrogen (N2). By-products include 

tars, chars and ash. This producer gas, depending on the gas quality, can then be 

applied to an engine for heat and electricity generation. Parameters influencing 

gasification include fuel heating value, moisture content, chemical composition of 

biomass and equivalence ratio. Pyrolysis can be either the first step in the combustion 

or gasification process, or a conversion method to generate biofuel products on its 

own. Biomass in an oxygen free environment in converted into bio-oils at a different 
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speed depending on the set up. A reaction temperature of between 300 - 900°C is 

standard, and the bio-oil can be further refined to replace petroleum products. Finally, 

solvent liquefaction occurs at lower temperatures of between 105 - 400°C. Through a 

mix of increased pressure and temperature another bio-oil product can be produced 

from the process. Of the four thermochemical conversion techniques, solvent 

liquefaction is the furthest from commercial application (Brown, 2019). 

Significant benefits are associated with the use of biomass materials as a method of 

energy generation. These include: 

 

− Abundantly available: various types of biomass can be found in almost every 

region of the world. From coconut and rubber seed shell to willow and forestry 

residues (Widjaya et al., 2018). 

− Versatility: biomass materials can come in many forms (solid, liquid or gaseous 

biofuels) and can be converted through many processes. This means that a 

suitable feedstock and conversion method can be found for every application 

(Pérez et al., 2013). 

− Adding value to material: many materials previously seen as waste can now be 

used as an energy source thanks to the many available conversion methods. 

Waste previously discarded now has an inherent value as a fuel (Sansaniwal 

et al., 2017). 

− Additional income: This income can benefit whoever generates the biomass, 

whether it be a waste from a farm (manure or crop residues) or by-products 

from a factory (off-cuttings). 

− Fuel security: many countries are currently relying on importing of fossil fuels 

over long distances. Using locally available biomass can provide fuel security 

to these areas. 

− Diverting Waste from Landfill: Many waste biomasses, or biowastes as they are 

known are currently disposed of through landfilling as no other solution exists. 

This material can be converted to energy through its inherent carbon content.  

− Employment: the switch from fossil fuels to biomass will open new trade and 

business, creating new employment within many communities. 
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− Carbon Neutrality: many biomass materials are carbon neutral due to their 

sustainable growth or classification as a waste which would otherwise be 

disposed of (Jangsawang et al., 2015). 

− Effective Energy Carrier: biomass is a reliable source of energy with a good 

energy to weight ratio, which can be easily stored for use when required (Mutlu 

and Yucel, 2018). 

 
Biomass offers many opportunities to many communities. Through the variety of 

conversion methods available for it, biomass can be used to substitute for fossil fuels 

in all the major energy demand sectors; heat, electricity and transport. Rural 

communities are the ones who will benefit most from a switch to biomass, as they are 

the ones who grow, produce and harvest these materials. 

 

Circular Economy 

The circular economy is a sustainability approach that is being heavily promoted by 

academia, industry and policy makers alike (WRAP, 2019a). The idea is to change 

consumer attitude and work towards a more sustainable and resource efficient 

economy. Currently many products are fabricated or purchased with the intention of 

disposal after one use. Not only is this incredibly harmful to our environment, it is also 

wasteful in terms of resources such as energy and raw materials in the production of 

said product. If we can move away from this single use system, the benefits are a 

sustainable future where the faith of all raw materials is guaranteed. This approach 

operates through the extraction of all uses out of a material before final disposal 

occurs. This will divert a large amount of waste from landfill. Between 2015 – 2020 

recycling in Northern Ireland increased by 50.6%, through application of the circular 

economy approach (WRAP, 2020). Through using wastes and by-products for energy 

production not only are we ensuring a more sustainable energy mix, but we are also 

promoting a healthy waste management strategy and increase recycling in line with a 

circular economy approach. 

 

The availability of biomass around the globe in all its different forms is one of the most 

attractive characteristics of the material. Biomass and biowastes are homogenously 

distributed all over the world in many different forms including solid, liquid and gas. 

Current best estimations are conservative but put global biomass resources between 
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100 – 200 EJ per year (Ladanai and Vinterbäck, 2009; Shunichi Nakada, Deger 

Saygin, 2014; WBA, 2016). This is equal to approximately 3,582,688 ktoe, or 25% of 

the entire energy supplied by all sources in 2018 (IEA, 2020). By using more waste 

biomass resource and optimization of current technology for improved efficiencies, this 

percentage could increase further. Wholesale changes to the current system of where 

we source our energy from and how it is produced is required though if we are to utilise 

global biomass resources to their full potential, as current global energy from biomass 

resources stands at approximately 10%. 

 

The 10% of global energy from biomass resources represents 1,327,127 ktoe, but this 

is dwarfed by the primary sources of energy being utilised altogether. The most 

common source of energy is from oil with 4,496,998 ktoe, followed by coal and natural 

gas with 3,838,326 and 3,261,595 ktoe respectively (IEA, 2020). These can be seen 

along with all other sources of energy in Figure 1.2 Total Global Energy Supply by Source 

1990 - 2018. This reliance on fossil fuels is the cause of climate change, and the primary 

source of the harmful greenhouse gases (GHG’s) being emitted. Globally this equates 

to over 81% of energy from non-renewable sources in 2018. This is clearly an 

unsustainable amount, as fossil fuel resources are depleting and the damage to the 

environment is immeasurable. To decrease this percentage and make the swap to 

sustainable sources of energy, governments need to take drastic action. This could 

include large incentives to introduce new technology or legislating for the removal of 

large GHG emitters within the next decade. Biofuels globally made up approximately 

9.3% of the energy mix in 2018. This is interesting as even though the amount of 

energy generated from these resources has almost doubled in the last 30 years, as a 

percentage of overall energy produced it has decreased by over 1% in the same time 

period. This can be put down to the increase in global energy demand, and the filling 

of that demand with other sources, particularly natural gas that seen a 3% increase, 

and other technologies such as wind and solar that saw a 1.5% increase when 

comparing current usage to 1990 levels. 
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Figure 1.2 Total Global Energy Supply by Source 1990 - 2018 

 
Looking closer to home, within the EU 28 (2018), biofuels and waste made up 160,262 

ktoe of the energy consumed, as seen in Figure 1.3 Total EU-28 Energy Supply by 

Source 1990 - 2018 (IEA, 2020). This equates to 10% of the EU-28 energy mix, which 

is in line with the global average. The use on non-renewables in the EU-28 has 

dropped by approximately 10% also during this time period to just over 71%. This is 

mainly down to the increase in renewable sources being used, with biofuels and waste 

making up the greatest portion of the increase. The level of nuclear power being 

utilised, has stayed mostly consistent. Significant research and development will need 

to be carried out by the EU if they are to reach their target of over 50% of energy 

sourced from biomass (European Biomass Associtation, 2013). A mere 7% increase 

in energy from biofuels and waste between 1990 and 2018 means that the substantial 

work still needs to be undertaken by the EU to reach this goal. 
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Figure 1.3 Total EU-28 Energy Supply by Source 1990 - 2018 

Within the UK, there is also significant room for growth of the bioenergy sector. Figure 

1.4 Total UK Energy Supply by Source 1990 – 2019 shows that biomass and waste 

contribute to 15,670 ktoe of the energy supply in 2019, or 9.2%, continuing the global 

trend (IEA, 2020). Unlike the global or EU-28 average, the UK’s main source of energy 

is natural gas, with 67,308 ktoe or 39.7% of energy supplied. During this time period 

of 1990 – 2019, the renewable sources of energy grew by almost 13%. This is mainly 

due to its low starting point at 0.5% of the total energy mix in 1990. Coal is the major 

casualty here, with a huge drop from close to 31% of the energy mix to almost 3%. 

This equates to a 91% reduction in coal usage, and with 0.333 kgCO2/kWhe from coal 

compared to 0.015 kgCO2/kWhe for wood chip the environmental benefits are over 20 

times greater (DEFRA, 2020). 
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Figure 1.4 Total UK Energy Supply by Source 1990 – 2019 

To further understand the current market for bioenergy, and its potential to grow within 

the UK, we can look at the current usage of biomass and waste materials for energy 

generation. Within Figure 1.5 UK Electricity generation from Biofuels and Waste by 

Source 1990 - 2019 we can see the total electricity generated from these materials 

(IEA, 2021). A total of 38,120 GWh of renewable electricity was generated from these 

sources in 2019, with 67% of this from primary solid biofuels. Primary solid biofuels 

are the sum of a few different materials grouped together such as fuel wood, wood 

residues and by-products such as chip and pellet, along with some vegetal materials 

(Eurostat, 2021). This electricity generation has room for growth as predictions carried 

out by Shepherd estimate miscanthus yields of 12 t ha-1 year-1, which could supply 

0.09 EJ/year or approximately 65% of current bio-electricity yields from one source 

alone (Shepherd et al., 2020). An obvious example of where growth will come from is 

the energy sourced from industrial wastes. Currently industrial wastes supply 1,568 

GWh of energy, or 4% of the total electricity from biomass. We can expect to see a 

large increase here when more industries begin to adopt the circular economy 

approach to their business model and identify potential waste to energy conversion 

routes for their materials. For the UK to achieve their sustainability target of net zero 

emissions by 2050, a seismic shift in energy generation methods will need to take 

place. The largest portion of electricity generated in 2019 still came from non-

renewables sources. 43.6% of the total, or 141,191 GWh came from coal, oil and 
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natural gas. Renewables aren’t far behind making up 39.03% of the total, or 126,333 

GWh, with nuclear making up the difference of 17.3% or 56,184 GWh in 2019. 

Discussions on whether nuclear energy should be classified as renewable or not 

continue within the EU today, with two of its main economies, Germany and France, 

on opposing sides in this argument (Cohen, 2022). 

  

 

Figure 1.5 UK Electricity generation from Biofuels and Waste by Source 1990 - 2019 

One of the issues with trying to increase the level of biofuels in the national energy 

mix, is that of supply vs. demand. International policy has concluded that an increase 

in biomass usage is required to meet sustainability and climate change targets. Who 

makes the first move is the question? Governments will not provide funding for 

sustainable biomass conversion projects if a guaranteed source is not available. 

Similarly, farmers or other suppliers of biomass won’t commit to producing the required 

biomass if contracts are not in place for purchasing, it’s too great a financial risk to 

burden. It’s a chicken and egg situation, where you ask which one comes first. How 

can we ever hope to achieve the lofty targets set out if the supply chain cannot 

guarantee the feedstock? Energy will be required, whether the biomass can be 

sourced sustainably or not. Currently the regions with the highest demand for biomass 

are also ones with the lowest resource availability (Welfle, 2017). This isn’t to say that 

biomass isn’t available in these regions, but the type of biomass required isn’t 
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available. This can be attributed to the fact that large scale biomass combustion plants 

have been designed with pellets or chip in mind as the feedstock of choice. This design 

has led to an increase in international trade of biomass pellets, with Europe at one 

point importing 30% of all biomass it consumes (Welfle, 2017). This figure has reduced 

to approximately 4% recently (European Commission, 2019). Transcontinental 

transport of feedstocks off sets any emission savings achieved by member states, if 

they are still relying on it. These pelleted and chipped material arrive through shipping 

or long-distance haulage, which is at fault for a significant proportion of GHG 

emissions. To avoid this issue more emphasis should be placed on the use of 

sustainable biomass materials. This includes production of biomass locally and using 

resources readily available as feedstocks, avoiding reliance on international trade of 

biomasses. Potential feedstocks could include agricultural wastes, industry wastes 

such as forestry waste or sludges from wastewater treatment plants. To further 

increase the sustainability of biomass, certain industries could utilise their wastes or 

by-products as an energy source. An example of this is the potential for the poultry 

industry to use the litter generated to provide the heat and electricity required by the 

sheds through gasification and downstream application of the producer gas. This 

research will focus on this circular economy approach to energy production. 

 

For a change in human behaviour to occur, an incentive or catalyst for change must 

exist. The main driver of this change has been and will continue to be policy introduced 

by governments at all levels. The change from a fossil fuel based economy to a 

sustainable fuel’s economy could not occur if it were not for government intervention 

as most people would remain content with the status quo. A significant amount of this 

legislation for change has already been introduced both nationally and internationally 

to try and tackle the issues of global warming, along with ensuring more stringent 

environmental protection. These can come in the form of international accords that 

large numbers of countries sign up to, right down to policy introduced by a local town 

or city council. With the overall goal of protecting the environment from further harm, 

they each have their own important part to play. 

 

The most important pieces of international policy that have been adopted in the past 

25 years are the international protocols brought into existence by the UN. These 

include the Kyoto Protocol in 1997 and more recently the Paris Climate Accord, signed 
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off in 2016. These protocols were introduced to try curb what had been rising levels of 

GHG’s, mainly CO2, CH4 and nitrous oxide (N2O). The Kyoto Protocol committed 

industrialized countries to limit their GHG emissions by an agreed amount, with each 

agreeing to individual targets. The burden was placed upon developed countries, as it 

was agreed they had been responsible for a large portion of the then emissions. An 

example of the commitment required by the Kyoto Protocol was the UK’s legally bound 

target of reducing their emissions by 12.5% compared to 1990 levels, by the year 

2012. A more recent international agreement to tackle climate change and its effects 

is the Paris Climate Accord. It is another legally binding agreement that sets a goal of 

limiting global warming to below 2, and preferably 1.5 degree Celsius. The Paris 

accord differs from Kyoto, as it allows the individual signatory countries to decide on 

how they can best assist with reaching this target. This allows for each country to 

develop their own climate strategy. Individual countries can therefore adopt 

technologies and put systems in place that will have the greatest affect, and not be 

burdened by being told what to do. This allows each signatory to forge their own 

approach, using local customs and resources to their benefit. 

 

The European Union has implemented its own climate change focused legislation. In 

2009 the Renewable Energy Directive (2009/28/EC) was introduced (European 

Parliament, 2009). This directive outlined plans for the union to achieve 20% of its 

energy requirements from renewables by the year 2020, as well as committing 

individual countries to achieve 10% of transport fuels from renewable sources. 

Member states were required to transpose this into their own national law. This piece 

of legislation was enough when first introduced, but once the Paris Climate accord 

was adopted, the EU realised an increase in efforts was required if its position as a 

global leader in renewables was to be held. Therefore in 2018 the EU introduced the 

recast Renewable Energy Directive (2018/2001/EU) with new binding targets for 

member countries (European Parliament, 2018). This was to achieve 32% of energy 

from renewable sources by 2030 and 14% of transport fuel from renewables as well. 

The EU also reserves the right to further increase these targets in 2023. 

 

Environmental protection policy that the EU have introduced is the Waste Incineration 

Directive which was introduced in 2000 and replaced in 2010 by the Industrial 

Emissions Directive (IED)(2010/75/EU). The IED is the main method through which 
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the EU can monitor and regulate emissions from industrial applications, with the aim 

of keeping adequate air quality throughout Europe (European Parliament, 2010). IED 

is based off an integrated approach for the entire environmental performance of a plant 

and the use of best available technology for optimum environmental performance. The 

introduction of this catch all legislation allowed for the thermochemical treatment of 

certain waste products, such as poultry litter, if in an IED compliant system. For 

protection of waterways and soil across Europe, the EU introduced the Water 

Framework Directive (WFD) as Directive 2000/60/EC. This was first adopted in the 

year 2000 and took on the problem of managing water quality throughout Europe for 

surface and ground waters (European Parliament, 2000). This like other EU legislation 

was done through an integrated approach of manging water from a river basin unit 

and not based on political or administrative boundaries. This legislation set out limits 

on minimum water quality, as well as a timeline for achieving good quality water status 

for all waters within the EU by a set deadline. The integrated approach covering all of 

Europe streamlined vast amounts of legislation in the field and paved the way for 

member states to improve their own water quality. 

 

The UK has its own policy in place to deal with climate change and the issues 

surrounding it. They had originally taken instruction from the EU, but now since Brexit 

has taken place, they are no longer required to comply with EU based directives. The 

main policy to tackle climate change and environmental protection in the UK was the 

2008 Climate Change Act, through which the UK committed to reducing GHG 

emissions by 80% by the year 2050 compared to 1990 levels, through 5 yearly carbon 

budgets (DEFRA, 2008). Renewables Obligations was introduced in 2002 across 

England, Wales and Scotland and in 2005 in Northern Ireland (Ofgem, 2021a). It 

replaced the Non-Fossil Fuel Obligation which ran from 1990. It encouraged the 

production of renewable electricity and placed an obligation on licensed suppliers to 

provide increasing amounts of it. In 2019 the UK government became the first major 

economy to commit to net zero emissions by the year 2050. This was done through 

an amendment to the climate change bill and shows an increase on previous 

commitments of 80% reduction. The UK met its targets for the first two carbon budgets, 

2008-12 and 2013-17, but achieving the goals of future budgets isn’t as certain. 
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As a member of the UK, Northern Irelands (NI) policy is heavily influenced by the 

government in Westminster. Even though the UK government introduced the 2008 

Climate Change Act, NI’s devolved government has yet to adapt it into national 

legislation. As of December 2020, a consultation on the NI Executives first ever climate 

change bill was launched. NI had seen a reduction in GHG’s of 20% compared to 1990 

levels, but to achieve the net zero goal by 2050 as set out by the UK government, a 

robust and coherent strategy must be put in place soon or the opportunity will be 

missed. Even though no climate change bill exists within the legal framework of 

Northern Ireland, there is important legislation in place in terms of environmental 

protection. One of the most noteworthy of these is the Nutrient Action Programme 

Regulations (NAPR) (DAERA, 2019). This programme puts measures in place to 

ensure the protection of waters against pollution from agricultural sources. Over 

application of farm or industrial wastes for nutrient replacement in the soil can lead to 

harmful effects such as eutrophication or local waterways. With the ever-increasing 

industrialisation of farming, these regulations provide a basic level of protection to all 

waterways from the adverse effects of agriculture. Northern Ireland is no longer a 

member of the EU, but the NAPR would have been influenced by the WFD that was 

introduced prior to its exit. For clarification, Northern Ireland remains in the EU’s single 

market for goods, and therefore must follow EU rules on customs and agri-food 

products for goods arriving in the country (Assembly, 2021). Whether this will have 

any impact on policy is yet to be seen. 

1.2 Novelty 

The novelty associated with this research, as discussed in the following chapter 

(Chapter 2), is the use of blends of various biomass and biowaste materials to increase 

the overall efficiency and performance of the downdraft gasification system with 

engine application. A techno-economic and environmental assessment of the system 

will also be carried out to add further evidence and justification to the research. Using 

novel blends of previously unresearched materials, the downdraft system with engine 

applications can be optimised in terms of conversion efficiency, producer gas lower 

heating value (LHV), gas yield and by-product generation. Using the 3 different blend 

ratios, 80/20, 60/40 and 40/60, their influence on the downdraft gasification system will 

be evaluated with a focus on the application of the technology within both Northern 
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Ireland and across Europe for both financial and environmental impact. Identifying 

possible users of the technology will demonstrate the potential of the proposed new 

system. 

1.3 Justification and Objectives 

It is clear from the information above that there is a significant opportunity for biomass 

to be used as a sustainable alternative to fossil fuels for heat and electricity production 

around the globe. Gasification has the potential to become the biomass conversion 

method of choice through higher conversion efficiencies than direct combustion for 

some practises, and versatility in its application through the production of a producer 

gas. 

 

The aim of this project is to develop a comprehensive performance analysis of an 

entire biomass gasification system with novel blended feedstocks. This includes an 

economical concept for biomass supply chain management, pre-treatment, production 

of producer gas and utilisation of biomass/waste, by means of biomass gasification for 

electricity and heat production. This overall aim will be achieved through 4 objectives:  

 

1. Process Modelling – develop the feedstock supply chain and gasification 

process models for the integrated biomass gasification and CHP system. The 

models developed will be used to evaluate technical, economic and 

environmental performance of micro – generation fuelled by biomass 

2. Experimental Study and Model Validation – Experimental work and analysis of 

selected feedstocks for a range of process conditions, leading to pilot test 

results 

3. Process Integration – Producer gas generated by a downdraft gasifier will be 

cleaned, analysed and fed to an internal combustion engine for the application 

of combined heat and power 

4. Assessment – Techno-economic and environmental assessment of the full 

bioenergy production chain carried out through LCA and techno-economic 

analysis of the system 



16 
 

1.4 Thesis Structure 

This thesis will be structured into 9 chapters, each dedicated to a different aspect of 

the research. The present introduction chapter covers the background to the research 

project, explaining the justification of the work, defines the novelty of the work and the 

potential applications. It discusses the history and current availability of biomass, and 

the various pieces of legislation and policy which are the driving forces behind it. 

 

Chapter 2 is a comprehensive literature review, covering the entire scope of biomass 

gasification and highlighting the gaps in the literature that justifies the work carried out. 

It includes literature from every aspect of the research project including biomass 

selection, experimental parameters, gas cleaning, modelling techniques and 

application of the producer gas in downstream equipment. 

 

Chapter 3 will discuss the methodology chosen to carry out the various analysis 

included in this research. It will be heavily influenced by the literature review. The 

methodology will assist with reaching the overall aim, through a set of achievable 

objectives. Material analysis, modelling techniques and producer gas generation are 

some of the topics covered. 

 

Chapter 4 is on the results generated from experimental analysis. This is carried out 

through practical analysis of the feedstocks of interest in a pilot scale fixed bed 

downdraft gasifier. Feedstock experiments are ran in triplicate to ensure accuracy of 

results. A complete feedstock elemental and proximate analysis was carried out to 

understand the composition. 

 

Chapter 5 is on the simulation and modelling carried out to represent the various 

gasification reactions, as well as the application of the producer gas in downstream 

equipment and techno economic analysis of the system. The software used to carry 

this out is ECLIPSE simulation package. Some of the important modelling parameters 

are gas composition, LHV and yield (Nm3/kg). 
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Chapter 6 covers the life cycle analysis of the entire system from feedstock collection, 

material processing, downdraft gasification and application of the producer gas. All 

relevant emissions will be calculated using the ECLIPSE simulation software and 

compared using SimaPro LCA software. The environmental impact of heat and 

electricity generated from the producer gases of different feedstocks will be compared 

to traditional generation methods. 

 

Chapter 7 will discuss the finances associated with the research. It will cover the net 

present value (NPV) and break-even selling price (BESP) of electricity generated and 

propose a potential payback period (PBP) for users who would install the suggested 

technology. The economics will cover the cost of purchasing equipment, the potential 

money saved on disposal of waste products and fossil fuel displacement, as well as 

any incentives that the system may be eligible for. 

 

Chapter 8 is the discussion section, where the results that have been generated are 

discussed in detail and interpreted. Understanding the results and the impact that 

blending had on them is the important section of this work. Changes if I were to repeat 

the analysis or how to continue the work will also be discussed. 

 

Chapter 9 draws the conclusions from the entire research. It clarifies the scientific 

outcomes of the research, as well as suggesting potential policy which could be 

proposed to support the introduction of downdraft gasification feedstock blending. 
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Chapter 2 – A Review of Fuel Gas Production from 
Biomass and Bio – Waste 

2.1 Introduction 

This chapter will provide a comprehensive overview of the research previously carried 

out in the field of biomass downdraft gasification, identifying the important parameters 

which will influence the experimental analysis to be carried out, as well as explicitly 

identifying the gap in the knowledge which this thesis aims to fill. The need for this 

research is because the demand for energy globally has been steadily rising, and the 

means to meet this demand is in jeopardy. Traditional energy sources such as fossil 

fuels, which have been negatively impacting the environment in the form of climate 

change, are depleting to the point where an alternative is required. (Baruah and 

Baruah, 2014). 

 

Alternative energy sources and technologies must be utilised to ensure energy 

security into the future. Renewable technologies have proliferated in recent years, with 

solar and wind experiencing significant increases in their utilisation across the U.K. 

Installed capacity for solar across the UK reached over 13,200MW by March 2019, 

while combined on and offshore wind energy has an approximate operational capacity 

of over 20,000MW as of April 2019 (DECC, 2019; RenewableUK, 2019). Another 

renewable energy source that hasn’t seen the same level of installation but has 

significant scope for growth is biomass, with substantial amounts of sustainably 

sourced biomass and waste materials available for energy production. 

 

The overhaul of current energy generation methods is being supported by all 

stakeholders, such as industry, governments and the general public for a variety of 

reasons. Many renewable targets have been set by a variety of policies. The 2009 

Renewable directive sets the UK a target of 15% of energy to be produced from 

renewable sources by 2020, as well as a commitment to 30% emissions reduction by 

2020 as set out in the National Renewable Energy Policy (DECC, 2009). These 

commitments are all part of a more long term plan that the U.K government has agreed 

to for 2050, where the government wants to reach net zero carbon emissions 

(Government, 2019). Northern Ireland’s obligations were to generate 40% renewable 

electricity and 10% renewable heat by 2020 (Department of Energy & Climate Change 
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(DECC), 2011). New targets are yet to be ratified by the NI assembly. To achieve 

these new targets, emerging renewable technologies must be incorporated. 

 

The technology of interest for this research has great potential to increase renewable 

heat and electricity across Northern Ireland and the rest of the U.K. This is biomass 

gasification coupled with a combined heat and power (CHP) system. Due to the 

significant agricultural economy and large biomass resources available, gasification 

could become a major part of the renewables sector. The agricultural industry across 

the UK contributes to approximately 1% of the entire national economy and employs 

1.53% of the national workforce (DEFRA, 2019). Utilising resources from this industry 

will encourage sustainability and further growth, as well as protecting what is a vital 

employer of people. This project will focus on identifying the best available waste and 

sustainable biomass for gas production, modelling the process to identify potential 

energy, cleaning of the producer gas to ensure successful application can take place 

and ensuring the entire life cycle of the process is both economically and 

environmentally sustainable. 

2.2 Feedstock Preparation 

The gasification of biomass material is becoming an ever more popular source of 

energy globally, as many people are trying to minimise their fossil fuel use and look 

for more environmentally friendly methods of generating energy. This method of 

energy production isn’t without its complications, and many of these need to be tackled 

before any material is introduced to the gasifier. Biomass varies in physical and 

chemical structure geographically, so to ensure a consistent performance, pre-

treatment or pre-processing of the various materials may need to take place 

(Sansaniwal et al., 2017). Due to the non-uniform nature of biomass’ and their 

associated physical characteristics, feedstock preparation becomes an important step 

in the process to ensure a consistent fuel source for the system (Widjaya et al., 2018). 

The most appropriate methods of pre-treatment for biomass gasification are physical 

pre-treatment methods such as drying, size reduction and densification (Sansaniwal 

et al., 2017). The quality of producer gas generated from the gasification process is 

directly affected by the physical biomass characteristics (Susastriawan et al., 2017). 
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Achieving the ideal characteristics for each is therefore crucial for the success of the 

overall process. 

2.2.1 Drying 

Depending on the biomass materials of interest, high moisture content may be an 

issue that requires resolving. Waste and non-woody biomass may contain significant 

amounts of moisture, up to 50wt.%, which will need to be removed before gasification 

(Asadullah, 2014a)(Kumar et al., 2009). The calorific value of the producer gas can be 

negatively affected by high moisture content, resulting in a gas with a low calorific 

value (Susastriawan et al., 2017). This occurs when energy is spent evaporating 

excess energy from the biomass material, detracting from the net energy produced 

(Ruiz et al., 2013). An ideal moisture content for gasification is in the 10 – 15 % range. 

Drying can be an energy intensive step in the process, which can decrease the overall 

efficiency of this energy production method. To avoid this occurring, excess heat from 

the gasification process can be recovered to dry fresh biomass (Widjaya et al., 2018). 

This would avoid using approximately 20% of the energy produced for material 

processing (EPC, 2021a). 

2.2.2 Size Reduction 

The irregular shapes and sizes of various biomass materials can lead to significant 

issues when feeding the material into the gasification system. These characteristics 

can lead to problems during the gasification process such as bridging and throat 

blocking of the gasifier (Susastriawan et al., 2017). Increased gas yields and overall 

increase in process efficiencies have been identified when particle size is reduced 

(Kumar et al., 2009). A smaller particle size gives a much larger surface area for heat 

transfer activity, which increases the gasification efficiency, and the production of 

better quality producer gas (Asadullah, 2014a). Grinding or milling are common 

methods of particle size reduction with Tub Grinders, Hammer-Mills and Knife Mills 

some of the equipment of choice for carrying this out (Sansaniwal et al., 2017). 

Optimum particle size for pellet production is between 0.5 – 2.0mm (Puig-Arnavat et 

al., 2016). 
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2.2.3 Densification 

Many biomass materials have irregular shapes combined with low bulk and energy 

density (Widjaya et al., 2018). These characteristics also lead to the issues of throat 

blocking and bridging (Susastriawan et al., 2017). To avoid these issues, densification 

of the low bulk and energy dense material needs to take place. Common methods of 

biomass densification include balling, briquetting and pelleting (Asadullah, 2014a). For 

gasification technology, pelleting is often the method of choice, using pellets 1 – 2cm 

in size with fixed bed designed gasifiers (Widjaya et al., 2018). Pelleting of material 

has also been seen to lower the amount of ash generated, as well as increasing the 

overall efficiency of the process, due to removal of variability in the feedstocks (Ruiz 

et al., 2013). Pelleting often requires a binding agent to hold the material together, but 

in woody biomass naturally occurring lignin carries this out (Puig-Arnavat et al., 2016). 

Due to the high costs associated with pelleting biomass material, it has not been 

adopted on a widespread scale yet. Financial barriers are preventing the proliferation 

of the technology (Sansaniwal et al., 2017). Further gains in this area will bring down 

the costs associated with pelleting, leading to improvements in the handling, transport 

and storage of biomass (Puig-Arnavat et al., 2016). 

2.2.4 Proximate & Ultimate Analysis 

Due to the significant variations in biomass feedstocks, from their physical to chemical 

composition, it is important to carry out proximate and ultimate analysis on the 

materials before they are used as fuel (Gillespie et al., 2013). Such variety in 

composition can be down to any number of factors such as climate, soil characteristics 

or plant make-up. Fuel quality is significantly affected by these, which in turn affects 

the quality of producer gas created during the gasification process (Susastriawan et 

al., 2017). The fuel features which can be identified through this analysis includes 

moisture content, ash content, volatile matter, calorific value and elemental formation 

(Kozlov et al., 2015).  This data can be gathered using relatively common lab 

equipment, and utilising the information the heating values of each biomass can be 

calculated theoretically, without the need for further expensive equipment (Demirbas, 

1997). The higher heating value (HHV) is thought of as the most important factor when 

discussing the properties of biomass, as it can assist with the design and operation of 

biomass equipment and storage (Gillespie et al., 2013). Further importance is put on 
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the ultimate analysis because of its use in modelling of the gasification process. Once 

the elemental composition is known, as well as the chemical reactions which occur 

during the process, modelling of the system can take place, to accurately predict 

products of the reactions (Ferreira et al., 2019). 

2.2.5 Feedstock Selection 

To ensure quality performance and sustainability of the project, the selection of 

feedstocks for gasification is a critical step. Common criteria that are usually the 

deciding factor for feedstock choice are abundance and availability (Vaezi et al., 2012). 

While these parameters are clearly very important for successful operation, they are 

only two factors amongst many which should be considered during the selection 

process. Sustainability, energy and moisture content are further parameters of 

importance. Biomass with moisture content below 30% are suitable for gasification, 

with those above this producing poor quality producer gas (Susastriawan et al., 2017). 

Feedstocks selected should be below this threshold, to avoid unnecessary energy 

being used on drying of material. Calorific value of the biomass should be investigated 

before selection, as it can be a gage for potential producer gas calorific value. The 

calorific value of solid biomass can be indicated by the carbon and hydrogen content 

of the material (Demirbas, 1997), which also has an influence on the potential calorific 

value of the producer gas. This data can be gathered from the simple proximate 

analysis and used to make informed decisions about which material will be able to 

generate significant energy. 

 

With a focus on Northern Ireland, and potential biomass available here, the feedstocks 

of choice for this analysis have been selected as they each meet the sustainability, 

abundance and physical traits require for successful operation. These include various 

wastes, energy crops and potentially sustainable fuels, which can generate significant 

amounts of energy through the gasification process. Like many other countries, 

Northern Ireland has an economy that is heavily dependent on agriculture and 

associated works. This means that significant amounts of wastes from this industry 

should be available for energy production (Roy et al., 2013). These wastes which have 

been included for this project are poultry litter, arboricultural arisings, anaerobic 

digestion (AD) digestate and paper. Over 270,000 tonnes of poultry litter material was 

produced in 2016 across Northern Ireland, a figure which has increased in the 
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meantime (Macauley, 2016). An average AD plant in Northern Ireland would produce 

15,499 tonnes of digestate material per annum also (Cathcart et al., 2021). Some 

energy crops have also been included as they have great potential for proliferation, 

such as miscanthus and willow. Through the gasification as what would commonly be 

accepted as low quality biomass i.e. poultry litter and AD digestate, and introducing a 

blend of wood pellets, conversion efficiency and producer gas quality may be improved 

upon compared to poultry litter or AD digestate alone. 

2.3 Downdraft Gasification 

Biomass gasification is a thermo-chemical reaction that converts solid fuel into 

gaseous form (Kirsanovs et al., 2017). It is seen as an attractive alternative to more 

widespread energy production methods, such as combustion of fossil fuels or even 

more recent developments, for example solar and wind energy technologies. Many 

issues associated with fossil fuel combustion aren’t applicable to gasification 

technology such as; depleting resources, pollution emitted to atmosphere and climate 

change issues (Tańczuk et al., 2016). Comparing gasification to other renewable 

technologies, there are also numerous advantages. In comparison to wind or solar 

technologies, the advantages of gasification are its lack of weather dependency (Patra 

and Sheth, 2015). The operating conditions, as well as the type of gasifier, have a 

major impact on the quality of producer gas. These conditions include temperature, 

pressure, gasifying agent, catalysts, equivalence ratio (ER) and residence time to 

name but a few (Devi et al., 2002). Optimisation of each parameter is vital for high 

quality producer gas production. 

2.3.1 Gasifier Selection 

Many different styles of gasifier exist, and each can be classified depending the type 

of bed and the flow direction of feedstock and air. (Kumar et al., 2009). The gasifier 

bed can either be fixed, fluidized or entrained, with fixed bed capable of further division 

into updraft, downdraft and cross-draft gasifiers (Rakesh and Dasappa, 2018a). 

Updraft and downdraft fixed bed gasifiers have been the most extensively researched 

models (Asadullah, 2014a). In updraft gasifiers, the feedstock is introduced from the 

top and flows down, while the gasifying agent is introduced through the bottom. The 

producer gas exits the system at lower temperatures at the top of the apparatus, 

leading to high levels of tar (Kumar et al., 2009). In a downdraft gasification system, 
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feedstock and gasifying agent travel downwards, as can be seen in Figure 2.1 

Gasification in a Downdraft Gasifier. This leads to the producer gas having a lower tar 

content (Bunchan et al., 2017). This lower tar content makes the downdraft system 

more attractive when coupling the gasifier with further equipment, such as an ICE 

(Rakesh and Dasappa, 2018b). Comparison between the various gasifier types can 

be seen in Table 2.1 Gasifier Comparison (Briesemeister et al., 2017; Sansaniwal et 

al., 2017; Widjaya et al., 2018). Downdraft was chosen as the method of choice 

because it operates at the correct scale, producing the least amount of tar and in the 

best temperature range to avoid ash melting. 

 
Table 2.1 Gasifier Comparison (Briesemeister et al., 2017; Sansaniwal et al., 2017; Widjaya 
et al., 2018) 

 
Fixed Bed Fluidised Bed 

Entrained 

Flow 

 
Downdraft Updraft 

Bubbling 

Bed 

Circulating 

Fluidised 
 

Suitable Scale 
Small - 

Medium 

Small - 

Medium 

Small - 

Large 

Medium - 

Large 

Medium - 

Large 

Typical Tar Content 

(g/Nm3) 
0.1 – 1.2 20-100 0.9 - 15 0.9 – 15 0.2 - 1 

Gasification 

Temperature (°C) 

700 – 

1200 
700 - 900 <900 1450 1450 

Feedstock 

Preparation 
Critical Important 

Less 

Important 

Less 

Important 
Fines Only 
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Figure 2.1 Gasification in a Downdraft Gasifier (Shayan et al., 2018) 

2.3.2 Gasifying Agent 

The choice of gasifying agent, sometimes known as gasifying medium, is an important 

decision as it can influence the overall efficiency of the process, and the producer gas 

composition (Prins et al., 2003). The main goal of the agent is to rapidly convert the 

biomass feedstock into a clean producer gas, using a variety of heterogenous 

reactions (Jangsawang et al., 2015). The most common choices of agent are air, 

oxygen, and steam, each with their own advantages and disadvantages (Baruah and 

Baruah, 2014). Depending on the planned end use of the producer gas, each will also 

have a different heating value as can be seen in Table 2.2 Heating Values for Product 

Gas Based on Gasifying Medium (Basu, 2018). Using air as the agent is the cheapest 

option, but dilutes the producer gas with nitrogen, lowering the calorific value (Puig-

Arnavat et al., 2010). Oxygen as the agent will avoid the problem of nitrogen dilution 

but will lead to an overall more expensive set up, due to the cost associated with 

oxygen production (Widjaya et al., 2018). Steam will lead to an increase in hydrogen 

content of the producer gas, and higher heating value, but it will lower the overall 

thermal efficiency of the process due to the energy required for steam production 

(Asadullah, 2014a). Costs associated with the gasifying agent will increase when 

changed to steam or O2, but no price has been indicated within the literature (Alauddin 

et al., 2010). 
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Table 2.2 Heating Values for Product Gas Based on Gasifying Medium (Basu, 2018) 

Medium Heating Value (MJ/Nm3) 

Air 4-7 

Steam 10-18 

Oxygen 12-28 

 

2.3.3 Biomass & Air Flow Rate 

Flow rates are critical in the fight against tar production. Near tar free gas can be 

produced with the optimal flow rate (Dasappa et al., 2004). Overfeeding of biomass 

into the system can cause issues such as blockages, which will impact on producer 

gas quality, similar to underfeeding of the system (Kumar et al., 2009). Therefore, 

optimisation of flow rates is critical. Biomass feeding rates in gasification are optimally 

between 30kg/h and 80kg/h Dry and Ash Free (DAF) depending on biomass types 

(Biagini et al., 2016). When talking about gasification, the flow rate of biomass is 

closely linked to the residence time, as it relates to the amount of time the biomass 

spends on the bed. For complete conversion of solid biomass into gaseous form, the 

material needs to have sufficient time on the gasifier bed (Sette et al., 2014). Failure 

to carry this out will mean that unconverted material will be present, in the form of 

excess char, leading to poor gas quality (Dai et al., 2015). As is true with other 

parameters, air flow rate also influences efficiency of the process. Increasing air flow 

leads to higher heating value producer gas, up to a flow rate of 5m3/hr (Bunchan et 

al., 2017). 

2.3.4 Equivalence Ratio 

The equivalence ratio (ER) is the amount of air in a reaction, compared to the required 

amount for stoichiometric combustion (Prins et al., 2003). By regulating the ER, a 

thermochemical reaction can be classified as pyrolysis (ER =0), gasification (ER = 

0.25 – 0.50) or combustion (ER ≥ 1). The ER is a measure of the air flowrate during 

the gasification process (Kumar et al., 2009). An optimum ER can be identified, where 

the fuel has gone through complete gasification with oxygen, but not so far as to begin 

producing solid carbon (Jangsawang et al., 2015). Biomass fuel choice also has an 

impact on the ER, as each biomass will require a different amount of oxygen to reach 

complete gasification (Asadullah, 2014a). The ER further influences the gasification 
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process end products such as tar formation, gas make-up and calorific value of 

product gas  (Sansaniwal et al., 2017). This parameter needs to be thoroughly 

investigated, as when temperature is altered the ER will also need to be changed. 

Therefore, optimizing the parameter is critical to successful gasification. 

2.3.5 Gasification Temperature 

The temperature at which gasification takes places is the final operating parameter 

which has a direct impact on producer gas composition and other properties such as 

tar content, reaction rates and ash formation (Emami Taba et al., 2012). Gasification 

usually takes place in the temperature range of 750 - 900°C, depending on the 

particular system set up (Cheng, 2010). Higher gasification temperatures can lead to 

better gas yields due to greater conversion efficiencies, and lower tar content, while 

lower temperatures lead to high tar content (Kumar et al., 2009). Increasing the 

temperature above 900°C to obtain a greater gas yield isn’t advised, as it can lead to 

ash melting, which can cause damage and block internal piping (Asadullah, 2014a). 

Increasing the ER can lead to a temperature increase in the gasification process, as 

this will lead to improved combustion processes in the oxidation zone (Susastriawan 

et al., 2017). This improved combustion means a greater portion of H2 and CO will be 

generated, leading to an increase in LHV (Asadullah, 2014a). 

2.4 Producer Gas Cleaning 

Once all feedstock preparation, process optimization and downdraft gasification has 

occurred, a producer gas of some quality will be generated. This producer gas will be 

contaminated with significant amounts of foreign material, such as particulates, 

unwanted chemicals and tar. The exact type and concentration of contaminants will 

vary with biomass feedstock (Asadullah, 2014a). This raw producer gas cannot be 

used for further downstream applications due to the severe threat of fouling and 

clogging (Devi et al., 2002). A variety of steps are available to assist with the removal 

of these impurities, to ensure a high quality producer gas for further downstream 

applications such as internal combustion (IC) engines or fuel cells (Rakesh and 

Dasappa, 2018a). 
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2.4.1 Particulate Removal 

Particulates are a variety of solid impurities that have been picked up throughout the 

gasification process. They can include soot, char, fly ash and mixtures of organic and 

inorganic composites (Weiland et al., 2014). Depending on the use of the product gas, 

particulates level must be decreased. For example, particulate level must be below 50 

mg/Nm3 for use with gas engines and even lower for use with turbines, 15 mg/Nm3 

(Rezaiyan and Cheremisinoff, 2005). The most effective methods of particulate 

removal are wet scrubbers, barrier filters and cyclonic separators. The first step in 

most gas clean-up systems is that of the cyclone, due to its simple design. It is used 

to remove the larger particles from the gas (>20µm) (Cheng, 2010). Several cyclones 

can be used to increase effectiveness, and ensure better separation (Kumar et al., 

2009). They operate through the use of centrifugal force, separating the solid portion 

from the gas, with little or no pressure drop across the system (Rezaiyan and 

Cheremisinoff, 2005). Barrier filters are another method through which particulates 

can be removed. They operate on the condition of capturing particulates through 

inertial impaction, interception and diffusion (Woolcock and Brown, 2013). These filters 

can remove smaller particles (<2.5 µm) but are dependent on temperature. Filters can 

be made from a variety of materials, such as sintered metal, ceramic or packed bed 

of materials. These filters each have their own optimum working conditions, depending 

on the material of interest and the operating temperatures (Cummer and Brown, 2002). 

The final common method of particulate removal from producer gas is by wet 

scrubbers. This set up uses a liquid spray, to trap contaminants in the gas stream. The 

most popular design of scrubber is a Venturi, where a pressure drop is used to allow 

for spray across the producer gas (Rezaiyan and Cheremisinoff, 2005). This lets a 

large proportion of particulates to be removed from the stream, but also has some 

issues related to it. Due to the mist form of the water, producer gas is cooled to below 

100°C, leading to a loss of sensible heat (Kumar et al., 2009). Significant contaminated 

water is also produced from the scrubbing system, which creates as added cost as it 

must be treated before disposal (Abdoulmoumine et al., 2015). 
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2.4.2 Alkali, Nitrogen & Sulphur Removal 

Alkali 

Biomass traditionally has rich concentrations of alkali metals such as Calcium Oxide, 

Potassium Oxide, Phosphorus Pentoxide, and many more, present (Liu et al., 2018). 

They can range anywhere between 1 and several thousand ppm (Salo and Mojtahedi, 

1998). At the elevated temperatures that occur during the gasification process, these 

compounds can vaporize, and when cooling occurs further downstream, will reform 

leading to clogging and blockages of internal pipes, reducing process efficiency as 

well as possible corrosion (Ruiz et al., 2013). The limit of alkali metals at which 

downstream application can operate is approximately 0.1ppm by weight (Salo and 

Mojtahedi, 1998). Other possible side effects of alkali metals in the gasification 

process is the inactivation of catalysts which have been added to crack tar. To remove 

these potentially harmful components, filters such as Teflon bags or packed beds of 

material are used (Laatikainen-Luntama and Kurkela, 2015). 

Nitrogen 

Nitrogen in the producer gas is introduced when air is utilised as the gasifying agent. 

While not taking part in the reaction, it significantly lowers the LHV due to dilution of 

the gas (Devi et al., 2002). The nitrogen contaminants present during the gasification 

process, typically comes from the proteins, amino acids and chlorophyll present in the 

biomass feedstock (Gambarotta et al., 2018). This nitrogen could potentially leave the 

system in the form of hydrogen cyanide, nitrogen oxide and ammonia. These are 

known to be precursors to NOX, which is acknowledged to cause harmful air pollution 

(Broer and Brown, 2015). The method of removal of such nitrogen compounds 

depends on the end use of the gas. If hot gas is desired then catalysts such as iron or 

nickel-based catalysts can be utilised, otherwise wet scrubbers can remove all 

nitrogen components if cold gas is required (Hongrapipat et al., 2012). 

Sulphur 

Most biomass feedstocks contain only small amounts of sulphur, but if left untreated 

this can convert into Hydrogen Sulphide or Sulphur Dioxide during the gasification 

process. These chemicals can potentially inhibit any catalysts which have been added 

to the feedstock for syngas clean-up (Dutta et al., 2012). The release of these 
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potentially harmful chemicals can be circumvented through the adjustment and 

optimization of various gasification parameters, such as the temperature of reactions 

and gasifying agent (Pinto et al., 2010). Other than adjusting the parameters, absorber 

columns can be utilised for the removal of sulphur. Here chemicals such as 

polyethylene glycol dimethyl ether or methanol remove the sulphur, to a level with 

which downstream applications can work, approximatively 1ppm (Kaufman Rechulski 

et al., 2014). Addition of catalysts may also assist with the reduction of sulphur, such 

as calcium-based sorbents. Limestone, dolomite and olivine are some of the most 

common to be used (Pinto et al., 2010). 

2.4.3 Tar Removal 

The formation of tar is one of the biggest problems facing the proliferation of biomass 

gasification technology (Abdoulmoumine et al., 2015; Ruiz et al., 2013). It is the most 

problematic impurity, which is formed by a number of organic components, mainly 

aromatic compounds with a molecular weight greater than benzene (Asadullah, 

2014b). It is a sticky material, that can congeal in the lower temperature zones of the 

gasifier leading to blockages of narrow pipelines (Valderrama Rios et al., 2018). This 

can be detrimental to further downstream applications of the producer gas, such as 

CHP engines. It is therefore of vital importance to avoid excessive tar production 

through whatever means necessary. The downdraft gasification method is known to 

create the least amount of tar, and once the optimization of this setup has occurred 

further tar abatement strategies can be put in place (Bunchan et al., 2017). These 

abatement strategies can be divided into two separate categories: primary and 

secondary removal techniques (Devi et al., 2002). 

2.4.3.1 Primary Removal Techniques 

Primary removal techniques are those that occur during the gasification process, 

within the reactor, without the need for additional equipment. If effectively carried out, 

they will remove the need to carry out secondary removal techniques. There are three 

main methods in which primary removal techniques can be carried out. These are 

optimization of gasifier parameters, catalyst addition to feedstocks and modifications 

carried out on the gasifier (Devi et al., 2002). Once the correct gasifier has been 

selected, and parameters have been optimized, a solid platform has been built that 

the operator can work from, to ensure good quality producer gas has been generated. 
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Optimization of the operating conditions has been discussed in section 2.3, Downdraft 

Gasification. 

 

The next step in the fight against tar production is the use of bed additives or catalysts. 

Catalysts of significance that have been studied previously include Ni – based, 

Dolomite and Alkali metal catalyst (Han and Kim, 2008). Nickel based catalysts have 

been seen to work well at tar removal, while simultaneously removing excess 

ammonia from the gas stream. Tar destruction of up to 99% using nickel catalysts 

have been reported, which also leads to an increase in hydrogen yield (Zhang et al., 

2004). Nickel catalyst operate through tar cracking, which can occur at elevated 

temperatures where the tar compound is broken up into potentially useful gas products 

(Broer and Brown, 2015). Alkali metal-based catalysts are another method, known to 

successfully break up tar formed during the gasification process. Potassium 

Carbonate (K2CO3) has been used to break up tar generated from woody biomass 

such as cellulose, hemicellulose and lignin (Wang et al., 2010). This led to greater 

yield of gasification products, through the upgrade of secondary reactions and the 

lowering of temperatures required to obtain the product gases of interest. The final 

catalyst of interest are natural ores such as dolomite and olivine (Anis and Zainal, 

2011). Dolomite, a calcium magnesium ore, has been highly effective as a catalyst 

when used for tar removal. It has been shown to reduce the amount of tar up to 1g/m3 

(Han and Kim, 2008). Olivine can also be used, with some reports of reduction in tar 

of up to 46% when it was added to hot gas (Devi et al., 2005). 

 

The final primary removal technique that can be employed is that of making 

modifications to the gasifier, to reduce the levels of tar produced. The most successful 

modifications that can be done are those that are simple, cost effective and impact on 

the levels of tar produced (Devi et al., 2002). Some of the most common modifications 

are secondary air injection, reduction zone extension and throat diameter alteration 

(Prasertcharoensuk et al., 2018). The benefit of injecting a secondary source of 

gasifying agent is that it increases the temperature at which the gasification reaction 

occurs leading to tar cracking and breaking down into further gaseous products. 

Identifying where is best to introduce the secondary air is important, as depending on 

throat size and length, greater tar reduction can be achieved by introducing the air in 

the optimal area (Han and Kim, 2008). The extension of the reduction zone leads to a 
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much greater decomposition of the tars generated during the pyrolysis stage. This 

alteration allows for higher temperatures and reduces the amount of cooling occurring 

during the process (Pedroso et al., 2015). Throat diameter alteration can have a 

significant impact on producer gas composition. Increasing the throat to gasifier 

diameter ratio was seen to have a beneficial impact on the producer gas composition, 

to a ratio 0.40 (Prasertcharoensuk et al., 2018)(Devi et al., 2002). 

2.4.3.2 Secondary Removal Techniques 

Once all relative primary removal techniques have been undertaken, and the required 

levels of tar have still not been reached, it is time to adopt secondary or downstream 

cleaning methods. These methods can be split into hot and cold gas cleaning 

techniques. Hot gas techniques are simple filtration methods using heat resistant 

material, whereas cold gas techniques can be further split into dry or wet methods. 

Dry methods involve cyclones, various filters and absorbers. Wet methods include wet 

electrostatic precipitators (ESP), venturi scrubbers and wet scrubbers (Asadullah, 

2014a). 

 

Hot gas cleaning techniques are the simplest and most energy efficient methods of 

gas cleaning to carry out, as the producer gas doesn’t lose any of its sensible heat 

(Ptasinski et al., 2007). Most downstream applications require the producer gas to be 

a certain temperature, therefore cooling of the producer gas for cleaning only to heat 

again is wasteful. Two popular methods of hot gas cleaning include catalytic filter 

candles and activated carbon adsorption. Catalytic ceramic filters are suitable for gas 

cleaning as they allow hot gasses to pass through them, while completely removing of 

all particulates and tars, through their anisotropic porous filtering structure (Rapagnà 

et al., 2018). These filters can be further enhanced through the addition of various 

catalyst to them, for even greater tar and ammonia removal. Ni-based catalyst can be 

placed within the filter itself to carry this out (Rapagnà et al., 2018). Another hot gas 

cleaning technique is the use of activated carbon to act as an adsorbent, removing 

tars and other impurities. These have been found to work optimally at elevated 

temperatures, reaching complete removal efficiency at 850°C (Cammarota et al., 

2016). Caution needs to be observed when using these techniques as blockage of 

filters with impurities can lead to pressure drops across the system, leading to poor 

quality gas production (Sansaniwal et al., 2017). 
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Cold gas cleaning techniques are common when the downstream application requires 

ambient temperature gas for operation (Asadullah, 2014b). Wet cleaning techniques 

for tar removal are popular as they are an effective methods of gas cleaning. Venturi 

and wet scrubbers allow the tar particulates in the producer gas to condense at lower 

temperatures, and to then be captured in water droplets. This is an effective method 

of tar removal, with results of tar concentrations of 20mg/Nm3 achievable with this 

system (Rakesh and Dasappa, 2018a). Wet ESP’s operate through water vapour air 

streams using induced electrostatic charge to remove particulates from the gas. They 

are effective at tar removal, but significantly more expensive (Kumar et al., 2009). A 

drawback to all wet systems is that a substantial amount of contaminated water is 

produced from the cleaning system which needs treatment before disposal (Arnif et 

al., 2018). To avoid additional water treatment costs dry methods can be employed 

using cyclones, rotating particle separators or charcoal and cotton fibre filters. 

Removing tar using cyclones and rotating particle separators operates using 

centrifugal and gravitational forces (Anis and Zainal, 2011). Hot gases enter the 

apparatus where tar and other particles are separated from the producer gas flow and 

settle at the bottom. Gas cooling occurs by ambient air temperature surrounding the 

apparatus. This technology is not without its own issues, which are due to the sticky 

nature of tar, the removal of it from the inside of the apparatus is extremely difficult 

leading to clogging (Kumar et al., 2009). As the gas is at cooler temperatures, more 

common filtration media can be used without the need for high heat resistant material 

(Sansaniwal et al., 2017). This allows for cheaper alternatives such as cotton, charcoal 

or simple saw dust filtration media to be used. 

Experimental Catalyst Application 

Literature in the field of catalyst application for tar removal includes the significant 

amount of experimental research that has been carried out. One of the most attractive 

methods of this is through the addition of calcium-based catalysts for increased H2 

content and significantly lower tar content. This has been carried out for multiple fixed 

bed reactors along with a variety of sustainable biomass materials. Examples include 

(Chiang et al., 2012; Hamad et al., 2016; Perondi et al., 2019; Taufiq-Yap et al., 2013). 

The information gained from this research will be applied to this experimental analysis 

and utilised to reduce producer gas tar content. Calcium based catalysts are readily 

available across Northern Ireland through their use to alter soil pH in agriculture 
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(DAERA, 2020). From previous literature the optimum catalyst loading rate for calcium 

catalysts was also identified. For a mixture of sustainable biomass and waste materials 

such as bamboo, poultry litter and agricultural residues the optimal ratio was between 

5 – 40% by weight. 

2.5 CHP & Producer Gas Application 

The conversion of producer gas into heat and electricity occurs once all feedstock 

preparation, gasification and producer gas cleaning has taken place. This conversion 

can take place through gas-turbines, boilers or engines as is displayed in Figure 2.2 

Flow Diagram of Power Generation from Biomass Gasification (Asadullah, 2014a). 

Gas engines and turbines are more prevalent conversion equipment as they can 

convert producer gas with approximately 50% efficiency, in comparison to steam 

boilers whose efficiency is in the region of 20%. (Sansaniwal et al., 2017). Conversion 

efficiencies as low as 6% for actual applications have been identified but a start must 

be made from somewhere (Zabaniotou et al., 2013). Tar concentrations should be 

below 100mg Nm-3 for successful engine operation, and to avoid fouling, clogging or 

corrosion of the equipment. 

 

 

Figure 2.2 Flow Diagram of Power Generation from Biomass Gasification (Asadullah, 2014a) 

There are significant advantages associated with creating heat and electricity through 

gasification over direct combustion. These are greater efficiencies achievable through 

gasification and gas production allows for the removal of contaminants that could 

potentially be harmful if combusted (NOx, SOx) (Whitty et al., 2008). Further 

advantages associated with gas engines include simple operation, low investment 

cost, low maintenance costs and robust set-up. 
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Limitations associated with the technology such as biomass procurement, heating 

value and cost of electricity have hindered the commercialization and proliferation of 

the technology. Cheaper, more reliable technologies are widely available for electricity 

generation. The only area where CHP can currently compete with existing 

technologies is in the rural electrification of developing countries. In areas such as 

Cambodia, where they are heavily reliant on fossil fuels such as diesel for electricity 

generation, gasification could successfully be can be utilised instead due to current 

high electricity costs and the amount of local biomass available for the process (Abe 

et al., 2007). To proliferate the use of such technology onto a global scale, effective 

cleaning of the producer gas needs to be able to consistently occur, with a decrease 

in initial capital cost and system flexibility to be able to operate with several biomass 

feedstocks (V. Siemons, 2001). 

2.5.1 Factors Effecting Engine Output 

When combining the producer gas with a gas engine for heat and electricity 

production, there are three critical factors which impact on the power output of the 

engine. These factors are the heating value of the gas, producer gas makeup and 

number of engine revolutions per minute (Roy et al., 2013). Producer gas heating 

value is liable to change regularly, according to the biomass feedstock of choice and 

operating parameters under which gasification is occurring.  A consistent biomass fuel 

source could be identified for constant supply, but through the nature of biomass it 

varies by location and season. Gasification is seen as one of the most promising routes 

for energy production that can cope with the variability of biomass (Wu et al., 2012). 

This variability in conditions such as moisture or ash content, can impact on the LHV 

of the producer gas. Overall energy production is directly related to LHV (Roy et al., 

2013). LHV is dictated by the combustible fraction of the producer gas, the methane, 

carbon monoxide and hydrogen content (Bhattacharya et al., 2001). Air as a gasifying 

agent can dilute these to reduce the overall LHV, so balancing the air intake to ensure 

enough for complete conversion, but not too much as to dilute the gas LHV is the aim. 

 

The next factor of importance is the amount of this combustible fraction which enters 

the engine. Throughout the process the engine size remains constant, but what 

changes is the producer gas pressure (Asadullah, 2014a). Inlet gas pressure may 

change if there is a pressure change across the entire gasification system as producer 



36 
 

gas is fed into the engine system after production, without an intermediary storage 

area. This could occur through blockages throughout the system which could be 

caused by tar, or changes in particle size which are very likely when using biomass 

(Rapagnà et al., 2018). This pressure drop equates to less gas being fed to the engine, 

which in turn will reduce the potential power output from the engine. 

 

The final factor which has an influence on engine power output is the revolutions per 

minute (RPM) or speed of the engine. The combustion of producer gas with air in an 

engine isn’t as high or as efficient as the standard petroleum air mixture. To reduce 

the power loss incurred by this the compression ratio of the engine can be amplified. 

This is to alter the volume of the engine chamber depending on the piston position 

(Raheman and Ghadge, 2008). This increased ratio can lead to engine damage if 

raised too high. This occurs through excessive vibrations, increased wear and tear of 

moving parts and an overall shorter life span for the engine. Utilisation of a gas turbine 

over a more common spark ignition engine will avoid these problems, but then issues 

surrounding levels of gas cleanliness will become problematic due to dust and other 

particulates damaging the internal components (Sansaniwal et al., 2017). Current 

efficiencies for ICE conversion of producer gas to heat and electricity are 

approximately 17-20% efficient, depending on the set up (Secco et al., 2016). Once 

ICE optimization such as improved heat recovery has occurred theoretically this figure 

could be increased to 50%, which should be the overall aim (Kinoshita et al., 2002). 

2.6 Modelling 

Due to the number of variable factors that can have an influence on producer gas 

makeup, LHV and tar content, mathematical modelling of the gasification process is 

seen as a cheaper and quicker way to predict outcomes than true experimental data 

(Patra and Sheth, 2015). Mathematical models can assist with visualisation of the 

gasification process. This is carried out by representing each operating parameter with 

a mathematical equation giving the user an insight into what impact parameters such 

as moisture content, ER, temperature and gasifying agent, have on process 

performance (Baruah and Baruah, 2014). Various types of gasification model have 

been developed, each with their own specific application (Yan et al., 2018). Some of 

the most complicated methods of modelling include fluid dynamics and chemical 
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reactions, whereas simpler models consist of mass and energy balances, all with the 

aim of predicting producer gas make-up (Ferreira et al., 2019). 

2.6.1 Equilibrium Models 

The most common type of model in use is the thermodynamic equilibrium model, 

where modelling the process at its most stable takes place (Mutlu and Yucel, 2018). 

These models can be divided into two types: stoichiometric and non-stoichiometric 

equilibrium models. In the stoichiometric method, the equilibrium is calculated by using 

the equilibrium constant for certain reactions, whereas for the non-stoichiometric 

method it’s about the minimization of Gibbs free energy (Ferreira et al., 2019). These 

models are used to predict the producer gas composition and LHV. They are an 

attractive modelling option, as they are quite simple, with the only input required being 

elemental composition, which can be obtained from the ultimate analysis (Puig-

Arnavat et al., 2010).  While carrying them out, some assumptions are also made such 

as chemical equilibrium has been met, pressure and temperature are uniform 

throughout the process, ash content is inert, and the producer gas consists of known 

elements (Yan et al., 2018). 

2.6.2 Kinetic Modelling 

Kinetic models are significantly more complex than their equilibrium counterparts. 

They are highly accurate, but also computationally more intense (Puig-Arnavat et al., 

2010). Given that the model is more complex, further results can be collected from it. 

It can accurately predict producer gas makeup, temperature of reaction and process 

efficiency (Ferreira et al., 2019). To carry this out, the process is looked at after a 

specific period of time, while taking into account the precise configuration of the 

gasifier (Baruah and Baruah, 2014). Equilibrium modelling is completely separate from 

gasifier design and set up, which led to the creation of kinetic modelling to accurately 

imitate the gasifier behaviour (Patra and Sheth, 2015). This is carried out by including 

relevant reaction parameters such as reaction rate, residence time and reactor length 

(Gao et al., 2017). Accuracy and suitability of kinetic modelling is best at low 

temperatures, due to lengthy residence time for complete conversion (Baruah and 

Baruah, 2014). 
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2.6.3 Computational Fluid Dynamic Models 

Advances in computational ability have allowed for further complex modelling to occur, 

in the form of Computational Fluid Dynamic (CFD) models (Eri et al., 2018). These 

models are used for exploring complex aspects of thermochemical conversion 

technologies such as mass transfer, fluid dynamics and chemical reactions (e.g. 

devolatilization and combustion (Wang and Yan, 2008). CFD models frequently 

include smaller sub-models within the main framework, which can focus on specific 

aspects of the process as can be seen in Figure 2.3 Modelling of Biomass Gasification 

using CFD (Patra and Sheth, 2015). These usually describe the vaporization or 

pyrolysis processes occurring (Ferreira et al., 2019). CFD is often used to simulate 

specific project set ups, utilising its complex capabilities to identify the optimal 

configuration of a gasification plant, dependent on the required project specifications 

(Patra and Sheth, 2015). 

 

Figure 2.3 Modelling of Biomass Gasification using CFD (Patra and Sheth, 2015) 

2.6.4 Artificial Neural Networks Models 

Using artificial intelligence (AI) as a method to model parts of the gasification process 

has become possible. This is through the use of artificial neural networks (ANNs). 

These networks imitate the human brain in their decision making, using problem 

solving skills to recognize patterns, process signals, approximate functions and 

simulate processes (Puig-Arnavat et al., 2010). Due to the large data sets required for 

these networks to learn and recognise patters, their use in biomass gasification isn’t 

widespread (Mutlu and Yucel, 2018). Successful application of the network requires 

large amounts of data and use of mathematical regression to successfully convert the 
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inputs into accurate predictions of producer gas composition (George et al., 2018). It 

is a complex biomass map, using algebra as the medium of data transfer. 

2.6.5 ASPEN Plus Models 

A universal modelling software, that can be applied to numerous scenarios such as 

coal methanol synthesis, indirect coal liquefaction processes and biomass gasification 

is ASPEN Plus modelling (Nikoo and Mahinpey, 2008). The main components of the 

software are unit operation blocks, that are used to represent reactors, heaters and 

pumps associated with the process (Patra and Sheth, 2015). ASPEN Plus is often 

used for design and optimization of complex chemical processes, where simple 

modules can be picked from a database to represent complicated process 

components (Cheng et al., 2010). This simplification of the gasification process allows 

for the calculation and description of chemical, biological and physical reactions (Puig-

Arnavat et al., 2010). 

2.6.6 Model Validation 

To ensure accuracy of the models that have been created, they need to be validated 

somehow. This can be carried out in two ways, either through data gathered from the 

literature, or with physical experimental data gathered first hand (Michailos and 

Zabaniotou, 2012). Variables such as ER, temperature or producer gas composition 

can be compared, from theoretical results to actual. When this is carried out, any 

discrepancies between the results produced from the model and true experimental 

data can be identified, and error correction can be introduced to guarantee greater 

accuracy (Barghi et al., 2013). 

2.6.7 Model Parameters 

Once the type of gasification model has been selected for application, it must be 

decided which parameters should be included and what impact they have on the 

model and reaction. There are many factors which can influence and control 

gasification performance such as reaction temperature, residence time, and oxygen 

content (Li and Ma, 2009). Any variation in these parameters can have an impact on 

gasifier operation and producer gas composition (Baruah and Baruah, 2014).  

Gasification temperature affects the thermochemical process greatly. Temperature 

can dictate the rate and products of the reaction, such as increases of O2, N2, and H2 



40 
 

with increasing temperature, however this needs to be closely monitored because 

further increase could favour the conversion of this H2 to CO and H2O through water 

gas shift reactions (Kumar and Vivekanandan, 2016). Increasing the amount of O2 in 

the reaction through the gasifying agent, will lead to an increased LHV, but further 

increases will lower overall LHV due to the increase in temperature that will occur, 

lowering overall process efficiency (Ghassemi and Shahsavan-Markadeh, 2014). 

Residence time will influence the reaction, impacting the gas yield. For complete 

conversion of material, it must have enough time to react. Shorter residence times will 

lead to unconverted material being wasted, and an inefficient process (Sette et al., 

2014). Each of these parameters would be represented as a mathematical equation 

or constant, using a programme such as MATLAB. 

2.7 Environmental 

Before implementing any new renewable energy technology, the potential 

environmental impact of the technology should be assessed. The first step is to identify 

the conversion technology, ideally aiming for one with little or no release of harmful 

pollution to the atmosphere. The next step is to then identify the fuel of choice, 

preferably choosing a material which is available locally at low cost or for free. This 

can be achieved through partnering with local industry to accept their waste or by-

products. Significant waste materials are available to produce heat and electricity 

across Northern Ireland such as agricultural residues, waste wood from factories or 

poultry litter from the poultry industry. These materials will allow for low cost energy 

production utilising the circular economy approach of thinking. This is to extract all 

value from materials before disposing of them for the final time (WRAP, 2019b). 

Gasification of these biomasses can be categorized as an environmentally friendly 

method of heat and electricity production, as there are very few pollutants released to 

the atmosphere during their exploitation. Traditional electricity and heat generation 

methods such as fossil fuel combustion are known for their release of large amounts 

of greenhouse gases (GHG) such as CO2, which is contributing to climate change 

(Nguyen et al., 2013). Combustion of biomass also leads to the release of potentially 

harmful pollutants such as NOx, SOx and particulate matter to the atmosphere. 

Therefore, pairing the correct fuel with the correct technology is vital for efficient, 

environmentally sustainable heat and energy production. 
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Life Cycle Assessment 

Carrying out a full life cycle assessment (LCA) on a material or a process will allow the 

user to study and interpret the total impact that a system has on the environment. The 

LCA can be used as a tool to follow a material or service from start to finish to assess 

the environmental impact it has. It can be carried out using software such as SimaPro 

(SimaPro, 2019). This cradle to grave analysis provides a holistic view of the possible 

pollution and resource requirements of a product or system (P. W. R. Adams and 

McManus, 2014). When utilising the LCA to interpret the gasification of biomass it 

would be appropriate to include a wide range of activities such as biomass sourcing, 

transport, pre-treatment, gasification, downstream processing and application of the 

producer gas to achieve the overall impact (Farzad et al., 2016). Previous research in 

the field was used as a benchmark for comparison (Guest et al., 2011; Kimming et al., 

2011; Yang and Chen, 2014). 

Pollution 

Significant amounts of pollution can be generated during the conversion of solid fuel 

to usable energy. Globally, electricity generation has been the cause of significant 

environmental issues such as smog formation, acid rain, mercury pollution and climate 

change (Heller et al., 2004). Industry is known to be a major contributor of CO2 to the 

atmosphere, largely from energy production for the national grid. These methods are 

having detrimental effects on the environment on a local, regional and global scale (P. 

W. R. Adams and McManus, 2014). The development of more sustainable and 

environmentally friendly methods of energy production are therefore an important 

target for many governments and agencies globally. The use of sustainable biomass 

for energy generation purposes has been identified to have many environmental 

benefits associated with it and has therefore been identified as a potential route for 

exploitation (Siegl et al., 2012). 

Air 

Significantly less emissions into the air are released from the combustion of biomass 

in comparison to that released from the combustion of conventional fossil fuels for 

energy production (Ahmad et al., 2016). These emissions include CO2 and sulphur 

dioxide, the cause of acid rain. These lower air emissions can also be seen when 

comparing CHP systems. Diesel generators have GHG emissions in the range of 310 
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– 360g CO2-e/kWhe , where in studies utilising biomass gasification fed CHPs the 

results have been in the range of 5 – 163 CO2-e/kWhe, a significant drop (P. W. R. 

Adams and McManus, 2014). Lowering emissions from heat and electricity production 

is one of the key drivers associated with the push for bioenergy systems. Identifying 

potentially sustainable and environmentally friendly methods to replace harmful 

emission laden system is crucial (Adams et al., 2013). 

 

Significant amounts of NOx and Sox can still be generated during the gasification 

process if operating parameters are not adjusted. These can be removed through 

proper operation and effective cleaning systems. Dust from the gasification process 

can also be harmful to operators and the surrounding environment. This dust can be 

produced during a variety of steps such as fuel preparation, handling, storage and 

supply (Malik and Mohapatra, 2013). Measures such as protective clothing and 

extractor fans should be utilised to minimise harmful effects. Respiratory issues could 

be caused by dust or ash which has become airborne, so proper disposal and control 

is important for safe operation (Sansaniwal et al., 2017). 

Water 

The gas cleaning and tar removal steps carried out during the gasification process can 

lead to significant environmental damage if not properly controlled. There is a 

significant chance for water contamination to occur from discharge of process 

wastewater. This water will be contaminated with many different organic and inorganic 

compounds, which could potentially be harmful to aquatic life, and cause a serious 

threat to humans if found in drinking water. The types and concentration of 

contaminants found in the wastewater depends on the type of reactor used and 

process parameters (Muzyka et al., 2015) Contaminants include polycyclic aromatic 

hydrocarbons (PAH’s), ammonia and small amounts of hydrogen sulphides and 

chlorides  (Tripathi et al., 2013). Further treatment of this wastewater is required before 

disposal into the environment. Many methods exist with which water cleaning can take 

place, but most are energy intensive or require the addition of expensive catalysts 

(Muzyka et al., 2015). One of the most effective methods of wastewater cleaning can 

be done through filtration of the water with activated charcoal created as a by-product 

during the gasification process (Tripathi et al., 2013). 
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2.8 Gap Analysis 

Through the detailed analysis of previously published literature in the field of downdraft 

gasification, a gap has been identified which this thesis aims to fill. This gap is the 

influence which various blends of biowaste and biomass materials have on producer 

gas composition, LHV, conversion efficiency and other relevant parameters identified 

through LCA and techno – economic analysis of the process. Previous research in the 

field of gasification of biomass blends has been carried out, as can be seen in Table 

2.3. From further analysis carried out on this literature the gap was identified. Previous 

work in the field covered a variety of topics, such as blending multiple feedstocks 

together to find the impact it has or blending material with equal proportions for 

improvements. While similar to the work planned to be carried out in this research, 

they are not identical. Critical differences between this research and that previously 

carried out is that this research will use blends researched from the literature which 

has previously been identified as the best weight percentage blends, in a downdraft 

gasification set up, using both waste biomass feedstocks and bioenergy crops to 

understand the impact which they had. To further explore the gap, this research will 

include a full LCA analysis of the process, along with a techno – economic analysis to 

add further evidence to the impact of using blends of material past the influence on 

producer gas. The material of interest which has been previously researched in blends 

is poultry litter. Differences between this research and previous work is the downdraft 

gasifier selection, the use of multiple blends to investigate their influence and the 

blending material of choice. The focus of this research will be on blends of poultry 

litter, AD digestate, miscanthus and wood pellets. Improved gas quality (LHV) through 

lower tar production and improved producer gas makeup is one of the main benefits 

of blending feedstocks. This will make the gas easier to clean, through lower levels of 

tar and particulates present in the gas stream, and therefore a better-quality gas for 

downstream application. To further strengthen this research, a life cycle analysis of 

the blended feedstock producer gas will be compared to single streams along with a 

full techno-economic evaluation of the system. 
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Table 2.3 Comparison of Previous Gasification Blend Analysis 

 

Article Gasifier Material Blend % 
LHV 

(MJ/Nm3) 
Yield Effect 

(Mallick et al., 
2020) 

Circulating 
Fluidized 

Bed 
Gasifier 

Sawdust (SD) 

Equal Weight Ratio 

0.06 Increase 0.02 - 0.09 (Nm3/kg) 

Rice Husk (RH) LHV = BD 0.04 - 0.1 (Nm3/kg) 

Bamboo Dust (BD) 0.09 Increase 0 - 0.04 (Nm3/kg) 

(Jeya Singh and 
Sekhar, 2016) 

Downdraft 

Coconut Shell (CS) 
100/0- 60/40 D0 

8.5 to 7 with 
increasing RS 

Conversion efficiency 
highest with more 

Coconut Shell 

90/10 D1 

Rubber Seed Shell 
(RS) 

70/30 D2 

60/40 D3 

(Tańczuk et al., 
2016) 

Fluidized 
Bed 

Chicken Manure (CM) 

0, 25, 50 & 75 & 100 
w.t.% of (CM) 

4.5 26% Vol. CO 

4.45 24.8% Vol. CO 

Wood Pellet (WP) 

3.7 22.5% Vol. CO 

2.9 18% Vol. CO 

2.6 17% Vol. CO 

(AlNouss et al., 
2020) 

Downdraft 

Date Pits 
Manure/ 

Dates/Sludge 
Up to 8.2 

using steam 
1.2 – 2.3 (kg 

product/kg feed) 
Manure 

Dried Sewage Sludge 

(Tamili et al., 
2018) 

Downdraft 

Corn Residues (CR) 

Corn/Coconut 
Energy 

related to CO 
& H2 

CO Increases with 
blend increase 

Coconut Shell (CS) 
Increase CO, CH4, H2 

(Dayananda et 
al., 2013) 

Fluidized 
Bed 

Chicken Litter 
10RH/90CL to 50/50 

4.48 Increased H2, CO2 & 
CH4 Rice Husk 4.5 

(Malatji et al., 
2011) 

Downdraft 

Wood Chip 
50/30/20 

Wood/Grape/Chicken 
From 5.7 to 

6.8 
17% Higher 

conversion efficiency 
Grape Skins 

Chicken Litter 

(Augustine and 
Sekhar, 2019) 

Downdraft 

Rice Husk 
100/0 FS1 5.31 N/A 

90/10 FS2 5.94 Inc. CO2, CH4, H2 

Tea Waste 
70/30 FS3 5.35 Inc. CO2, CH4, H2 

60/40 FS4 5.55 Similar to FS3 

(Inayat et al., 
2017) 

Downdraft 

Wood W20/CS80 Low air flow 
and high 

coconut for 
better quality 

Highest H2, CH4 

Coconut Shell 
W50/CS50 Highest CO 

W80/CS20 Lowest yield 

(Ong et al., 
2015) 

Downdraft 

Wood 0, 10, 20, and 33 wt 
%dried sewage 

sludge 

4.7 17.1% CO, 17.3% H2 

4.6 15.9% CO, 17.1% H2 

Sewage Sludge 
4.5 15.6% CO, 16.8% H2 

3.6 Ash Agglomeration 
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2.9 Summary 

The gasification of sustainable biomass coupled with an internal combustion engine 

has the potential to become a major part of renewable energy generation throughout 

rural parts of the globe (Kumar et al., 2009). Significant amounts of low value wastes 

and potential fuels are readily available for this process. This project will investigate 

the entire process, from optimal sustainable feedstocks to renewable heat and 

electricity generation, identifying and finding solutions for issues that could detract 

from the overall successful thermochemical conversion of biomass to energy. 

 

What is evident from the literature is that feedstock preparation is a critically important 

step during the gasification process but is often overlooked (Arnsfeld et al., 2014). 

Drying, milling, or pelleting of materials, especially when dealing with non-uniform 

waste materials can be required to ensure a quality feedstock for gas production. 

These processes may be expensive so an alternative or cost-effective method of 

carrying them out must be identified. 

 

Proper instrumentation set up is vital for successful renewable energy generation. This 

can be related to the gasifier itself or the engine for gas conversion. After appropriate 

gasifier selection, there are numerous operational parameters that need to be 

optimized. These include but are not limited to gasifying agent, temperatures, 

equivalence ratio and flow rates. These parameters play a significant role on producer 

gas quality, therefore optimization of each for high quality producer gas is critical 

(Ahmad et al., 2016). This is also true of the engine, which similarly requires fine tuning 

for converting the producer gas into renewable heat and electricity. 

 

Gas cleaning is the final critical aspect of the work that has been identified. It is one of 

the most popular topics of discussion amongst the literature, but no consensus on best 

practise methods or technology have been identified (Hongrapipat et al., 2012; Mondal 

et al., 2011; Valderrama Rios et al., 2018). Contaminants found in the gas stream are 

known to damage and block engines internally, leading to lower efficiencies and costly 

repairs over time. Tars and particulates are the two main constituents that require 

further research into their removal, to ensure safe and sustainable conversion of 

producer gas into heat and electricity. 
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The current literature on biomass gasification and CHP application covers a large 

amount with nearly all aspects of the thermochemical conversion process investigated 

to some degree. While it is difficult to identify gaps amongst the literature, the 

information around the blending of feedstock for downdraft gasification application is 

limited. Previous research on this topic was limited to single feedstocks and did not 

include an investigating into the economic or environmental impact that the blends had 

on the process. Some agricultural residues had previously been investigated in the 

downdraft system for CHP application. These include rice husk and rubber seed shell 

(Jeya Singh and Sekhar, 2016; Susastriawan et al., 2020). This research will focus on 

other waste materials from agriculture in the forms of poultry litter and anaerobic 

digestate, along with miscanthus as a bioenergy crop for comparison, which are more 

prevalent and across the UK and Europe. Combining these blends of feedstocks, to 

the life cycle of the process from cradle to grave, and a techno-economic analysis of 

the impact has not been carried out, or a complete appraisal of the process from a 

UK/NI perspective. 
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Chapter 3 – Methodology: Feedstock Characterization and 
Energy Conversion 

 

3.1 Methodology Overview 

This chapter will discuss the research methods employed to reach the overall goal of 

the thesis. This is to analyse the influence that feedstock blending has on producer 

gas quality and gasification process efficiency. The methodology has been influenced 

by the findings of the literature review, by work previously carried out, as well as by 

international standards employed for material analysis. The chapter will cover the 

reasoning behind, and methods utilised for feedstock selection, characteristic 

analysis, experimental analysis and results interpretation. Modelling technique 

selection will also be discussed as to why the method was chosen. Included within this 

section are the results from the biomass proximate and ultimate analysis, as these 

results are required to feed into the ECLIPSE modelling database. 

3.2 Introduction to Biomass Feedstocks 

3.2.1 Feedstock Selection 

The focus of this research is on underutilised sustainable biomass materials that have 

the potential to act as a reliable feedstock but are currently viewed as having little or 

no value. The biomass materials that have been chosen for investigation within this 

project are; poultry litter, anaerobic digestion (AD) digestate, miscanthus, willow chip 

and brash. These materials were selected due to their availability across the region of 

interest, their low cost or in some cases negative value and the environmental issues 

associated with them which can be rectified through gasification. Physical 

characteristics identified during the literature review have also been considered when 

choosing materials for downdraft gasification. These include but aren’t limited to: 

moisture content, LHV, ash content and bulk density. 

3.2.2 Poultry Litter 

Growing global demand for food has meant the industrialisation of the farming sector. 

Across the UK approximately 20 million birds are produced weekly to supply this 

demand, meaning over 1 billion live birds annually. With a production value of £2.9 

billion in 2019, sustainability is critical for further growth in an industry that employs 
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37,000 people across the UK (BPC, 2017). This large number of birds generate a 

substantial volume of poultry litter. Approximate estimations put this figure at 4.9 

million tonnes of PL produced as a by-product across the UK annually, using the 

excretion rates proposed in Jeswani et al. (2019). PL can vary from farm to farm 

depending on bedding material, feed and ambient conditions (temperature, humidity, 

air flow). Bedding can consist of a number of materials such as woodchip, sawdust, 

straw or a mixture of each. Currently this material has two potential destinations. The 

first is to be utilised as a fertiliser and spread on neighbouring tillage lands, which 

successfully recycles important plant nutrients in the soil such as nitrogen (N), 

phosphorus (P) and potassium (K). The second potential route for the material is 

disposal through landfilling or similar waste removal methods where a cost per tonne 

of material would be required to be payed by the farmer. Estimates put the price of 

removal of poultry litter anywhere between £30 - £50/tonne, which over the course of 

a year can become thousands of pounds. Large quantities of the material had 

previously been sent from Northern Ireland to the Republic of Ireland for treatment due 

to the volumes being produced and lack of potential disposal routes available 

(Cunningham, 2016). Uncertainty surrounding the transport of wastes across 

international borders following Brexit has increased the need for alternative disposal 

methods to be identified. Therefore, there are multiple reasons why utilising poultry 

waste for onsite energy generation can benefit the farmer, the environment and the 

local community. Land spreading of poultry waste can have harmful effects on the 

local water quality. Excess application of nutrients to land can lead to pollution of 

waterways, with excess nitrates a direct cause of eutrophication. This can occur within 

areas of intensive agricultural practise, commonly found across Ireland and the UK. 

To mitigate these issues, the Northern Ireland Executive has introduced the Nutrient 

Action Programme (DAERA, 2019), where a limit on application of fertilisers to land 

has been designed. Alternative waste management is required to comply with this 

directive. Using the waste as an energy source ensures the protection of local 

waterways, offers financial incentives to the farm through lower utility bills, potential 

new revenue streams for the farms from renewable incentives and CO2 savings 

compared to fossil fuel alternatives. Benefits to the local community include lower 

volumes of HGVs travelling the roads, increased air quality and a lower risk of 

spreading airborne diseases between farms such as botulism. Avoidance of these 

problems could ensure that this industry remains both financially and environmentally 
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sustainable for the future. It is also a perfect example of a circular economy approach 

to the waste generated. To use all materials to their full potential before final disposal 

means that the energy from the material is extracted, instead of disposing of it. This 

will avoid the need to purchase energy from the grid or other fossil fuel powered 

sources to run the onsite farm processes such as heating, lighting, ventilation, feeding 

systems and other relevant uses. To carry out the experimental analysis, pre-pelleted 

poultry litter material was utilised. The brand name was “Westland Organic Chicken 

Manure Pellets“ and they were purchased from a local horticultural supplier. An 

example of the material can be seen in Figure 3.1. 

 

 

Figure 3.1 Pelleted Poultry Litter for Experimental Analysis 

3.2.3 AD Digestate 

Anaerobic digestion has become a popular method of waste treatment across Europe 

for farms and industry alike. Slurries, plant wastes and industrial effluents can all be 

disposed by using this technology, with the added benefit of producing a methane gas 

for onsite energy use. The solid fraction leftover once the methane has been produced 

during the AD process is known as digestate. Across the UK approximately 2.5 million 

tonnes of this material are generated annually, from the 500 AD plants (NNFCC, 

2019). This number will increase as well with further AD plants either in the 

construction or planning phase. Digestate material has similar disposal issues as PL, 

with land spreading for nutrient replacement the most common usage. To ensure 

industries and farms alike are operating within the scope of the NAP this digestate 

material could be utilised onsite for further energy production. Multiple uses for the 

heat and electricity generated through downdraft gasification of digestate are 

available. These include increasing AD efficiency through providing the heat required 
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for mixing tanks, or providing the electricity required to run the plant and avoid the 

parasitic load. AD digestate was supplied pre-pelleted for experimental analysis from 

AFBI Hillsborough’s AD plant in conjunction with another PhD project. This AD plant 

is mainly fed on a diet of grass silage. An example of the digestate material is displayed 

in Figure 3.2. 

 

Figure 3.2 Pelleted Digestate Material for Experimental Analysis 

3.2.4 Miscanthus 

The choice of miscanthus for the research was because of its potential to grow on 

marginal land as an energy crop (Lewandowski et al., 2008). Once planted the crop 

requires very little attention from the farmer and can be harvested using existing 

machinery. Mature rhizomes require no fertilisers, which would assist with meeting 

NAP requirements. A perennial crop that can be harvested annually, it is also 

considered carbon neutral when converted thermochemically for heat or electricity 

production. The miscanthus represents all herbaceous energy crops and acts as a 

gauge for similar materials. Previous research has shown that a yield of 12 t ha -1 of 

miscanthus is a viable possibility for most of the UK. This level of miscanthus growth 

could potentially generate between 0.09 and 0.034 EJ/year (Shepherd et al., 2020). 

This material can supplement the farms income through diversifying the production 

and make use of land previously thought of as unsuitable for crop rotation. Pelleted 

miscanthus was purchased from Agripellets based out of Warwickshire in England. A 

sample of the material is shown in Figure 3.3. 
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Figure 3.3 Pelleted Miscanthus for Experimental Analysis 

3.2.5 Willow Chip 

 SRC willow is another example of a perennial biomass crop which can be grown for 

energy production. Cooler climates are well suited for willow growth, with an annual 

yield produced for up to between 15 and 20 years (The Scottish Agricultural College, 

2008). Willow can have the added benefit of operating as a biofilter for process 

wastewater or sewage sludges. Yields vary on growing conditions but can fluctuate 

between 6 and 12 dry tonnes per hectare. Initial planting is more intricate than 

miscanthus and requires pest and weed control. Once the willow has been cut back 

through coppicing, the crop is encouraged to regrow and can produce a harvest every 

3 years (Heller et al., 2004). While estimates of potential UK willow resources are 

difficult to find, with government incentives it could become the bioenergy crop of 

choice across the UK given the growing conditions are appropriate. Willow chip for 

analysis was supplied by AFBI Hillsborough. A sample of the willow material is 

displayed in Figure 3.4. 
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Figure 3.4 Willow Chip for Experimental Analysis 

3.2.6 Arboricultural Arisings 

Arboricultural arisings, or brash as it is more commonly known is the waste material 

left once forestry work such as logging, or tree trimming has occurred. It is made up 

of branches and leaves and any other leftover material. In some instances, this 

material is left within the forest to return nutrients to the forest floor or protect the 

ground from the heavy machinery operating above. Some of this material has been 

utilised as mulch on nature walks but the inherent carbon content of the material 

means it can be utilised as a fuel source. Accurate estimations on the potential 

resource of this material are difficult to estimate, as they can vary depending on the 

forestry technique used to harvest material or the grading system used to quantify 

material quality. Material from hedgerows qualifies as arboricultural arisings but 

generating a consistent quality and quantity to be supplied for energy production 

purposes is logistically challenging. These are important traits which require 

investigation when identifying a potential new biomass feedstock. From forestry alone 

sufficient arisings may be generated. As of March 2021, 1.41 million hectares of 

woodland are sustainably managed, representing 44% of total UK forestry (Ward, 

2022). In 2020, 10.7 million tonnes of UK roundwood was delivered to primary wood 

processors. Arisings from this could have been utilised for energy generation 

purposes, but due to the technology available and machinery used a large portion was 

possibly left on the forest floor. Arboricultural Arisings were supplied from another 
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project previously carried out in Ulster University. A representative sample of the 

material is displayed in Figure 3.5. 

 

 

Figure 3.5 Arboricultural Arisings (Brash) for Experimental Analysis 

3.2.7 Wood Pellets 

For blending application, wood pellets were chosen as the blending material of choice 

due to their low-cost and availability (Balcas, 2021). Balcas brites wood pellets were 

chosen as they are sustainably produced. They are created from the process waste 

material such as sawdust and offcuts in a timber manufacturing factory. Energy for 

pellet production comes from an onsite CHP system, which used low quality bark and 

timber from the logs delivered to site as feedstock. This material represents waste 

wood, which could be utilised as an alternative energy source, utilising the circular 

economy approach. This material is generated from a number of different sources 

such as construction, manufacturing, demolition, wood processing or household such 

as that found as local council recycling centres. This material accumulated to at total 

4.5 million tonnes across the UK in 2020 (Forestry Commission, 2021). This is a 

significant volume of material, ideal for energy exploitation. Wood pellets utilised are 

displayed in Figure 3.6. 
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Figure 3.6 Wood Pellets for Experimental Analysis 

3.3 Material Characteristics 
Before gasification experimental work proceeded, a full proximate and elemental 

analysis of the materials of interest was carried out. This provided a full breakdown of 

all relevant biomass characteristics. Results from this analysis can be seen in Table 

3.1. Biomass Characteristics and are presented on a dry basis. 

 

Table 3.1 Feedstock Proximate & Ultimate Analysis 

  

Arboricultural 

Arisings 

Digestate 

Pellets 

Miscanthus 

Pellets 

Poultry 

Litter 

Pellets 

Willow    

Chip 

Wood    

Pellets 

C 43.13 44.49 45.13 33.65 42.27 47.14 

H 6.08 6.56 6.26 4.61 6.03 6.51 

N 1.61 2.51 1.26 4.08 1.96 0.38 

S 0.31 0.34 0.31 0.34 0.30 0.30 

O 48.89 46.09 47.04 57.32 49.44 45.66 

Moisture (%) 15.56 7.69 7.15 10.27 10.78 7.50 

Ash (%) 2.24 11.18 2.51 12.93 0.79 0.30 

Energy (kJ/kg) DAF 23.84 22.32 21.25 18.15 22.53 18.66 

Ash Melting (°C) 1510 1227 1285 <1530 <1530 1350 

Volatile Matter (%) 79.83 74.51 83.74 62.15 72.37 83.93 

Fixed Carbon (%) 17.94 14.31 13.75 24.91 26.83 15.77 

Bulk Density (kg/m3) 236 716 604 810 152 682 
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Ultimate 

Ultimate analysis of the materials was carried out using a Perkin Elmer PE2400 CHNS 

elemental analysis. Oxygen was calculated by difference. Samples were sent to an 

external lab for this analysis as the equipment required was not available within the 

research centre. The external analysis was carried out by ASEP Analytical Services 

in Queens University Belfast. Results generated from the ultimate analysis were 

accurate to 0.3%. 

 

Moisture, Ash & Volatile Matter 

Moisture content of material was carried out utilising the oven dry method as described 

in BS EN ISO 18134 – 1- 2015 Solid Biofuels – Determination of moisture content – 

Oven Dry Method. A known weight of fresh biomass was set in a pre-weighed crucible 

and placed in a Carbolite AAF 1100 oven at 105°C until constant mass was achieved. 

Once complete, the sample is removed and weighed again so that the moisture can 

be calculated by difference. 

Ash content was carried out using the same instruments, where a dried biomass 

sample would be heated at 250°C for 2 hours and 550°C for 1 hour as described within 

BS EN ISO 18122: 2015 Solid Biofuels – Determination of ash content. Remaining 

material can then be weighed, and ash content is calculated by difference. 

Volatile matter and fixed carbon were identified using the same equipment and 

following BS EN ISO 18123:2015 – Determination of the content of volatile matter. A 

known weight of material is placed into an oven at 900°C for 7 minutes, mostly out of 

contact with air. Volatile matter percentage is calculated from the weight difference, 

while also considering the moisture content of the material. Fixed carbon was the 

material remaining once the analysis had been completed. 

 

Energy 

Energy content of the material was carried out utilising an IKA C200 bomb calorimeter. 

Following BS EN ISO 18125: 2017 – Solid Biofuels – Determination of calorific value, 

approximately 1.0g of a pellet generated from a hand die was placed into a glass 

crucible. A cotton string attached to the firing wire was put in direct contact with the 

pellet in the crucible. This was then placed in the vessel which had been pressurised 

with oxygen to 3MPa. The sample was then combusted in water and higher heating 
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value (HHV) was provided by the instrument through calculations using the heat 

capacity of water. Analysis was repeated in triplicate to achieve an average, ensuring 

the validity of the results. Accuracy of instrument to 0.1% is listed in the manual. 

 

Ash Melting 

To identify the ash melting behaviour of the different biomass ashes, a Carbolite CAF 

Digital Ash Melting Oven was used and BS EN ISO 21404: 2020 – Solid Biofuels – 

Determination of Ash Melting Behaviour was followed. Ash is prepared for the analysis 

by following BS EN ISO 18122: 2015 Solid Biofuels – Determination of ash content. 

This material is mixed with a small amount of deionised water to create a paste. This 

paste was then inserted into a triangle mould to shape it, before removal and placing 

it on a ceramic tile. Tiles were loaded onto a sample holder and placed in the ash 

melting oven. In an inert N2 atmosphere, temperature increases within the oven at a 

rate of 7°C/min. A camera attached to the front of the oven captures an image of the 

ash sample every 5°C to follow the different stages of ash melting from shrinkage, 

deformation, hemisphere and finally flow. 

 

Bulk Density 

To calculate the bulk density of the materials of interest BS EN ISO 17828:2015 – 

Solid Biofuels – Determination of Bulk Density was followed. This involves dropping a 

quantity of the biomass material from a known height into a standard container. 

Material densifies as it falls until a volume of 5 litres has been filled. The bulk density 

of the material is then calculated from the net weight per standard volume. 

3.3.1 Characteristics Analysis 

For carrying out any modelling or simulation of gasification reactions, the biomass 

composition must be known. When the individual makeup of the biomass is known, 

and the reactions taking place are known, an accurate estimation of reaction products 

and therefore producer gas composition can be identified. From the ultimate analysis 

carried out we can see that the carbon content of each material apart from poultry litter 

is relatively similar, with the greatest variation being 4.87% between wood pellet and 

willow chip at 47.14% and 42.27% respectively. Poultry litter has a significantly lower 

carbon content at 33.65%. This lower carbon content will negatively affect the 

gasification reaction. Less carbon in the material means less carbon available for 
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conversion into CO and other desirable gas components. The similar carbon content 

of all other material is due to the fact that they are all composed of lignocellulosic 

biomass. These materials consist mainly of cellulose, hemicellulose and lignin which 

contain long chains of carbon. These chains make up the structure of most plant 

tissues such as cell walls (Wang et al., 2010). The digestate utilised for this research 

also consists of a high level of this substance as it was created through the anaerobic 

digestion of grass silage, another material with a high lignocellulosic content. Poultry 

litter on the other hand has a low carbon content, 33.65% due to it being a 

heterogenous mixture of materials such as poultry manure, feed, feathers and bedding 

amongst other things. This lower carbon content may negatively affect producer gas 

energy content. 

 

For similar reasons all feedstocks have near identical hydrogen contents, again apart 

from poultry litter. We can see that there is a 0.53% difference in hydrogen content 

between the lignocellulosic feedstocks of digestate and willow chip. Poultry litter again 

has a significantly different hydrogen content of 4.61%, a total of 1.42% different than 

the next lowest. This lower hydrogen content will negatively affect the heating value of 

the feedstocks. This can be seen when looking at the energy content of each material. 

Poultry litter has the lowest hydrogen content of the feedstocks and also the lowest 

energy content at 18,153 J/g. This can be used as an early indicator for potential 

producer gas quality. Moisture content of material is important, as defined within 

Chapter 2 – A Review of Fuel Gas Production from Biomass and Biowaste. Optimum 

moisture for downdraft gasification is between 15 – 20%. Most materials utilised here 

have a lower M.C than that due to the pre-treatment steps they have gone through 

such as drying or densification. The highest is arboricultural arisings with 15.56%, 

while miscanthus pellet have the lowest at 7.15%. Too high a M.C and energy will be 

wasted during the drying stage of gasification to remove it. If moisture content is low, 

it will negatively affect the H2 in the producer gas. This is because the H2 in the gas 

stream is generated from the water gas shift reaction. Therefore a lower feedstock 

M.C will mean lower H2 in the producer gas and an overall lower producer gas LHV 

(Raheem et al., 2019). Low M.C in the pelleted material is due to the fact that excess 

moisture would inhibit the materials from binding. Relatively dry material is required 

for pelleting (<20%), with further drying occurring through the pelleting process due to 

the heat generated by the pellet mill (Puig-Arnavat et al., 2016). 
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Ash content of the feedstocks is important, as having too high a percentage of ash will 

lead to issues such as low conversion efficiency, potential for agglomeration within the 

reactors in the form of sintering and clinker and lower overall heating value. Ash 

disposal may also become an issue once the system is scaled up to handle tonnes 

per annum (de Mena et al., 2017). Identifying clean, low ash content biomass has 

been important for biomass research and is one of the main issues faced when using 

wastes or by-products as the main feedstock of choice for thermochemical conversion. 

Of the material of interest wood pellet has the lowest ash content at 0.3%, as would 

be expected from materials which reach the international ENplus A1 standard (EPC, 

2021b). The highest is poultry litter at 12.93% which is again probably related to the 

litter’s makeup of various materials. Through blending of different materials, the overall 

amount of ash generated can be lowered through mixing a high ash content material 

with a lower ash content material. The ash melting temperature of materials is also 

important to consider for the feedstocks, as significant damage could be done by a 

build-up of ash clinker within the gasifier. Downdraft gasification reactions occur 

between 800 - 1000°C depending on material and system. It is therefore crucial to 

ensure that the ash won’t go through transformation at these temperatures to avoid 

unnecessary equipment damage. Ash melting of these materials are all above 1200°C 

and therefore should avoid any potential issues. Images from the ash melting analysis 

are included here and can be seen in Figures 3.7 and 3.8. The four stages of ash 

melting are shrinkage, deformation hemisphere and flow. While each ash has its own 

characteristics, from Figures 3.7 and 3.8 we can see that deformation of poultry litter 

ash doesn’t occur until 1530°C while miscanthus ash has already reached flow 

conditions at 1285°C. The remaining results from the ash melting analysis can be seen 

in the appendices in Table A.13. 
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Figure 3.7 Ash Melting Image of Poultry Litter (on left). Deformation of sample at 1530°C 

 

Figure 3.8 Ash Melting Image of Miscanthus (on right). Flow temperature of sample 1285°C 

 
A further indication of the potential quality of a feedstock for gasification purposes 

which can be gathered from the results of the proximate analysis is how readily the 

material will break down into its constituent components. This can be seen from the 

volatile matter found in the material. The higher the volatile matter, the easier the 

material will convert to gas during the gasification process. Wood pellets are the best 

quality feedstock for this characteristic, with 83.83% volatile matter. The worst is 

poultry litter, with only 62.15% VM. The remaining material will act as a carbon sink in 

the form of fixed carbon, which could be utilised as a type of biochar if such material 

was desired. Biochar can have multiple applications with uses in a variety of 

application such as agriculture for soil nutrient content improvement, construction as 
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a carbon sequestration method in concrete, and water treatment through the 

absorption or removal of contaminants such as heavy metals (Ng et al., 2017). 

Blending of various feedstocks could potentially increase the volatile matter of 

materials if necessary similar to the ash content, by selecting a high VM material with 

a low VM material. 

 

The final characteristic of note within the proximate analysis was the bulk density of 

the feedstocks. Due to the design of the downdraft gasification system being used to 

carry out the experimental analysis, materials with a low density would cause issues 

for the biomass feeding. These issues could be throat blocking or bridging of the 

material over the grate (S.A. Sulaiman, M. Inayat, H. Basri, 2016). This caused 

unreliable system operation, with spikes in the pressure across the system leading to 

unreliable gas production and quality. This occurred when using materials with a bulk 

density below 500 kg/m3. It was decided from the results of the bulk density analysis 

and trials of the gasification experimental analysis that only pelleted material was 

appropriate for the system being utilised to avoid these issues. This decision was 

made to ensure the Fluidyne gasifier system utilised during the experimental analysis 

functioned optimally. It is a specific design issue related to this system and may not 

be seen within other research. Experimental results from the gasification of willow chip 

and arboricultural arisings are therefore not included in the results from this research. 

3.4 Parameters for Small Scale Gasification Models 

Computational simulation of the small-scale downdraft gasification system is an 

integral part of the research being carried out. Being able to accurately predict 

producer gas composition, LHV and gas yield is critical for successful application of 

the data. 

 

It is known from previous literature that the gasification reactions are divided into four 

stages: drying, pyrolysis, oxidation and reduction. Defining each reaction, as well as 

its products is vital to ensure accuracy of simulation results. The drying stage is the 

first to occur, where excess moisture is driven off the material. The pyrolysis stage 

then occurs where biomass is broken down into its separate components: 
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Biomass → CO + H2 + CO2 + CH4 + H2O + Tar + Char                                            (1) 

The next step is the partial or complete oxidation reactions. These reactions produce 

combustion or partial combustion products. These are:  

    

Char + O2 → CO2    (Char Oxidation) (2) 

 

C + ½ O2 → CO (Partial Oxidation) (3) 

 

H2 + ½ O2 → H2O (Hydrogen Oxidation) (4) 

 

The reduction step is then final stage of gasification. It is made up from six different 

reactions occurring. These reactions are a mixture of both heterogeneous and 

homogeneous reactions. They are: 

 

C + CO2 ↔ 2CO (Boudouard Reaction) (5) 

C+ H2O ↔ CO + H2 (Reforming of Char) (6) 

CO + H2O ↔ CO2 + H2 (Water Gas Shift Reaction) (7) 

C + 2H2 ↔ CH4 (Methanation Reaction) (8) 

CH4 + H2O ↔ CO + 3H2 (Steam Reforming of Methane) (9) 

CH4 + CO2 ↔ 2CO + 2H2 (Dry Reforming of Methane) (10) 

 

To accurately predict the results of these reactions, the use of computational 

simulation is required. From the elemental analysis carried out, the precise chemical 

composition of the chosen biomass materials is known. Knowing the chemical 

composition, and the reactions occurring during the gasification process, we can 

through some computational simulations accurately predict the producer gas 

composition. 
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For this application the chosen simulation software was the ECLIPSE process 

simulation package. ECLIPSE is a personal computer-based package that was 

developed for the European Commission by the research centre of the University of 

Ulster. It contains all the necessary modules to successfully carry out step by step 

technical and environmental evaluation of the downdraft gasification process. The 

software carries out a significant amount of mass, energy and exergy balances to 

generate the accurate results. Further information on ECLIPSE simulation software 

will be discussed in Chapter 5 – Process Modelling and Simulation. 

3.4.1 Biomass Molecular Weight 

The ECLIPSE modelling software utilised for this research is defined within Chapter 5 

– Process Modelling and Simulation. This process simulation software calculates 

reactions based off the assumption of 1 mole of material. For this calculation to take 

place, the molecular weight of the biomass materials of interest had to be calculated. 

This calculation was carried out using the data provided by the ultimate analysis, as 

displayed in Table 3.1 Feedstock Proximate & Ultimate Analysis. 

 

To carry out the calculation, the individual biomass components (C, H, N, S, O) were 

divided by their molecular mass to find the individual molar mass of each element 

within 100g of the biomass sample. Dividing the moles of each individual element by 

the component with the overall lowest amount and multiplying the answer by 2 to will 

then allow for an estimation of the biomass chemical formula. From this formula an 

approximation of molecular weight can be calculated. This process of removing the 

lowest volume component from the calculation is repeated until an accurate estimate 

for the actual molecular weight is found.  This process was repeated until the molecular 

weight for each biomass was found. Results for each molecular weight calculation are 

displayed in Table 3.2 – Calculated Biomass Molecular Weight. An example of the 

calculation in six steps is included in the appendices in Figure A.1. 
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Table 3.2 Calculated Biomass Molecular Weight 

Biomass Calculated Molecular Weight 

Arboricultural Arisings 1113 

Digestate Pellet 1130 

Miscanthus Pellet 1156 

Poultry Litter Pellet 1364 

Willow Chip 1100 

Wood Pellet 1193 

 

3.4.2 Lower Heating Value 

For accurate estimations of biomass LHV a further calculation must take place. This 

calculation estimated the latent heat lost during the transition phase between states. 

HHV was found earlier through experimental analysis as explained in Section 3 

Material Characteristics. Using this figure, we can estimate the LHV, as it is also 

required for modelling through ECLIPSE. This calculation used the relative molar 

weight of the sample, which is calculated using the ultimate analysis compositional 

analysis found in Table 3.1 Feedstock Proximate & Ultimate Analysis. Heat losses are 

estimated using 2.3 MJ/kg as the standard unit of loss. The formula for the heat losses 

calculation is: 

 

                          

[𝐻2 ]

2
∗18∗2.3

𝑀𝐽

𝑘𝑔

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑀𝑜𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡
                                           (11)                                                                      

 

The results of this LHV calculation are displayed in Table 3.3 – Calculated Biomass 

LHV. 
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Table 3.3 Calculated Biomass Feedstock LHV 

Biomass LHV (MJ/kg) 

Arboricultural Arisings 17.36 

Digestate Pellet 20.96 

Miscanthus Pellet 19.88 

Poultry Litter Pellet 17.19 

Willow Chip 21.28 

Wood Pellet 17.27 

 

The LHV of each of the producer gases generated through experimental analysis was 

also found through calculation rather than from direct measurement. Calculation of the 

parameter allowed for a truer representation of the value in comparison to the value 

displayed by the gas analyser. As experiments were ran multiple times for each 

feedstock and blend, to calculate LHV a time period where constant gas was produced 

was chosen from the results generated once displayed in excel. An average result for 

producer gas composition was then found using this chosen time period. Averaged 

results for each combustible component was then multiplied by its calorific value to 

obtain the total producer gas LHV. Values for each in MJ/Nm3 were: CH4 358, CO 

226.36 and H2 107.98 (Waldheim and Nilsson, 2001). 

3.5 Experimental 

The single stage downdraft reactor utilised for this research was a MicroLab Class 

gasifier prepared especially by Fluidyne Gasification of New Zealand, as can be seen 

in Figure 3.9 – MicroLab Class Fluidyne Downdraft Gasifier. The downdraft gasifier 

was developed by Fluidyne to analyse fuel samples and incorporates all features of 

their larger systems. The gasifier was also used for introductory training to gasification 

technology for students. The gasifier had previously been utilised for other sustainable 

biomass research within the university. 
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Figure 3.9 MicroLab Class Fluidyne Downdraft Gasifier 

Modifications carried out to the original gasifier design for experimental analysis 

include changing of the feedstock intake port and addition of a tap to the exhaust 

stream for gas cleaning and analysis. A new feed intake port was designed and 

installed to reduce the volume of material required for analysis. Changing from a large 

fuel hopper to a metal plate reduced the volume of material required and made 

cleaning and analysis easier as can be seen in Figure 3.10. To simplify the addition of 

materials during the reaction a plumbing weld was installed on the metal plate. High 

temperature gasket material was sized for the lid. This ensured no leaking of producer 

gas and a tight seal to guarantee control over the air entering the reaction. 

 

Figure 3.10 New Feedstock Intake Port 
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The gasifier hearth was designed for gas to be produced in a single stage. The 

component has an internal diameter of 155mm, 5mm wall thickness made from 

stainless steel and height 165mm. 6 air nozzles surround the hearth, which are made 

from ¼” steel pipe. These air nozzles introduce the gasifying agent to the hearth and 

are controlled from an external handle to increase or decrease the flow of air. The 

reduction tube in the centre of the hearth is 30mm in diameter and can be adjusted for 

biomass of different size by adding of removing spacer plates beneath the tube collar. 

The grate sits within the reduction tube, whose height can also be adjusted through a 

screw handle below the hearth module. A thermocouple is situated directly below the 

reduction tube within the hearth to accurately record gas production temperature. 

Firebrick has been placed below the reduction tube to ensure insulation of the hearth 

module. Once the gas has been produced it travels from the hearth through the blast 

tube where large particles and some tar drop out of the gas stream before the gas 

reaches the cyclones. Further temperature lowering occurs within the cyclone and the 

finer powder sized particulates drop out of the stream also. The two cyclones direct 

gas to either the condenser for engine application or towards the exhaust. Each 

component contains a clean out port consisting of a metal screw cap for tar and 

particulate removal. Manometers connected to feedstock intake and the blast tube 

display pressure across the system. Further thermocouples are connected to the blast 

tube and cyclones to record temperature evolution across the system. An air pressure 

fan in the base of the cabinet supplies air to the test flare assembly and to the air inlet 

nozzles within the hearth. A cooling fan is also turned on for all experimental analysis 

to prevent over heating of internal components. 

 

Approximately 1kg of material was loaded into the hearth for each experimental 

analysis carried out. A heat gun was inserted through the plumbing weld to begin the 

reaction, steadily increasing feedstock temperature to approximately 130°C. Once 

combustion had begun, the gasifier was turned on. The opened plumping weld was 

closed, and air is supplied to the system. An initial heat up period would last between 

10 – 20 minutes depending on feedstock, before temperatures would settle in the 700 

- 900°C range. Thermocouples in the hearth, blast tube and cyclones were connected 

to a Grant Squirrel 2020 data logger for recording of temperatures. The air control 

handle is opened slightly until a consistent temperature is achieved within the hearth. 
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Gas is sampled from the exhaust stream through an ETG PSS 100. This is a scrubber 

where the gas is passed through three consecutive bottles of bubbling water for 

removal of any tar or particulates remaining in the system. The scrubber contained a 

condensation trap for moisture removal, but this was bypassed for a DRIERITE 

laboratory air and gas drying unit as can be seen in Figure 3.12. This desiccant 

material ensured complete moisture and tar removal before feeding to the analyser. 

DRIERITE material changes colour once exhausted and can be easily restored 

through regeneration. Clean, dry producer gas is then fed to the ETG MCA 100 Syng 

Biogas Multigas Analyzer. A schematic of the temperature and pressure probes across 

the system are displayed in Figure 3.11, where T1 – T4 are thermocouples and M1 – 

M2 are manometers. 

 

 

Figure 3.11 Schematic of Temperature and Pressure probe locations 
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Figure 3.12 Scrubber with moisture capturing DRIERITE material. Discolouration can be 
seen where material has absorbed moisture. 

The gas analyser displays the volumetric percentage of the constituent gases that 

make up the producer gas. This is a mixture of CO, CO2, CH4, H2 and N2. The sensors 

operate on potential difference and are measured as output voltage. This data is 

displayed on a live graph, as well as stored on an internal memory card which can be 

downloaded through insertion of an external USB device. During each run of the 

experiment approximately 200g of additional biomass was added to supplement the 

reaction. Due to the relatively low reactor volume, experimental time was between 40 

minutes to an hour before all feedstock was consumed and the reaction finished. This 

period could be identified through swift temperature spikes in the reactor. All materials 

analysed were ran in triplicate to ensure the validity of the results. Once the analysis 

was complete, the gasifier was turned off and allowed to cool down with the fan across 

the system remaining on to assist. When completed ash, tar and char were removed 

from the hearth, blast tube and cyclones and weighed. Water in the scrubber was 

changed after each analysis to ensure no contamination of the analyser. Composition 

data from the gas analyser and temperature data from the logger were downloaded 

and combined using Microsoft excel. Full experimental apparatus set up can be seen 

in Figure 3.13. 
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Figure 3.13 Experimental Apparatus Set Up (de Priall et al., 2021) 

Engine application of the producer gas was not carried out due to time restraints within 

the project. To identify engine application results along with efficiencies, simulation of 

the process was carried out on a validated engine model from previous application 

research. For carrying out the experimental analysis containing blends, the same 

methodology was followed using this equipment, with the only difference being two 

feedstocks were weighed out. The main biomass material of choice i.e. poultry litter, 

digestate and miscanthus along with wood pellets. The optimum blend ratios for 

analysis were identified through the literature review and were measured by weight. 

Blends by weight percentage (wt.%) were 80/20, 60/40 and 40/60. Experiments were 

again carried out in triplicate to ensure the reliability of the results. Further 

experimental analysis of the blended feedstock carried out was utilising a catalyst to 

further increase producer gas LHV and conversion efficiency. This calcium carbonate 

(CaCO3) catalyst was loaded using the optimum measurement found in the literature 

of 20 wt.% of the feedstock. This was done using the optimum blend of feedstock with 

an improved LHV compared to single feedstock, to further improve the LHV and 

reduce tar content. 

 

Additional research was carried out on poultry litter feedstock with the aim of further 

reducing the tar content of the producer. Experiments carried out include preheating 

of the feedstock, adding a metal catalyst into the hearth of the reactor, addition of 

heated sand to the reactor and gasification of pyrolyzed material in the form of 
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charcoal. Experiments are explained in detail within chapter 4. All results were collated 

and are displayed in Chapter 4 – Experimental Results for Model Validation. 

3.6 Summary 
This chapter discusses the methodology employed to carry out the both the simulation 

and experimental work during the course of the project. This involved identifying and 

acquiring appropriate sustainable biomass for experimental analysis, employing the 

correct equipment for carrying out the analysis, and use of the appropriate 

international standards to ensure reproducible results were generated. A number of 

suitable feedstocks had been identified as underutilised with an opportunity for further 

exploitation. After identifying potential material for exploitation, a gauge on the amount 

of the material available and how it would benefit the environment was carried out. 

Feedstock characteristics were used as indicators for a materials gasification potential. 

Following all appropriate standards to identify relevant material characteristics it was 

found that some of the feedstocks would not function through the gasification system 

of choice due to low bulk density. The materials that could be used in the system were 

put forward for further analysis. Developing the information found through the 

proximate and ultimate analysis of the feedstock’s, accurate simulations of the 

downdraft gasification process and CHP application of the producer gas could be 

generated. These simulations could then be validated through practical small-scale 

experimental analysis carried out on the MicroLab Class Fluidyne Downdraft Gasifier. 

Through analysis of single feedstocks, blended feedstocks and catalyst doped 

feedstocks it was identified under what conditions the best quality producer gas was 

generated in terms of producer gas composition, LHV and gas quality. 
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Chapter 4 – Experimental Results for Model Validation 
 

4.1 Introduction 
This chapter will focus on the data generated from the variety of practical experiments 

carried out as well as some data which was calculated during the course of this 

research. These results include but are not limited to the characterisation of the 

biomass feedstocks of interest through proximate and ultimate analysis, the downdraft 

gasification of single feedstocks, gasification of blends of materials for increasing 

producer gas quality, and the use of a reaction catalyst on the optimum identified 

producer gas to further improve overall performance. Extra experimental analysis 

which was carried out to improve the overall gasification system performance will also 

be included within the chapter. All experiments listed below have been carried out at 

Ulster University’s Jordanstown campus as described within the methodology chapter. 

Ultimate analysis was carried out externally through ASEP laboratories in Queens 

University Belfast. 

4.2 Feedstock Characteristics 
To carry out the relevant experimental analysis and identify the pertinent biomass 

characteristics the appropriate international standards were followed, as described 

within Chapter 3 – Methodology. Results have previously been displayed in Chapter 

3 - Table 3.1. Ash melting for two of the materials, willow chip and digestate pellets, 

was unable to be carried out due to moving of equipment from one campus to another, 

so therefore estimations have been taken for these from relevant literature (Chen et 

al., 2019). 

4.3 Single Feedstock 
To carry out the downdraft gasification analysis of the biomass material each 

feedstock was gasified as a single feedstock multiple times to identify producer gas 

quality. Experiments were ran in triplicate to ensure a consistent average gas quality 

could be found. Following this, once average producer gas composition had been 

identified, gasification of blends of two feedstocks together would be carried out with 

the aim of improving the identified gas quality. For each feedstock of interest, multiple 

gasification experiments were carried out as described within the methodology to 
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ensure reproducible and accurate results were found. The materials which were 

analysed under gasification conditions include: 

 

• Poultry Litter 

• Anaerobic Digestion Digestate 

• Miscanthus 

• Wood Pellet 

 

An example of the gas composition data gathered from the ETG analyser and collated 

alongside temperature data from the Grant Squirrel logger is displayed in Figure 4.1. 

This result is from the experimental analysis of poultry litter as a single feedstock. Gas 

volumetric composition is on the Y-axis, time is on the X-axis and temperature is on 

the secondary Y-axis. From this approximately 10-minute sampling period despite 

consistent gas composition being produced, the temperature of the system is 

fluctuating significantly, between 750°C and 1025°C. All reactions carried out faced 

the same temperature variations. 

 

 

Figure 4.1 Single Feedstock Poultry Litter Experiment Result 
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The first results from the downdraft gasification experiments that were carried out are 

from experimental analysis of a single streams of feedstock. For each material 

analysed, at least 3 experiments were carried out until consistent results were 

obtained. More than 3 experiments were carried out if irregular results were found, or 

if the temperature range did not remain consistent. As each experiment lasted for 

approximately an hour, the optimum 5 minutes of gas production was used to gather 

the results from. These 3 optimum producer gas periods were then averaged to obtain 

the final result for producer gas composition. This averaged result is what has been 

utilised for visual representation of the producer gas, as displayed in Figure 4.1 Single 

Feedstock Producer Gas Comparison. The graph shows volumetric makeup of the 

gas on the Y – axis, and the different gas components that make up the producer gas 

on the X – axis. The components of interest within the producer gas are methane 

(CH4), carbon monoxide (CO), hydrogen (H2), carbon dioxide (CO2) and nitrogen (N2). 

 

Figure 4.2 Single Feedstock Producer Gas Comparison 

On first impressions, the most notable characteristic from the results presented in 

Figure 4.2 is the large amount of N2 present in each producer gas. This is due to the 

fact that air is used as the reaction carrier gas. The gas generated during the 

gasification process is therefore diluted with atmospheric N2 leading to a lower overall 

heating value (Iribarren et al., 2014). LHV for each gas generated is displayed in Table 

4.1, along with detailed gas composition and average reaction temperature. A visual 

representation of the LHV of each producer gas is displayed in Figure 4.3. The gas 
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with the greatest LHV is wood pellets, due to its high CH4 content. With an average N2 

content of 60%, the LHV for the gases fall between 3 – 5 MJ/Nm3, agreeing with the 

values found in literature for downdraft gasification of biomass material (Asadullah, 

2014a). To achieve a higher LHV from the reaction, a different carrier gas could be 

introduced such as steam or oxygen. This would increase the LHV but could detract 

from both the economic and energetic aspect of the research. Miscanthus has the 

highest proportion of N2 in the producer gas, with 66.95% of the gas composed of it. 

The next gas component that stands out is the volumetric percentage of H2 in the 

feedstocks. From Figure 4.2 it can be seen that poultry litter generated the greatest 

amount of H2, with 18.89%. The next highest is 12.43% in the digestate. The reason 

for this is that of the materials gasified, poultry litter contained the highest moisture 

content, at 10.27%, 2.58% more than the next material of digestate at 7.69%. This 

percentage difference has led to an 6.46% increase in producer gas H2 content. 

Interesting to note that while poultry litter had the lowest fixed hydrogen content in the 

biomass, it generated the most H2 gas, down to the influence of moisture within the 

feedstock. 

 
Table 4.1 Single Feedstock Composition, LHV & Temperature 

 
CH4 (%) CO (%) H2 (%) CO2 (%) N2 (%) 

LHV 
(MJ/Nm3) 

Temperature 
(°C) Feedstock 

Poultry Litter 1.23 11.35 18.89 8.53 60.00 3.91 945.7 

Digestate 1.19 13.19 12.43 9.88 63.31 3.44 831.5 

Miscanthus 1.40 13.91 8.44 9.30 66.95 3.17 871.4 

Wood Pellet 3.26 18.79 11.88 9.01 57.06 4.82 839.2 

 
The amount of CO2 produced during the gasification process remained consistent 

throughout all experiments, with only 1.35% difference between the lowest and highest 

amount. This is due to the reduction in CO2 at temperatures above 500°C to CO, which 

has occurred in each reaction. Temperatures were above 830°C for each reaction, as 

can be seen in Table 4.1. 
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Figure 4.3 Single Feedstock Producer Gas LHV 

The last two gaseous components generated during the reaction are CH4 and CO. 

While digestate and miscanthus have a similar CO concentration in the final producer 

gas, poultry litter’s CO concentration is slightly lower. This lower concentration is a 

consequence of the lower carbon content present in the poultry litter feedstock. Wood 

pellet producer gas has a much higher concentration of CO and CH4 which can be 

attributed to the high carbon content, low ash content and high amount of volatile 

matter. This allows for nearly all the carbon present to be broken down into its 

constituent components and form these gaseous products. CH4 content of the 

producer gases is low and consistent in each material between 1.19 – 1.40%, with 

wood pellets an outlier here at 3.26%. This is due to the tar produced during 

gasification of wood pellets, which is significantly higher than the other materials. This 

could be attributed to the lignin present within the wood pellet, which acts as binding 

agent during the pelleting process. 

 

Conversion efficiency for each of the feedstocks of interest was calculated. This was 

done through a simple mass balance where the weight of feedstock fed into the 

reaction was measured, and the weight of the ash, tar and char removed from the 

reactor was recorded. This figure gave an indication of conversion efficiency. 

 

              Conversion Efficiency (%) = 100 –
(Ash + Tar + Char)

Feedstock In
∗ 100                            (16) 
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Results from this calculation for single feedstock streams are displayed in Table 4.2. 

As the reactor is a fixed bed, there is a significant amount of unconverted material. At 

this scale for experimental analysis, fixed bed is the most appropriate. We can see 

that almost every material has a near identical conversion efficiency, with digestate 

pellet 2% higher than the other feedstocks. A high volatile matter content (74.51%), 

along with a high bulk density (716 kg/m3) could attributed as a potential reason for 

this. 

Table 4.2 Single Feedstock Conversion Efficiency (%) 

Feedstock 
Poultry 

Litter Pellet 
Digestate 

Pellet 
Miscanthus 

Pellet 
Wood 
Pellet 

Conversion Efficiency (%) 68.42 70.87 67.86 68.33 

 

4.4 Blended Feedstock 
Once the average composition for single feedstock producer gas had been identified, 

the optimization of the producer gas generated through downdraft gasification of 

blends of the sustainable biomasses with wood pellets were analysed. The appropriate 

blend ratios for experimental analysis were identified through the literature review. The 

ratios which were identified for use were: 

 

− 80/20 

− 60/40 

− 40/60 

 

These three ratios of biomass in the form “biomass/wood pellet” were acknowledged 

as the optimal choice from previous research and used for this experimental 

analysis. Increasing the weight percentage (w.t%) of wood pellets beyond 60% was 

not carried out due to economical reasoning. If a gasification system using wastes 

were to be set up, purchasing 60% or more of the feedstock while trying to remain 

environmentally and financially sustainable would be difficult to achieve given current 

subsidy levels available. The research was carried out to identify the best quality 

producer gas (LHV) and utilise that blend for further research such as for catalyst 

application. Displayed in Figure 4.4 is the experimental results collected for a ten-

minute sampling period of the 60/40 blend of poultry litter and wood pellets. As was 
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seen in the Figure 4.1, despite consistent gas production throughout the sampling 

period, the temperature fluctuates. Temperature varies between 784°C and 942°C. 

 

 

Figure 4.4 Poultry Litter/Wood Pellet 60/40 Blend Experiment Result 

4.4.1 Mixing Poultry Litter with Wood Pellets 

The blends of poultry litter and wood pellets was one of the most promising from a 

research point of view, as it has the greatest potential for real world applications in 

terms of providing energy to the numerous poultry farms in the UK. Results from this 

research are displayed in Figure 4.5, where the producer gas composition is compared 

between blends and the original gas composition. 
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Figure 4.5 Poultry Litter Blend Comparison 

The most notable trend identifiable from the blends of poultry litter and wood pellets, 

is the volumetric CO component increasing with increasing proportion of wood pellets 

in the blend. This may be down to the increased carbon content of the feedstock from 

the wood pellets. More carbon available, means that the underlying reaction which 

generates CO during the gasification process can take place. This is the Boudouard 

reaction, where carbon and CO2 react to create CO (Olgun et al., 2011). The CO2 

concentration within the producer gas is controlled by this reaction, and it initially 

increases when blending occurs. Further increases of the wt.% make the CO2 

concentration decrease where it then remains consistent. While CO increases as the 

blend percentage increases, the H2 concentration goes the opposite direction. The 

largest fraction of H2 by a margin is in the 100% PL feedstock, and when blending 

occurs this value decreases significantly, from 18.89% to 11.55% and further 

decreases with higher proportion blends. The decrease must be due to the 

temperature at which the reactions are occurring. From Table 4.3 we can see that 

while the average reaction temperature for gasification of PL alone is 945.7°C, the 

blending experiments which were carried out under the exact same conditions in the 

exact same reactor set up occur at temperatures over 100°C less. The reaction 

temperature follows a rough trend of decreasing with increasing wt.% of wood pellets. 

This could be explained as less fixed oxygen within the biomass, meaning an overall 

lower temperature. PL has a high fixed oxygen content, at 57.32%. Wood pellets 

meanwhile is significantly lower, at 45.66%. The amount of fixed oxygen within the 
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feedstock has an influence on overall temperature through the combustion reactions. 

Increasing oxygen will increase reaction temperature, and therefore decreasing 

oxygen will lead to a lower overall temperature. The water gas shift reaction, which is 

encouraged through higher reaction temperatures is then less likely to take place, 

leading to the lower H2 content of the blended feedstock producer gas. 

 

Table 4.3 Poultry Litter Blend Producer Gas, LHV & Temperature 

Blend CH4 (%) CO (%) H2 (%) CO2 (%) N2 (%) 
LHV 

(MJ/Nm3) 
Temperature 

(°C) 

100/0 1.23 11.35 18.89 8.53 60.00 3.91 945.7 

80/20 3.13 12.16 11.76 11.55 61.40 3.93 812.9 

60/40 2.83 14.98 11.60 10.70 59.89 4.16 820.0 

40/60 2.97 16.29 10.19 10.63 59.92 4.22 795.7 

 

While the H2 content of the producer gas decreases, the overall LHV of the blended 

feedstock increases with increasing wt.% blend. This again can be seen from Table 

4.3, where slight increases were calculated for each blend of feedstock. This increase 

was due to the increase in CO and CH4 in the analysed producer gases. The increased 

carbon content of the feedstocks from the increasing proportion of wood pellets is the 

reason for this. While LHV was increasing, temperature was decreasing as mentioned. 

To further increase LHV, if temperature could remain consistent above 900°C, a better-

quality producer gas could be generated. Finally, for PL, the concentration of N2 within 

the producer gas remains virtually the same throughout all blends. At approximately 

60% for each, the N2 content doesn’t change. This means if a different carrier gas was 

used, an almost 60% increase in LHV could be generated. 

4.4.2 Mixing Digestate with Wood Pellets 

The use of digestate as an alternative fuel for energy production from a waste or by-

product is an attractive proposal, and while the energy requirements of where it may 

be applied may not be comparable to the poultry litter scenario, it may still be a viable 

option depending on individual farm requirements. 
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Figure 4.6 Digestate Blend Comparison 

We can see from Figure 4.6 that the results for the blends of digestate and wood 

pellets follow similar trends to its poultry litter counterpart. With increasing proportion 

of wood pellets in the blend, the CH4 and CO content of the producer gas increases. 

These increases are only slight, with 0.80% difference in CH4 content of the producer 

gas between digestate as a single feedstock and the 40/60 blend. The CO content 

increased slightly higher throughout the blends, with a 2.73% increase noted from the 

original feedstock to the 40/60 blend. Again, this can be viewed as a result of the 

increasing carbon content in the feedstock from the wood pellets. The H2 content of 

the producer gas has decreased with increasing blend proportion, with a 1.13% 

reduction. Slightly lower moisture content in the wood pellets compared to the 

digestate pellets, 7.50% and 7.69% respectively, may be the cause of this with less 

moisture available for conversion into H2. The CO2 concentration throughout the 

various blends remain consistent, while the N2 component of the producer gas actually 

decreases with increasing blend proportion. The reduction in CO2, specifically 

noticeable in the 40/60 blend that is 2.49% lower than the previous, could be caused 

by the reaction temperature. Unlike poultry litter, the digestate average reaction 

temperature increases with blend proportion. From Table 4.4 it can be seen that the 

original feedstock reaction temperature is 831.51 °C, while the 40/60 blend had an 

average temperature of 910.54°C. This higher reaction temperature promotes the 

generation of CO from CO2 and lowers the overall N2 content of the producer gas. 
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Table 4.4 Digestate Blend Producer Gas, LHV & Temperature 

Blend CH4 (%) CO (%) H2 (%) CO2 (%) N2 (%) 
LHV 

(MJ/Nm3) 
Temperature 

(°C) 

100/0 1.19 13.19 12.43 9.88 63.31 3.44 831.51 

80/20 1.67 12.81 11.67 10.10 63.75 3.48 820.67 

60/40 1.80 14.65 11.03 9.48 63.05 3.69 851.38 

40/60 1.99 15.92 11.29 10.24 60.56 3.94 910.54 

 
The LHV of the producer gases generated from digestate blend gasification follow the 

same trend as those identified with poultry litter, that the higher the blend proportion 

of wood pellets, the higher the LHV. PL had a 0.31 MJ/Nm3 increase in LHV from 

lowest to highest, while digestate had a greater increase at 0.51 MJ/Nm3 between 

lowest and highest producer gas energy content. Both the increased reaction 

temperature, and the greater carbon content of the feedstock may have influenced 

these higher LHV’s. 

4.4.3 Mixing Miscanthus with Wood Pellets 

The final feedstock of interest with which the blending analysis was carried out was 

miscanthus pellets. While it may not be an industrial by-product or waste like poultry 

litter and anaerobic digestate, it does have some advantages in terms of its 

characteristics as a feedstock. Miscanthus’ ash content of 2.51% is the lowest of the 

three materials by 8.67%. Blending of materials can occur to lower overall ash content, 

and miscanthus’ low ash could make it a more attractive option under certain 

circumstances. Miscanthus also acts as a barometer for the gasification potential of 

other herbaceous energy crops such as willow, poplar and switchgrass. 
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Figure 4.7 Miscanthus Blend Comparison 

Results of the miscanthus feedstock blending gasification experiments can be seen in 

Figure 4.7. When compared to PL and digestates analysis, the results of the 

miscanthus analysis are much less stable. From the figure we can clearly see that CO 

concentration decreases when blended at 80/20, before increasing at a further blend 

of 60/40, and decreasing again with a blend of 40/60. This is in contrast to what was 

seen previously, where CO followed the trend of increasing with increasing proportion 

of wood pellets in the feedstock. This inconsistency within the results can be seen 

through the progression of H2 and CO2 also. H2 content of the original producer gas is 

8.44% before increasing to 9.28% when using the 80/20 blend. It then decreases to 

8.94% for the 60/40 blend and increases again for the final 40/60 blend to 10.11%. 

The concentration of CO2 also follows this inconsistent nature, which can be seen in 

Table 4.5. The final gas component, N2, does not vary with the other constituents. It 

decreases with increasing wood pellet proportion, dropping 6.45% in this space. The 

LHV of the producer gases increases when the proportion of wood pellets in the blend 

increases, which is what was seen with both poultry litter and digestate before this. A 

0.37 MJ/Nm3 increase was identified between the single feedstock and the 40/60 

blend. 
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Table 4.5 Miscanthus Blend Producer Gas, LHV & Temperature 

Blend CH4 (%) CO (%) H2 (%) CO2 (%) N2 (%) 
LHV 

(MJ/Nm3) 
Temperature 

(°C) 

100/0 1.40 13.91 8.44 9.30 66.95 3.17 871.35 

80/20 1.65 12.67 9.28 10.36 66.05 3.19 987.09 

60/40 1.45 14.49 8.94 9.35 65.77 3.32 912.68 

40/60 1.77 14.34 10.11 13.28 60.50 3.54 838.72 

 
One reason for this inconsistent producer gas makeup could be due to the effects that 

the reaction temperature is having. From Table 4.5 we can see that the reaction 

temperature is not very stable and fluctuates between experiments. The single 

feedstock reaction occurred at 871.35°C, the next at 987.09°C, followed by 912.68°C 

and 838.72°C. Miscanthus has a similar chemical composition as the digestate 

feedstock, with the only difference in characteristics between the two volatile matter, 

74.51% for digestate while miscanthus has 83.74%. Therefore, the cause of this 

instability within the reaction temperature must be caused by external physical 

parameters related to the downdraft gasification system design such as air flow. While 

every effort was made to ensure consistent air volume was utilised for each reaction, 

poor air control and reactor design may have caused slight variations. This will be 

deliberated in further detail in Chapter 8 – Discussion. 

4.4.4 Catalyst 

Once the optimum blend of feedstocks had been identified through experimental 

analysis, a catalyst was added to the reaction to further enhance producer gas quality. 

While many catalysts exist for reducing tar content within the gasifier (Cheng et al., 

2020; Perondi et al., 2019) and increasing producer gas LHV (Yang et al., 2016), the 

optimum choice for this research is a calcium-based catalyst due its availability across 

the UK agricultural sector as soil pH amendment product (DAERA, 2020). Therefore, 

catalyst experiments were carried out utilising a calcium carbonate (CaCO3) powder. 

Through the addition of a CaO catalyst tar cracking can be carried out by promoting 

the absorption of tar molecules amongst some others on the CaO active sites (Li et 

al., 2022). These active sites promote tar cracking through dehydrogenation, 

dealkylation and ring opening of aromatic tar molecules. All these reactions involve 

carbon molecules breaking their bond to either hydrogen or other carbon molecules. 

This cracking can lead to other species forming such as CO, CO2 or H2. The increased 

H2 or CO content will improve the overall LHV of the producer gas. From the literature, 
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the optimum ratio of catalyst loading was identified to be 20 wt.% of the biomass 

feedstock. The blend ratio that was chosen to be used for analysis was 60/40. This 

was because the LHV of the gas produced was greater than the single feedstock, by 

7.3%, but didn’t include such a high proportion of wood pellets that the economical 

aspect of the application would be significantly detracted from. 

 

Figure 4.8 Poultry Litter Catalyst Comparison 

In Figure 4.8 the difference between the gaseous components in the 60/40 blend 

producer gas and the 60/40 blend with 20% wt. catalyst is illustrated. The primary 

difference between the two is the almost 10% increase in H2 content of the producer 

gas generated with the calcium catalyst. It is clear from the result that the catalyst had 

the desired effect, increasing the LHV of the producer gas by 16.45% or 0.82 MJ/Nm3, 

from 4.16 to 4.98 MJ/Nm3 as can be seen in Table 4.6. This increase occurred due to 

cracking of the tar generated, due to a reaction such as (17) being promoted: 

 

                             𝐶𝑛𝐻𝑚(𝐻𝑒𝑎𝑣𝑦 𝑇𝑎𝑟) →  𝐶𝑥𝐻𝑦 (𝐿𝑖𝑔ℎ𝑡 𝑇𝑎𝑟) + 𝐻2                              (17) 

 

The presence of the CaO in the gasification reaction promotes the cleaving of carbon 

bonds within the tar, and carbon – hydrogen bonds. This free hydrogen is then able to 

form new gas species in the shape of H2. Breaking down the tar into a lighter form is 

the simplest method of handling the material. Despite the cracking which occurred, no 

visible difference in tar quantity was noted. The reaction occurs at temperatures lower 

than expected too, with gasification of poultry litter generally occurring above 900°C 

(de Priall et al., 2021). As can be seen in Table 4.6 the catalyst reaction occurred at 
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temperatures almost 70°C below the reactions which took place without the catalyst. 

This could be related to the lack of control over the system which the user has. 

 

Table 4.6 Poultry Litter Catalyst Comparison 

Blend CH4 (%) CO (%) H2 (%) CO2 (%) N2 (%) 
LHV 

(MJ/Nm3) 
Temperature 

(°C) 

60/40 2.83 14.98 11.60 10.70 59.89 4.16 820.0 

60/40 + 
Catalyst 

2.89 13.14 21.13 9.37 53.48 4.98 751.4 

 

To ensure reliability of the results generated, the catalyst was applied to another 

feedstock blend for comparison. Similar results were seen when the catalyst was 

applied to the 60/40 blend of digestate. The same catalyst loading of 20% wt. was 

used to ensure comparable application. While the H2 content of the gas increased by 

only 2.71% in this case, the overall LHV of the producer gas increased 15.53% or 0.67 

MJ/Nm3, from 3.69 to 4.36 MJ/Nm3. For the digestate blend, CO2 concentration 

increased in the reaction with the catalyst illustrated in Figure 4.9, unlike the poultry 

litter test. This increase in CO2 could be related to another reaction taking place, such 

as steam dealkylation (18): 

 

                              𝐶𝑛𝐻𝑚 +  𝐻2𝑂 →  𝐶𝑥𝐻𝑦 + 𝐻2 +  𝐶𝑂2                                               (18) 

 

                                     𝐶𝑛𝐻𝑚 +  𝐻2  →  𝐶𝑥𝐻𝑦 +  𝐶𝐻4                                                     (19) 

 

From the results we can assume that the catalyst was functional for the reaction but 

due to some other reactions taking place, it did not increase H2 content as much as 

previously seen with poultry litter. This reaction taking place could be the hydro 

dealkylation reaction (19), where a portion of the excess H2 could be used increasing 

the CH4 content, which was seen for digestate as can be seen in Table 4.7. A reason 

for this could be the increased temperature at which the digestate catalyst reaction 

takes place. Digestate catalyst reaction occurred 11°C higher than the original at 

862°C. This is a total of 111°C higher than the poultry litter equivalent reaction and 

could have influenced the hydro dealkylation to take place. 

 



86 
 

 

Figure 4.9 Digestate Catalyst Comparison 

While slight increases in CH4 and H2 were noted from the catalyst loaded reaction, the 

increase in LHV may have also been influenced by a reduction of the N2 concentration 

in the final producer gas composition. An almost 5% reduction in N2 was seen from 

63.05 to 58.14%, which meant less N2 to dilute the energy containing components of 

the producer gas with. 

 
Table 4.7 Digestate Catalyst Comparison 

Blend CH4 (%) CO (%) H2 (%) CO2 (%) N2 (%) 
LHV 

(MJ/Nm3) 
Temperature 

(°C) 

60/40 1.80 14.65 11.03 9.48 63.05 3.69 851.38 

60/40 + 
Catalyst 

3.09 14.04 13.74 10.99 58.14 4.36 862.21 

 

4.5 Additional Experimental Analysis 
While increasing the performance of the DGS through the use of blends of sustainable 

biomass and waste material was the main aim of the research, further improving the 

gasification performance using different methods were also investigated. The 

additional analysis that was carried out using the DGS is included in this section. 

These experimental analyses were carried out to try further improving the overall 

system performance such as lower tar content, increased LHV and greater conversion 
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efficiency. Methods through which this could be carried out were identified in literature 

and applied to the downdraft gasification system at the focus of this research. 

4.5.1 Pre-Heated Feedstock 

The first piece of extra gasification analysis that was carried out was the pre-heating 

of the biomass feedstock before the gasification reaction takes place. The feedstock 

of choice was poultry litter, as this had exhibited some of the most promising results 

from the analysis previously carried out. The preheating of a biomass feedstock for 

thermochemical conversion has been carried out by multiple researchers before. 

Microwave assisted preheating has been a prevalent method employed to uniformly 

increase temperature feedstock. Results from this analysis has shown to generally 

increase production from the biomass feedstock during thermochemical conversion 

(Y. F. Huang et al., 2013; Ke et al., 2019). During microwave heating, microwave 

energy penetrates the biomass particles and immediately transforms to thermal 

energy. This analysis was carried out with the rational that a preheated feedstock is 

better prepared for gasification than material at ambient temperature. While 

microwave assisted pre-heating couldn’t be accomplished for this research, an 

alternative method was carried out. This was to heat the within the system reactor 

before closing it to the atmosphere. The heat gun used for ignition purposes was used 

to gently heat the feedstock while continuously mixing it to ensure an even and equal 

temperature rise throughout. By gently mixing the material at the same time as 

heating, combustion was avoided. 

 

Results of the analysis displayed in Table 4.8 show improvement in CO concentration 

generated from the preheating of the feedstock. An increase in CO of 6.99% was noted 

when compared to the original analysis. While CO concentration had increased 

significantly, the H2 concentration of the producer gas has had the opposite response 

to the preheating step. From 18.89% in the original single feedstock analysis, this has 

decreased significantly to 8.67% after preheating. This equates to a 54% reduction in 

producer gas H2 concentration. This decrease in H2 could be caused by pre-pyrolysis 

of the feedstock leading to losses in the volatile matter content. This is caused by the 

direct application of heat to the feedstock, and not indirectly as was carried out by 

previous research. 
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Through increasing the temperature within the gasification reactor, an increase in 

enthalpies of the air occurs. This will lead to higher temperatures found in the pyrolysis, 

oxidation and reduction zones of the gasifier (Ependi et al., 2019). This greater 

temperature can lead to increased formation of combustible gas components, such as 

CO (Trninić et al., 2020). While indirect heating can be beneficial, direct heating has 

the opposite effect of detracting from the producer gas LHV through lowering the 

combustible H2 of the gas. Feedstock moisture content was 10.27%. Direct heating of 

the feedstock would lower this through drying. This would result in the hydrogen and 

oxygen present in the moisture being unable to react to produce gas components in 

the producer gas generated (Widjaya et al., 2018). From the single feedstock analysis 

conversion efficiency was 68.42% for the poultry litter. After the preheating analysis 

was carried out, conversion efficiency reduced to 64.17%. This 4.25% reduction in 

efficiency could be due to the breaking of heavier tars generated into additional lighter 

components (Kostyniuk et al., 2019), with an example of the tar produced during the 

gasification reactions visible in Figure 4.10. 

 
Table 4.8 Poultry Litter Preheating Comparison 

Feedstock CH4 (%) CO (%) H2 (%) CO2 (%) N2 (%) 
LHV 

(MJ/Nm3) 
Temperature 

(°C) 

100/0 1.23 11.35 18.89 8.53 60.00 3.91 945.7 

PL Pre-
Heated 

1.27 18.33 8.67 8.72 63.01 3.71 908.7 
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Figure 4.10 Image of tar captured from the downdraft gasification system 

LHV decreased from 3.91 to 3.71 MJ/Nm3. This equates to a 5.49% decrease in LHV 

or 0.20 MJ/Nm3. Repeating the analysis with a microwave for more accurate 

replication of what was carried out in the literature could improve performance of the 

pre-heating step. 

4.5.2 Steel Wool 

The next piece of analysis which was carried out with the aim of improving system 

performance was the addition of steel wool to the reactor. Within the hearth of the 

downdraft gasifier, 12 pieces of steel wool as seen in Figure 4.11 were placed while 

the system was at ambient temperature. This meant that any gas produced would 

have to pass through the steel wool before reaching the blast tube and continuing on 

its journey through the system. Steel wool is comprised of groups of ferrous alloys that 

prevent the iron from rusting. With its large surface area, the stainless steel can assist 

with the catalytic reforming of biomass tars, at temperatures between 600 – 800°C 

(Guo et al., 2019; Yu et al., 2021). The material should trap any tar or other particulates 

before they move further down the system, encouraging them to convert into gaseous 

species, increasing gas yield and LHV. These metals are attractive due to their high 

activity and low costs (Kostyniuk et al., 2019). While individual tar species and yield 

was not identified when collected during the research, it was an issue that required 
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cleaning after each experiment. Tar and char were removed from the clean out ports 

together along with some unconverted materials, meaning distinguishing between the 

various components was not possible. 

 

 

Figure 4.11 Steel Wool Pieces before the reaction 
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Figure 4.12 Steel Wool Reaction Comparison 

Results illustrated for this analysis in Figure 4.12 show us that CO content of the 

producer gas generated with steel wool is significantly higher than that without, 

showing an increase of 5.15% from 11.35% to 16.49%. Concurrently the H2 content 

of the producer gas is considerably lower. H2 content decreased by over 10% when 

compared than the original single feedstock analysis. This led to a great reduction in 

LHV from 3.91 to 3.47 MJ/Nm3 or a 11.3% reduction as can be seen in Table 4.9. 

Conversion efficiency for the system also decreased from the original analysis by 

6.75% to 61.67%. While in theory the addition of the steel wool to increase 

performance is an attractive proposal, in the small-scale downdraft gasifier utilised for 

experimental analysis, no increase in LHV was identified. While thermal cracking (20) 

of the tar took place to generate increased CO content within the gas, hydro 

dealkylation took place concurrently, utilising H2 from the gas stream for promotion of 

the tar cleavage (Guo et al., 2019; Li et al., 2022). This led to an overall decrease in 

gas LHV. 

                                         𝐶𝑛𝐻𝑚 → 𝐶 +  𝐶𝑥𝐻𝑦 + 𝑔𝑎𝑠                                                     (20) 

 

Table 4.9 Poultry Litter Steel Wool Comparison 

Feedstock CH4 (%) CO (%) H2 (%) CO2 (%) N2 (%) 
LHV 

(MJ/Nm3) 
Temperature 

(°C) 

100/0 1.23 11.35 18.89 8.53 60.00 3.91 945.7 

Steel 
Wool 

1.29 16.49 8.55 8.64 65.02 3.47 1110.2 
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Two further experiments for investigating gasification potential which were 

investigated but for reasons beyond operator control could not be carried out will be 

discussed next. 

4.5.3 Charcoal 

Gasification of charcoal to experimentally investigate the products of the reaction was 

explored. Through this experiment it was hoped that a much lower tar content 

generated from the gasification process would be found when compared to what was 

generated from some of the sustainable biomass feedstocks. This was due to the fact 

that a significant amount of the volatiles associated with the biomass would have been 

removed during the pyrolysis stage when the charcoal material was being generated. 

While every effort was made to carry out the experiment using the Fluidyne system in 

Ulster University, due to the high temperatures required for charcoal gasification, and 

the lack of control that the operator has on air flow rate within the system, gasification 

could not take place. When experimental analysis of the charcoal was carried in the 

fixed bed downdraft system the main products of the reaction were high temperature 

combustion products such as CO2 and a small amount of CO. It is therefore agreed 

that gasification did not take place. This experiment should be repeated when the user 

has greater control over the carrier gas flow rate. This will be discussed in Chapter 8 

during section 6 – Changes. 

4.5.4 Sand 

A final experiment which was investigated for its potential to have a beneficial influence 

of the gasification reaction was the addition of heated sand to the reaction. Sand that 

had been preheated was added to the biomass feedstock to increase the ignition 

temperature of the material improving reaction kinetics. Sand was heated in a metal 

dish with the aforementioned heat gun for approximately 10 minutes, to ensure an 

even and equal temperature across the material. Using a temperature probe to identify 

when the material had been heated to a reasonable level it was then added to the 

biomass feedstock in the gasifier reactor to increase ignition temperature with the 

impression that it could improve overall system performance such as conversion 

efficiency, increased gas production or simply lower the time period required for the 

start-up process. Due to the simple downdraft gasifier design and lack of agitation of 

material within the grate, once the sand was added instead of acting as an additional 

heat source it quenched the reaction through minimising the spaces available for 
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airflow between the biomass particles. The downdraft system operated through air 

from the nozzles within the hearth passing down the reactor through the feedstock and 

into the vessels below. When the fine sand particles were placed within the reactor, 

they covered any gaps through which the air may travel, stopping the reaction from 

taking place. Changing the particle size of the feedstock may assist with allowing this 

experiment to take place. 

4.6 Summary 
The experimental work carried out within this project was undertaken with the aim to 

evaluate the influence that blends of sustainable biomass material have on the 

downdraft gasification process and particularly on the producer gas generated through 

the process. Summarised in Figure 4.13 are the LHV’s of the various producer gases 

generated throughout the analysis. From this figure the obvious trend we can see is 

that with increasing proportion of wood pellets in the blend, the LHV of the gas 

increases. This rise in LHV could be due to the increased carbon content of the 

feedstock from the introduction of wood pellets. This would allow for more carbon to 

be converted into the desirable combustible gas products such as CO, CH4 and H2 

from an increase in the rate at which the Boudouard reaction takes place. 

 

The optimum blend identified from the results was the 60/40 blend. This offered an 

increase in LHV of between 4.39 – 6.78% depending on the feedstock of interest. 

While further increases, up to 12.88% can be found at the 40/60 blend for digestate, 

the 60/40 offers the best potential due to the economics and sustainability of the 

process when purchasing a feedstock to act as a co-firing material. 
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Figure 4.13 LHV Comparison of different feedstocks and blends 

 
The addition of a catalyst to the reaction further increased the performance 

significantly. From Figure 4.13 we can see that when the CaCO3 catalyst was applied 

to the 60/40 blend at a concentration of 20% wt. an increase in the LHV of the producer 

gas by 16.45% for PL and 15.53% for digestate was found. This was due to the 

influence of the catalyst on the cracking of tar generated during the process. This 

induced lighter tar being produced alongside additional generation of H2 during the 

gasification process. To further promote H2 production a material with a higher 

moisture content could be utilised, allowing for even greater LHV increase. Pelleted 

material was chosen for the research for the ease of biomass handling and to avoid 

issues within the grate due to system design. While the feedstock with approximately 

7% moisture content could still generate a producer gas with near 5 MJ/Nm3, a 

material with a moisture content at the upper end of acceptable for gasification, closer 

to 15% could potentially increase this LHV even further. 

 

Table 4.10 Conversion Efficiency of Experiments 

 Conversion Efficiency (%) 

100/0 80/20 60/40 40/60 

Poultry Litter 68.4 63.9 66.4 65.0 

Digestate 70.9 66.1 63.3 65.8 

Miscanthus 67.9 62.2 66.9 62.5 
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While some of the extra analysis carried out to further improve the quality of the gas 

generated did not work as expected, with greater system control and the ability to 

agitate the material within the grate this could be rectified. Conversion efficiency for 

the fixed bed gasifier remained consistent across materials at between 62 - 70% as 

can be seen in Table 4.10. Increasing this performance would require some fluidisation 

or agitation of the bed. Further breakdown and research into the impact of the results 

will take place in Chapter 8 – Discussion. 
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Chapter 5 – Process Modelling and Simulation 
 

5.1 Introduction & Background to Eclipse 
 
To successfully carry out multiple chemical reaction simulations an applicable 

simulation software must be employed. ECLIPSE was chosen as the simulation 

package of choice as it was developed to accurately investigate the technical and 

economic performance of chemical reaction processes, with specific emphasis placed 

on the investigation of gasification-based power plants. It is an effective process 

simulation package for PC that has been successfully employed for numerous 

previous research projects at Ulster University (Huang et al., 2020, 2011, 2000; Y. 

Huang et al., 2013). ECLIPSE is comprised of multiple programmes, which offer a step 

by step analysis of a process, from feedstock conversion to economic analysis of a 

system. These programmes have been utilised for this research to accurately simulate 

the downdraft gasification process, along with engine application of the producer gas 

and carrying out the economic analysis aspect of the project. A schematic of the 

process flow has been included, as can be seen in Figure 5.1. This chart shows how 

each ECLIPSE package relates data. Each module represents a different component 

of the downdraft gasification system such as tanks, pumps, fans and heat exchangers. 

To properly estimate the thermodynamic properties of the various components within 

the system, such as modules and streams, standard chemical equations and formulae 

are utilised by ECLIPSE. This information is supplied through what is defined within 

the databases. 

 



97 
 

 

Figure 5.1 ECLIPSE Process Flow Chart 

The objective of this chapter is to explain the modelling process as it was carried out, 

how the different programmes were implemented, what results were gathered from 

the analysis and how these results were then used throughout the project. The 

objectives were carried out to generate an accurate simulation of the downdraft 

gasification process, predicting producer gas composition, assessing various CHP 

applications of the producer gas and the emission products of that reaction. This is 

carried out to optimise the operation of the downdraft gasification system along with 

any associated equipment. To begin with we will define some of the key words within 

ECLIPSE. 

 

Process – any chemical process which can be defined within ECLIPSES engineering 

units’ operations. 

Module – a chemical engineering unit that can be joined together with other modules 

by streams to generate a process. 

Stream – A flow between modules connecting them together to create a process. 

Utility – a flow, which is not included as part of the Process, but either gives or takes 

energy away from the Process. 

Compound – any chemical that has been defined in the compound database. Can be 

a solid, liquid or gas. 
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To put these terms into use then, the process which in this instance is a downdraft 

gasification system connected to a combined heat and power unit, is defined in terms 

of various modules that are connected to each other by numerous streams. These 

streams are formed by a number of compounds. These compounds and their standard 

form are defined within the compound database. 

The utilities can either be defined separately from the process, or within the process 

depending on preference. Utilities include but are not limited to steam, cooling air, fuel 

gas or thermal fluid. When not included in the process itself, utilities can be defined 

within the utility database. For use of the capital cost estimation function of ECLIPSE, 

all operating costs and factors are defined within cost database. 

 

From the start to the finish, the simulation of a process using ECLIPSE can be divided 

out into 7 separate stages. Four stages are designated for the technical calculation of 

the process, with the final three stages for the economic evaluation. 

 

Step 1 - Design and preparation of process flow diagram 

Step 2 - Addition of technical information to the process 

Step 3 - Mass and energy balance calculations 

Step 4 - Utility usage calculations 

Step 5 - Process and utilities capital cost estimation 

Step 6 - Operating costs calculation 

Step 7 - Economic evaluation of the process performance 

 

5.2 Gasification Reaction Simulation 

5.2.1 Feedstock Composition 

From the methodology chapter, the various biomass feedstock proximate and ultimate 

analysis results can be seen. These results will act as the inputs for the simulation and 

modelling being carried out. A copy of these results is presented in Table 5.1. Within 

ECLIPSE, the various biomass characteristics are defined within the database. The 

information supplied in Table 5.1 is that which has been added to the database to 

ensure accurate representation of the various feedstocks of choice. ECLIPSE 

functions on a DAF basis, and this is how the results are presented. 
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Table 5.1 Feedstock Properties for ECLIPSE Simulations 

 

5.2.2 Downdraft Gasification System Setup 

For the relevant scale and application that this research is focused on, downdraft had 

been chosen as the method of choice due to its ability to handle a variety of biomass 

materials and generate less tar than other reactor design systems. The ability to 

handle multiple feedstocks is important for small scale testing of various feedstocks. 

Low tar content is beneficial for downstream application of the producer gas where tar 

content could lead to clogging or spoiling of the equipment. The simulation set up is 

shown as a simplified diagram in Figure 5.2. 

 

Figure 5.2 Biomass Downdraft Gasification System 
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H 6.56 6.26 4.61 6.51 

N 2.51 1.26 4.08 0.38 

S 0.34 0.31 0.34 0.30 

O 46.09 47.04 57.32 45.66 

Moisture (%) 7.69 7.15 10.27 7.50 

Ash (%) 11.18 2.51 12.93 0.30 

Energy (kJ/kg) 
DAF 

22.32 21.25 18.15 18.66 

Ash Melting (°C) 1227  1285 <1530 1350 

Volatile Matter 
(%) 

74.51 83.74 62.15 83.93 

Fixed Carbon 
(%) 

14.31 13.75 24.91 15.77 

Bulk Density 
(kg/m3) 

716 604 810 682 
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The downdraft gasification system being modelled functions as follows: 

• Downdraft Gasification Reactor: The biomass feedstock of interest is fed into 

the gasifier reactor where it is broken down into its gaseous components within 

the hearth of the reactor. The gasifying agent used to carry the reaction was 

air, as the cheapest and most abundantly available option. Gas travels along 

the system from the reactor to go through a variety of upgrading steps to 

improve its quality. The chemical reactions which take place during this stage 

are defined in Table 5.3. 

• Gas Cooling: The producer gas will be generated at temperatures in excess of 

800°C. This gas will then require cooling before gas cleaning through the water 

scrubber or application in downstream equipment can take place. Gas cooling 

will increase the energy density of the producer gas, making it more suitable for 

further use. Gas cooling can be carried out through many methods with the 

most common being passing the gas through cyclones and heat exchangers 

removing excess heat, to cool it to the desired level. 

• Solid Separator: While solid biomass is converted to gas during the reactions, 

some unconverted solids remain within the producer gas in the form of tars, 

ash, unconverted biomass or particulates. Passing the gas through cyclones 

and filters ensures the removal of this material during this stage and creates a 

cleaner gas for application. 

• Gas Scrubber: A producer gas containing low amounts of solids or impurities is 

then passed through the gas scrubber for one final cleaning and removal of 

unwanted components. During this stage moisture and any remaining tars are 

removed from the gas stream. A clean producer gas is the output from this 

module and can then be applied to further downstream equipment depending 

on the requirements. 

5.2.3 Gasification Simulation Characteristics 

During the reaction simulations, the system operates utilising a small number of 

assumptions for carrying out the process. These assumptions cover some of the basic 

characteristics of the reaction such the rate of feedstock input, the inlet temperature 

for the feedstock and gasifying agent, the pressure at which both inlets operate, as 

well as the equivalence ratio at which the reaction takes place. All assumptions for the 

reactions are summarised in Table 5.2. 
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Table 5.2 Gasification Assumptions 

 
Poultry Litter 

Pellet 

Digestate 

Pellet 

Miscanthus 

Pellet 

Input Rate (kg/h) 229 207 218 

Inlet Temperature (°C) 15 15 15 

Inlet Pressure (bar) 1.013 1.013 1.013 

Gasifying Agent Inlet Temperature (°C) 15 15 15 

Gasifying Agent Inlet Pressure (bar) 1.013 1.013 1.013 

Equivalence Ratio 0.35 0.35 0.35 

 

The input rate varies between feedstocks as it is based on a dry and ash free (DAF) 

basis. Material with a higher ash and moisture content will therefore require a higher 

input feed rate to ensure equivalent biomass is being introduced to the reaction as a 

material with less. Temperature and pressure at the inlet for both the feedstock and 

gasifying agent are based off ambient air temperature and ambient pressure. The 

pressure of 1.013 bar is equivalent to 1 atm. The equivalence ratio (ER) at which the 

reactions were carried out was 0.35. This was found through literature to be the 

optimum ER at which to carry out downdraft gasification of poultry litter, and was 

utilised for the other materials of interest to ensure comparability across feedstocks 

(Olgun et al., 2011; Salem and Paul, 2018). 

5.2.4 Chemical Reactions 

For the downdraft simulation, the biomass feedstock of choice is fed into the 

gasification system. In ECLIPSE, the gasification reactor is divided into 4 distinct 

zones, as displayed within Figure 5.3. Within each zone, specific reactions take place 

as part of the gasification process. These reactions are listed in Table 5.3. 
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Figure 5.3 Diagram of the zones in the gasification system 

 

A total of 13 reactions occurs within the 4 gasification zones during the conversion of 

the solid biomass feedstock into a producer gas. These reactions are defined within 

Table 5.3. In zone 1, decomposition of the biomass feedstock into its individual 

elements occurs. This includes C, H, N, S, O and what little chlorine (Cl) is present. 

The final step in zone 1 is these individual elements converting to their gaseous form 

in the shape of H2, N2, O2, COS, HCl and C. In zone 2, the reaction products from 

zone 1 are further converted to produce CO, CO2 and CH4. The next stage of the 

reaction occurs within zone 3, where the gasifying agent is introduced. For all reactions 

of interest, the gasifying agent is air at an ER of 0.35. In zone 3 the O2, H2 and C 

undergo further reaction which leads to the generation of CO, CH4 and CO2. Any 

remaining C, H2 and O2 at this point undergoes further transformation in zone 4, to 

generate extra CO, CO2, H2O and CH4. Each of these reactions is defined within Table 

5.3 and are named equation (1) – (13). 
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Table 5.3 ECLIPSE Gasification Zone Reactions 

Reaction 
Equation 
Number 

Gasification Zone 1 

Biomass → Tar Eq (1) 

Biomass → Breaks into Elements Eq (2) 

C → C; CL → HCl; H → H2: N → N2; S → COS; O → O2  

Gasification Zone 2 

O2 + 2 C → 2 CO Eq (3) 

O2 + 1 C → 1 CO2 Eq (4) 

H2 + 0.5 C → 0.5 CH4 Eq (5) 

Gasification Zone 3 

O2 + 2 C → 2 CO Eq (6) 

O2 + 1 C → 1 CO2 Eq (7) 

C + 2 H2 → 1 CH4 Eq (8) 

Gasification Zone 4 

O2 + H2 → 2 H2O Eq (9) 

O2 + 2 C → 2 CO Eq (10) 

O2 + 1 C → 1 CO2 Eq (11) 

O2 + 2 H2 → 2 H2O Eq (12) 

H2 + 0.5 O2 → 2 CH4 Eq (13) 

 

5.2.5 Solid & Scrubber Separator 

For the operation of both the solids separator, and the scrubber for water and tar 

removal, some further assumptions must be made about their operating conditions. 

For the removal of solids such as ash, particulates and unconverted biomass material, 

the most common techniques are filters (Valderrama Rios et al., 2018). For the 

simulation of the process, it is assumed that 90% of each of these materials is removed 

from the gas stream. Once the solids have been removed, the producer gas is fed to 

a scrubber separator for one final cleaning stage. This separator removes any 

remaining water or tar remaining in the gas stream. It is assumed that this separator 

also operates to remove 90% of these components. The scrubber separator method 

of choice would be a venturi scrubber, due to its high efficiency and relatively low-cost 

(Hasler and Nussbaumer, 1999). Both separators like the gasification system function 
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at 1.013 bar, or 1 atm. Parameters related to the separator are listed in Table 5.4. A 

layout of the ECLIPSE gasification system is displayed in Figure 5.4. 

 

Table 5.4 Separators Defined Parameters 

 Assumption 

Solid Separator 

Biomass Removed 90% 

Carbon Removed 90% 

Ash Removed 90% 

Scrubber Separator 

Water Removed 90% 

Tar Removed 90% 

 

Operating Pressure for Solid & Scrubber Separator (bar) 1.013 

 

 

Figure 5.4 ECLIPSE Gasifier Simulation Setup 
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5.2.6 Gasification Simulation Results 

Once all relevant process components had been defined and set up, the simulation of 

the downdraft gasification reactions took place. Results for the volumetric composition 

of the various producer gases are given in Table 5.5. Results are presented in kg/s 

from the mass balance of the simulation. LHV of the producer gases was calculated 

using the MJ/Nm3 values for energy content found in Waldheim and Nilsson (2001). 

 

Table 5.5 Simulation Producer Gas Composition 

 Poultry Litter 
Pellet 

Digestate 
Pellet 

Miscanthus 
Pellet 

 kg/s k mole/s kg/s k mole/s kg/s k mole/s 

CH4 0.0333 0.0021 0.0549 0.0034 0.0525 0.0033 

CO 0.2817 0.0101 0.2966 0.0106 0.541 0.0193 

H2 0.0095 0.0048 0.0235 0.0118 0.0154 0.0077 

CO2 0.5266 0.0120 0.5618 0.0128 0.5339 0.0121 

N2 1.3967 0.0499 1.9434 0.0694 2.4181 0.0864 

LHV 
(MJ/Nm3) 

 3.31  3.70  3.54 

 

5.2.7 Comparison 

For the comparison of results, we will compare the simulation results generated to 

those found through experimental analysis which was spoken about in greater detail 

in Chapter 4 – Experimental Results for Model Validation. Results are expressed as 

volumetric percentage for easy comparison between the two and are displayed in 

Table 5.6. 

 
Table 5.6 Comparison of Simulation & Experimental Results 

 Simulation Results 

  
  
  
  
  
  
  

Experimental Results 

 Poultry 
Litter 

Digestate Miscanthus 
Poultry 
Litter 

Digestate Miscanthus 

CH4 2.6% 3.2% 2.5% 1.2% 1.2% 1.4% 

CO 12.8% 9.8% 15.0% 11.4% 13.2% 13.9% 

H2 6.0% 10.9% 6.0% 18.8% 12.4% 8.4% 

CO2 15.2% 11.8% 9.4% 8.5% 9.8% 9.3% 

N2 63.4% 64.3% 67.1% 60.1% 63.4% 66.9% 

LHV 
(MJ/Nm3) 

3.31 3.70 3.54 3.91 3.44 3.17 

 
Results show good agreement between those generated from the ECLIPSE simulation 

and those found through experimental analysis. While most components in the 
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simulation are within a single percentage of those found experimentally, the difference 

between poultry litter H2 content from simulation to experiment is 12% different. The 

simulation underestimated the H2 content significantly. Importantly the LHV of the 

producer gas was still reasonably accurate, allowing the results to be utilised for further 

downstream application. Further analysis on why this may be will take place in the 

discussion chapter. 

 

Comparison of the results was then carried out with those found in published literature 

to ensure the validity of the results from the simulations and experiments. In Table 5.7 

a representative producer gas composition from each feedstock of choice is shown for 

comparison with simulation results. Good comparability between simulations and 

literature can be seen, where despite differing biomass compositions, gas composition 

is similar for poultry litter, digestate and miscanthus to what was predicted by the 

ECLIPSE simulation (Freda et al., 2019; Pandey et al., 2016; Samson et al., 2018). 

 

Table 5.7 Experimental Results from Literature 

 Poultry Litter 
Pellet 

Digestate 
Pellet 

Miscanthus 
Pellet 

 
Pandey et al. 

(2016) 
(v/v%) 

Freda et al. 
(2019) 
(v/v%) 

Samson et al. 
(2018) 
(v/v%) 

CH4 2.55 3.3 3.1 

CO 8.52 9.9 16.7 

H2 11.6 9.4 9.7 

CO2 13.22 14.0 16.6 

N2 58.53 62.5 53.9 

 

5.2.8 Blend Analysis 

As the reasoning behind the research is to compare the effect that utilising a blend of 

biomasses has on the gasification process, ECLIPSE was employed to carry out the 

relevant blend analysis using the simulation packages. To best represent the selected 

blend for analysis, two feedstocks where chosen within the software as the input 

feedstock, along with an averaged ash content and LHV. The blend of choice selected 

for the analysis was the 60/40 blend by weight of Poultry Litter and Wood Pellets. This 

particular blend showed good promise from the experimental analysis carried out on 

the small-scale fixed bed gasifier and was selected as a representative blend for 
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further analysis. Further blends were unable to be analysed due to time constraints of 

the project. Through the simulation software, accurate producer gas composition for 

the blend was generated, as well as application to downstream equipment for heat 

and electricity generation. CHP emissions from the blend were used as the basis for 

the LCA analysis carried out in Chapter 6. 

5.3 Producer Gas Application Simulation 
Once a finalised producer gas composition had been identified using the ECLIPSE 

simulation software, the resulting gas can then be applied to the next software suite of 

ECLIPSE, the utility package for downstream application. The proposed internal 

combustion engine CHP system is displayed in Figure 5.5. Through compression, 

combustion and expansion of the producer gas heat and electricity are generated from 

the system. Heat recovery also takes place within the system to ensure best possible 

efficiency is achieved. 

 

Figure 5.5 ECLIPSE CHP Block Diagram 

 
The conversion process being simulated by ECLIPSE is based off the following 

assumptions: 

• The producer gas generated from the simulation of the downdraft gasification 

process is used as the input fuel for the CHP system. 

• Input producer gas, along with air is fed to the system where it initially 

undergoes compression to increase fuel density. Any relevant assumptions 

required for this process are listed in Table 5.8. 

• Fuel gas then undergoes combustion within the reactor in the presence of air. 

Combustion reactions which are simulated at this stage are further described 

in Table 5.9. 
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• The high temperature and pressure gases generated in the combustion reactor 

move to the next stage of the process for expansion where the chemical energy 

of the system is converted to useful energy to produce electricity. Detailed 

assumptions of this stage are covered in Table 5.10. 

• The final step is heat recovery from the engine where a large proportion of the 

exhaust gases are recovered for recycling and used for drying, heating and 

supplying hot water. Heat exchangers within the engine are used as cooling 

systems, where water is utilised as the cooling agent for heat recovery 

purposes. Heat exchanger assumptions are detailed in Table 5.11. 

5.3.1 Application Assumptions 

As the output from the gasification simulation is used as the input for the CHP 

simulation, ensuring the accuracy of the results through validation with experimental 

results is imperative. Input fuels for this application are those listed in Gasification 

Simulation Results. The IC engine is modelled using an equivalence ratio for the air 

consumed of 1.8. Similar to the gasification simulation, the IC engine simulation is 

carried out at ambient temperature and pressure. The optimum equivalence ratio was 

found through the literature review, where Singh et al. (2015) found that 1.8 worked 

best for the combustion of producer gas. This coefficient was therefore used for the 

simulation of the combustion of all producer gases generated. 

 

Table 5.8 Producer Gas Conversion Assumptions 

 Parameter Assumption 

A
ir

 

Combustion Excess Air Coefficient 1.8 

Input Air Temperature (°C) 15 

Input Air Pressure (bar) 1.013 

  

C
o
m

p
re

s
s
io

n
 Gas Inlet Temperature (°C) 25 

Compression Pressure (bar) 22 

Compression Polytropic Efficiency (%) 91 

 

To model the compression stage, producer gas and air are compressed after passing 

through the cooler to ensure that the gas energy density is suitable for application. 

Gas temperature at the input is maintained at 25°C. Compressions pressure of 23 bar 
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is utilised with an efficiency of 91%. Following compression, the producer gas which 

remains pressurised to 23 bars is fed into the combustion reactor, where reactions 

take place generating CO2, H2O, NO2 and SO2. The combustion reactions which take 

place to produce these components at this stage are defined within Table 5.9. 

 

Table 5.9 Combustion Reactions Simulated 

Reaction Equation 

CO + 0.5 O2 → 1 CO2 Eq (14) 

H2 + 0.5 O2 → 1 H2O Eq (15) 

CH4 + 2 O2 → 2 H2O Eq (16) 

O2 + 0.5 N2 → 1 NO2 Eq (17) 

COS + 2 O2 → 1 CO2 + 1 SO2 Eq (18) 

 

Expansion simulation follows on from the combustion stage. This is where hot gases 

from the combustion reaction are converted to energy through expansion of 

pressurised gases into useful products, in this case electricity. The two assumptions 

which were made for this stage were related to engine back pressure and engine 

polytropic efficiency, which can be seen in Table 5.10. 

 

Table 5.10 Expansion Simulation Assumptions 

E
x
p

a
n
s
io

n
 Parameter Assumption 

Engine Back Pressure (bar) 1.08 

Engine Polytropic Efficiency (%) 91 

 

The attached cooling system is the final step to be defined before simulation can take 

place. This system is based off two heat exchangers recovering heat from the process. 

The heat exchangers use water as a coolant for the system. Both heat exchangers 

are calibrated to operate with a 10°C temperature difference. Heat exchanger data is 

displayed in Table 5.11. A layout of the ECLIPSE CHP process diagram is displayed 

in Figure 5.6. 
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Table 5.11 Simulation Heat Exchanger Assumptions 

 Heat Exchanger 1 Heat Exchanger 2 

Parameter Assumption 

Water Inlet Flow Rate (kg/s) 0.1 1 

Inlet Cooling Water Temperature (°C) 15 15 

Pump Volumetric Efficiency (%)  85 85 

Hot Stream Outlet Temperature (°C) 550 80 

Cold Stream Outlet Temperature (°C) 90 70 

Minimum Approach Temperature (°C) 30 5 

Heat Loss Percentage (%) 0.2 1 

Hot Side Pressure Drop (bar) N/A 0.25 

Cold Side Pressure Drop (bar) N/A 0.9 

 

 

Figure 5.6 ECLIPSE CHP Process Diagram 
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5.3.2 Results 

Once all relevant parameters had been defined, the CHP simulation of the various 

biomass generated producer gas was carried out. This simulation was carried out to 

identify the power generated, both electrical and thermal, alongside the system 

efficiency for each individual producer gas. Finalised results are displayed in Table 

5.12. 

Table 5.12 Technical Results from CHP Simulations 

 Results 

Parameter 
Poultry Litter 

Pellet 

Digestate 

Pellet 

Miscanthus 

Pellet 

Biomass Input (kg/h) 183.5 165.4 173.5 

Total Thermal Input (kWth) 763.4 1025.5 1023.7 

CHP Heat Output (kWth) 275.0 274.2 277.5 

Power Output (kWe) 200.0 200.0 200.0 

Net CHP Output 475.0 474.2 477.5 

Overall CHP Efficiency (%) 54.18 49.25 49.66 

Electric Power Efficiency (%) 22.82 20.77 20.80 

 

From the results we can see that the feedstock with the greatest efficiency is the 

poultry litter producer gas. The overall CHP efficiency for the poultry litter stream is 

54.18%, almost 5% greater than the next stream of miscanthus at 49.66% efficiency. 

The net output from each stream is similar, with 3.3 kW difference between the lowest 

and highest output. Similar efficiencies were found for another small-scale biomass 

gasification CHP system through the literature review. Patuzzi et al. (2016) found 

electrical efficiency of 23% and thermal efficiency of 52% for the conversion of wood 

chips. Similar conversion efficiencies were also found in Francois et al. (2013) and 

Huang et al. (2013), and therefore some belief that the simulation was accurate as the 

values are similar to those found in published literature. Results from the CHP 

application of the blended feedstock are displayed in Chapter 8 – Discussion. 

Comparison between single feedstock and blended are shown along with analysis and 

discussion on what the outcomes of the results are. 
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5.4 Economic Analysis 
Through the successful application of ECLIPSE’s economic analysis package, a 

complete understanding of the project’s finances can be generated. This takes place 

using classic capital budgeting indexes through the analysis of the systems NPV, the 

BESP for each MWh of electricity generated from the proposed producer gas 

application systems along with a discounted payback period (PBP) (in years) for the 

initial capital investment required for the complete installation of the systems 

equipment and ancillary components. NPV allows the user to identify under what 

conditions the system will generate a positive return on investment. This allows for the 

assessment of the economic feasibility of the project over the lifetime of the equipment 

utilised, with the initial capital cost and any applicable cash flow generated by the 

system (Wood and Rowley, 2011). It is a measure of the systems potential profitability, 

used to measure the net cash benefit created by a system (Li et al., 2012). It will be 

used to evaluate the potential profitability of the proposed CHP systems. NPV is a 

common financial indicator used across biomass CHP research, with examples of its 

use in (Cardoso et al., 2019; Elsner et al., 2017; Kempegowda et al., 2012; Ng et al., 

2017). The NPV scenarios generated to assess potential return on investment will be 

based off a cumulative cash flow, where each cash stream generated is added to the 

previous for a total value. Calculation of the NPV is through using the following 

equation: 

 

                                      𝑁𝑃𝑉 =  ∑
𝐶𝐹𝑛

(1+𝑟)𝑛
𝑡
𝑛=1 −  𝐶𝑐                        (12) 

where CFn is the annual total cash flow, which is the difference between revenues and 

expenditures, r is the discount rate, Cc is the total capital costs of the system and t is 

the lifetime of the equipment (22 years)(Safarian et al., 2020). Another financial 

indicator utilised for this analysis is the BESP of the electricity from the CHP generation 

systems being proposed. The BESP is the minimum price that each MWh of electricity 

produced by the system has to be sold for if the initial investment costs are to be 

recovered (Jeswani et al., 2019). Like NPV it has been used many times throughout 

CHP application research such as (Al Moussawi et al., 2017; Hany et al., 2019; 

Shackley et al., 2011). BESP is in other words the total cost associated with producing 

each MWh of electricity generated from the proposed systems. This would be the 
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same as the NPV of the system being equal to zero over the course of the equipment’s 

lifetime. The formula for calculating the BESP is: 

 

                        𝐵𝐸𝑆𝑃 =  
∑

(𝐼𝑖+𝑂𝑖+𝑀𝑖+𝐹𝑖)

(1+𝐷𝐶𝐹)𝑖
𝑁
𝑖=1

∑
𝐸𝑖

(1+𝐷𝐶𝐹)𝑖
𝑁
𝑖=1

                                      (13)                                                      

where Ii is investment expenditures in the year i, Oi and Mi are operation and 

maintenance costs in the year i, DCF is the discounted cash flow rate, Fi is the fuel 

cost, and Ei is the electricity produced in the year i, N is the expected lifetime of the 

system. The use of BESP alongside NPV and the discounted PBP will give a detailed 

analysis of the financial performance of the proposed energy generation systems. 

Discounted payback period is calculated as follows: 

 

                                      𝐷𝑃𝑃 =  

𝐿𝑁(
1

1−
𝐶𝑐 ×𝑟

𝐶𝐹

)

𝐿𝑁(1+𝑟)
                                     (14) 

Exact system components and results from the economic analysis are discussed in 

detail in Chapter 7 – Techno – Economic Analysis of the Downdraft Gasifier based 

CHP System. In this section we will discuss the simulation package utilised for this 

research, define the components within the simulation package and what is required 

to successfully carry out the analysis. An example of the software interface is 

displayed in Figure 5.7. To generate the total capital costs of the systems, values from 

literature were developed. From relevant downdraft gasification literature, costs 

associated with feedstock preparation, gasification systems, power generation 

process and all other relevant components were collected. Values were adjusted to 

the applicable sized unit through the use of a factor and converted to £ sterling using 

the applicable conversion ratio (Copa et al., 2020; Elsner et al., 2017; Jeswani et al., 

2019). A full breakdown of the capital cost for each system is available in the 

appendices. 
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Figure 5.7 ECLIPSE Economic Package 

We can see that within the ECLIPSE economic analysis package, there are 7 units 

which require some level of definition. These are: 

 

1 Stream Costing Data: The first component which requires definition is the stream 

costing. Within here the streams of the system components can be defined, 

along with their flow rate and associated costs. These costs can either be 

positive or negative in relation to the system, depending on set up. For example, 

an energy source being replaced could be listed, with the price in p/kWh. This 

could also be a tariff payed, such as the cost associated with purchasing a 

feedstock. Streams can be defined as being sold, purchased, defined as a 

disposal charge or be listed as having no commercial value. Many options are 

covered within the software to ensure all possible set up variations can be 

modelled. 
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2 The currency option is the next to require definition and is the straightest 

forward. Using recent exchange rates, the software allows the user to carry out 

the analysis in different currencies depending on preference: euro (€) or pound 

sterling (£). 

3 The load factor allows for the user to represent at what capacity the power 

generation system will operate during the course of its lifetime. The systems first 

year will be disrupted by installation and commissioning requirements and 

therefore may only operate in the region of 30% capacity in its first year. This 

will then increase with passing time as the system comes online and becomes 

operational. This will increase up to approximately 80% taking into account the 

downtime that will be required for annual servicing and maintenance of 

components. 

4 The centre section of the page is where further economic factors and indices 

are listed, with each requiring definition for the particular energy generation 

system of interest. These include the construction time (in years), the plant life 

(in years), the contingency required (% of total Engineering, Procurement and 

Construction costs (EPC)), discounted cash flow rate (DCFR), tax rate and loan 

interest rate (all %). For construction time the build can be defined by how much 

will take place each year. Contingency is the money required to cover the 

unforeseen costs which may be incurred during the construction phase. The 

DCFR is the rate at which you discount cash flow in the future, giving a value to 

your cash at a set point in the future. 

5 The power generation is the net electrical power output from the system. This is 

listed as kW and considers the parasitic load that the equipment may use. 

Parasitic load is the portion of the electricity generated used by the equipment. 

6 No Fuel OpEx: These are the values associated with insurance, operation and 

maintenance costs. They can be an absolute or relative value. Values are taken 

from similar research carried out on gasification technology (Huang et al., 2020, 

2015). Insurance and operation costs are generally lower than 1.5% and 5% of 

the total capital expenditure, but due to the relatively low level of investment that 

these systems represent, these values have been chosen to better represent 

the system of choice. 

7 The final component is the capital expenditure. This includes a breakdown of 

the fixed capital costs; the utility capital costs and commissioning costs amongst 
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others. Using both ECLIPSE and relevant references, the accurate total capital 

expenditure can be calculated. Once completed, NPV, BESP and payback 

period can be derived. 

5.5 Summary 
Using an appropriate simulation software, the downdraft gasification of biomass 

feedstocks and producer gas application can be accurately estimated. ECLIPSE was 

chosen as the method of choice due to its robust yet simple design, and applicability 

for the technologies of interest. Definition of the biomass composition and 

characteristics, along with defining the layout of the conversion systems of interest is 

required for accurate representation of the system being researched. Through the 

various computational packages that make up the process simulation software, 

accurate producer gas composition, LHV and yield were generated. This producer gas 

was then applied to the appropriate downstream equipment using the next package of 

ECLIPSE software for CHP application through internal combustion engine (ICE) and 

Organic Rankine cycle (ORC) representation. Once completed, the final stage of the 

software could be completed, which covered the economic analysis of the proposed 

energy generation methods. This included financial indicators such NPV, BESP and a 

PBP for the initial capital investment. 

 

Accurate producer gas composition was found using a combination of mass, energy 

and exergy balances. Once the gas composition had been found, the results were 

compared to those found through experimental analysis and literature. The 

subsequent findings were adjusted where necessary to ensure the accuracy of the 

results. Once reliable results were identified from this analysis, they could then be 

used for multiple applications throughout the research such as CHP application 

estimations, economic analysis of the project and for accurate emissions analysis for 

use in the LCA carried out in Chapter 6. All of this work was carried out with the aim 

of comparing the influence that blends of biomass feedstocks have on the downdraft 

gasification and producer gas application process. Through accurate simulation of the 

60:40 blend of poultry litter and wood pellets, the comparison of all relevant 

gasification, application and economic parameters was carried out through the use of 

the ECLIPSE simulation package. 
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Chapter 6 – Life Cycle Assessment of Small – Scale 
Biomass Gasification CHP 

6.1 Introduction 
Dwindling reserves of fossil fuels and the threat caused by climate change has led to 

an international push for an increased uptake in renewable energy technology. To 

achieve this, improve energy market sustainability and guarantee energy security into 

the future we must ensure that sufficient renewable energy technology is brought 

online not only in the UK and Europe, but globally too. If a portion of current fossil fuel 

energy generation could be substituted for waste to energy technology, multiple 

societal issues could be solved at once. One such technology that could potentially 

assist in this capacity is downdraft gasification coupled with downstream energy 

producing equipment. 

 

Currently there is much debate surrounding the environmental impact of many new 

renewable energy technologies, and whether they are as sustainable as they claim. 

The most common bioenergy types currently in use are biofuels (Yang and Chen, 

2014). Examples of these are biodiesel or bioethanol from vegetable oils or sugars 

respectively. These are known as 1st  generation biofuels and are lacking the level of 

support other renewables receive due to their impact on food resources, competition 

with other crops or potential negative biodiversity effects (Yang and Chen, 2014). To 

avoid these issues the use of 2nd generation biofuels has become more attractive, with 

residues and wastes from industry a reliable source. To fully understand the 

environmental impact of any product, system or process, a technique has been 

devised. This is through what is commonly known as Life Cycle Assessment (LCA). 

LCA is a decision support tool that provides evidence based evaluations of the 

different energy generation pathways (Pérez-Camacho et al., 2018). It can be defined 

as a method for evaluating the environmental performance of products, processes or 

technological system (Prestipino et al., 2021). LCA does this through quantifying the 

entire material and energy input and output of a product or process over its entire life 

cycle, or from cradle to grave (Shie et al., 2014). This method for evaluating the 

environmental performance of an energy system has been used by many researchers 

previously. Examples include crop residue gasification (Yang and Chen, 2014), biogas 

production (Natividad Pérez-Camacho et al., 2019), sewage sludge and woody 
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biomass co-gasification (Ramachandran et al., 2017) and a comparison of different 

thermochemical conversion technologies (Patel et al., 2016). Results of these analysis 

can vary depending on the boundary conditions of what is included, but through the 

use of applicable software, a recognisable functional unit and a broad boundary, an 

accurate representation of the environmental performance of the system may be 

generated. 

 

LCA has many potential functions and can assist with recognising opportunities to 

increase the environmental performance of a system or product, can inform policy or 

strategy when used by industry, government or other organisations, assisting with the 

selection of appropriate indicators of environmental performance and support 

environmental marketing through an evidence based approach (British Standards, 

2020). 

 

A successful LCA study should consist of four main parts: 

1. The goal and scope definition phase 

2. The inventory analysis phase 

3. The impact assessment phase 

4. The interpretation phase 

 

The goal and scope phase are where the system boundaries are set, to identify all 

relevant parameters for inclusion. The level of detail included within the work depends 

on the subject, the intended audience and use of the work. Complexity of the LCA can 

vary between studies depending on the overall goal. 

 

The 2nd phase necessary to carry out the LCA is the life cycle inventory (LCI) phase. 

It’s in this stage that an account of all relevant input and output materials are collected 

for the system of interest. All relevant data is collected as required to achieve the goals 

of the study. 

 

The impact assessment phase is necessary to provide extra information to interpret 

the results of the LCI phase. This is carried out to better understand the environmental 

significance of the results generated. 
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The final phase is life cycle interpretation. In this the results are summarised and 

discussed. Any conclusions, recommendations or decisions are made from these 

results within the goal and scope of the assessment (British Standards, 2020). How 

these phases are connected, and how they are reliant on each other can be seen in 

Figure 6.1 Phases of an LCA. 

 

  

Figure 6.1 Phases of an LCA 

6.2 Materials & Method 

This section of the research utilises LCA to evaluate the cradle to grave environmental 

impact that the proposed downdraft gasification combined with a CHP system for heat 

and electricity generation would have if it were operational, with Northern Ireland used 

as the test area. The LCA analysis was carried out following the appropriate ISO 

standard, BS EN ISO 14040:2006+A1:2020. SimaPro software package, version 

9.2.0.2, along with Ecoinvent database 3.5 was used to carry out the life cycle 

assessment study. SimaPro was selected as the LCA software of choice as it 

allows for the examination of data collected for the inventory to be 

interpreted in line with the principles of LCA ISO standards. SimaPro is also the 

software of choice for a number of peer reviewed articles, which have been used to 

assist with this research, due to the detailed databases it contains (P. W. R. R. Adams 
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and McManus, 2014; Arteconi et al., 2013; Pérez-Camacho et al., 2018; Rolfe et al., 

2018). 

6.2.1 Goal & Scope 

The goal of this study was to evaluate and compare the environmental performance 

of electricity and heat generated through different methods. This will be done through 

a cradle to grave approach, where all materials and energies in the systems are 

included within the scope as is displayed in Figure 6.3 Boundary Conditions of LCA 

analysis. A comparison will be carried out between the different electricity and heat 

generation scenarios. Small scale downdraft gasification coupled with a CHP is the 

energy conversion method of choice for this comparison. Heat and electricity 

generated through the proposed system will be compared to grid electric and 

traditional heat generation methods in terms of its environmental impact through the 

ReCiPe 2016 Midpoint (H) and ReCiPe 2016 Endpoint (H) impact assessment 

methods. ReCiPe is the method of choice for many LCA reports carried out, with 

multiple authors utilising it for their research (P. W. R. R. Adams and McManus, 2014; 

Pérez-Camacho et al., 2018). The midpoint method evaluates the environmental 

performance of a system in 18 distinct categories. These are; global warming potential, 

stratospheric ozone depletion, ionizing radiation, ozone formation (human health), fine 

particulate matter formation, ozone formation (terrestrial ecosystems), terrestrial 

acidification, freshwater eutrophication, marine eutrophication, terrestrial ecotoxicity, 

freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, human non-

carcinogenic toxicity, land use, mineral resource scarcity, fossil resource scarcity and 

water consumption. Endpoint summarises the results into 3 easily understandable 

impact categories; human health, ecosystems and resources. From Figure 6.2 the 

relationship between midpoint impact categories and endpoint is displayed. If a system 

impacts particulate matter or ionizing radiation, it could add to damage of the human 

health. Similarly, freshwater ecotoxicity and eutrophication are examples of damage 

to the ecosystem. Through comparing each individual energy generation system 

against both methods and all associated environmental impact categories, it will be 

possible to identify which method performs better in terms of environmental impact. 
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Figure 6.2 Overview of ReCiPe 2016 Impact Categories (Huijbregts et al., 2016) 

 

A number of distinct scenarios involving the proposed system will be investigated, 

where the producer gas generated will be applied to a CHP engine for electricity and 

heat production. To ensure a thorough investigation and a complete understanding of 

the environmental impact of the proposed system 4 distinct assessments will be 

carried out to cover all aspects of potential impacts. These assessments are: 
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1. Comparison of electric from the national grid to electricity produced through 

downdraft gasification of single biomass feedstocks connected to a CHP 

system 

2. Comparison of heat from traditional sources such as natural gas or liquid 

petroleum gas (LPG) combustion to heat from single feedstocks in the 

downdraft CHP system 

3. Comparison of electric from the national grid to electricity produced through 

downdraft gasification of the best quality (LHV) blend of feedstocks 

4. Comparison of heat from traditional sources such as natural gas or liquid 

petroleum gas (LPG) combustion to heat from the best quality (LHV) blend of 

feedstocks applied to the CHP system 

 

These scenarios have been chosen to compare current electricity generation and its 

environmental impact to the proposed system, identifying the advantages and 

disadvantages associated with each in terms of their environmental impact. The single 

feedstock generation method will be utilised as a benchmark for comparison of the 

blended electricity generation. This research could benefit those who make policy as 

well as potential users of the technology, such as those who generate biomass as a 

by-product from an industrial process. 

6.2.2 Modelling 

LCA is a functional tool that has been utilised to assess the environmental 

performance of the energy production scenarios. These scenarios are the generation 

of electricity from the downdraft gasification of biomass and the application of the 

producer gas to downstream equipment for heat and electricity production. The 

biomass materials of interest are: 

 

• Poultry Litter 

• Anaerobic Digestion Digestate 

• Miscanthus 

• Wood Pellet 

 

The study has been carried out using SimaPro version 9.2.0.2 along with the 

Ecoinvent database 3.5. Emission results from the individual biomass energy 
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generation methods, as well as the blended feedstocks, have been produced from the 

validated ECLIPSE modelling which took place earlier. Reaction by-products such as 

tar and ash have been included from the ECLIPSE results as well. 

6.2.3 Functional Unit & System Boundaries 

The functional unit (FU) of the LCA is a critical component for comparison between 

different systems. It is defined within the ISO standard as a quantified performance of 

a product system to be used as a reference unit (British Standards, 2020). Within this 

study two FU’s are utilised for comparison of different energies. When comparing 

electricity, the FU of choice is 1 kWh of net electric delivered to the grid, and when 

comparing heat, the FU of choice is 1MJ of thermal energy produced. This was 

identified as the most appropriate functional unit choice, so that the environmental 

performance of the energy production through the downdraft gasification system can 

be compared to current UK grid electric and traditional heat generation methods. This 

functional unit was chosen in agreement with other research covering similar topics 

such as Adams and McManus (2014). 

 

System boundaries have been set to include all pertinent energy and material flows 

as can be seen in Figure 6.3 Boundary Conditions of LCA analysis. For the scenarios 

of interest this includes the planting, harvesting and transport of miscanthus from field 

to farm. Poultry litter and AD digestate’s boundary begins with collection from poultry 

sheds between crops for the litter and collection from the AD process for the digestate. 

Each material requires drying, commuting and pelleting. Wood Pellets as the blend 

material is adjudged to be derived from factory waste wood. Once the materials have 

been applied to the gasification process, relevant process wastes include tars, ash 

and emissions to both air and water. Application of the producer gas to an engine for 

heat and electricity production will generate further emissions such as low levels of 

particulates and some CO2 amongst other things. 
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Figure 6.3 Boundary Conditions of LCA analysis 

6.2.4 Alternative Generation Methods 

To ensure the validity of the comparison being carried out, the alternative energy 

generation methods were chosen to represent the standard methods through which a 

rural farm in Northern Ireland would receive their power or self-generate if required. 

The most common source of electricity for most agricultural or industrial application is 

through the use of grid electric. This has previously been utilised for research carried 

out by Natividad Pérez-Camacho et al. (2019) for comparing CHP application of AD 

produced biogas for electricity generation to that of the grid. Across the UK, the most 

common method for rural heat generation is through the combustion of fossil fuels 

such as natural gas or LPG. In research carried out by Jeswani et al.(2019), they 

compared heat and electricity from poultry litter gasification and CHP application to 

grid electric and natural gas CHP combustion. This research will therefore follow a 

similar approach and include LPG derived heat to ensure older installations are 

covered within the scope of the research. In Northern Ireland alone there are 15,000 

LPG users in both the industrial and domestic settings (DfE, 2022). 
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6.3 Inventory 
To ensure the accuracy and validity of the LCA work being carried out, an inventory of 

material and energy flows for the entire system must first be produced. This is the most 

crucial step during the course of the assessment, as correctly quantifying the flows 

between techno sphere and the product will guarantee the strength of the results 

produced from the assessment. A significant portion of the LCA analysis is therefore 

gathering the relevant data for this inventory. The following are the results of the data 

gathering inventory. Results are also summarised in Table 6.1 along with assumed 

electrical and thermal efficiencies for the system. 

 

The account of what is required for each biomass material to be converted into energy 

is dependent on the feedstock, but similarities are present between streams also. For 

poultry litter gasification, for the generation of 1 MJ of heat through CHP application of 

the producer gas generated, 755kg of fresh poultry litter material is required. This 

material will also generate 734kWh of electrical energy from the CHP process. 

Processing energy required for collection, commuting or drying of the material will be 

approximately 244kWh/tonne of material utilised. This comes from analysis carried out 

by the European Pellet Council (EPC, 2021a). For the 755kg of PL this equates to 

184.3kWh of energy. Tar and ash content from the process is calculated from the 

proximate analysis of the feedstock, which identified the ash content at 12.9%. For 

each MJ of heat generated 97.7kg of ash are generated. Tar content is slightly lower 

at 25.6 kg per MJ of heat. Final emissions from the system are those to air which 

include carbon dioxide (CO2), sulphur dioxide (SO2), oxygen (O2), nitrogen (N2), argon 

(Ar) and carbon monoxide (CO). Each MJ of heat from the system will generate 

1097kg CO2, 6.2kg SO2, 98.7kg O2, 2937kg N2, 49kg Ar and 3.9kg CO. 

 

For digestate gasification, the generation of 1MJ of heat through CHP application of 

the producer gas will require 562kg of digestate being fed into the system. 748kWh of 

electric will also be generated alongside the heat from the CHP process. Utilising the 

same reference from the pellet council, 137kWh of electric will be required for the pre-

processing of the material for every MJ of heat generated. Ash content of the feedstock 

is 11.18%, therefore 62.79kg of ash will be generated from the process along with 

59.9kg of tar. Emissions to air from the process are slightly lower than those from PL 
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with 845kg CO2, 3.6kg SO2, 81.9kg O2, 2393kg N2, 40.6kg Ar and 3kg CO per MJ of 

heat generated. 

 

Miscanthus gasification again follows a similar trend to the two previous feedstocks, 

with 533kg of miscanthus required to generate 1MJ of thermal energy. This will also 

generate 745kWh of electrical energy from the CHP process. Required for pre-

processing of the miscanthus material will be 135kWh of electrical energy. Low ash 

content of miscanthus (2.51%) means only 13.88kg of the material is generated, 

alongside 47.07kg of tar. Emissions to air from miscanthus gasification include 772kg 

CO2, 3.2kg SO2, 1812kg N2, 30.8kg Ar and 2.6kg CO. 

 

The final stream requiring definition in terms of inputs and outputs is the optimised 

blend of biomasses which has been identified through experimental analysis. This is 

the Poultry Litter/Wood Pellet blend with a ratio of 60/40 by weight. With this stream 

of feedstock for the generation of 1MJ of thermal energy, the inputs required are 400kg 

of PL and 267kg waste wood. The electrical load generated as part of the CHP process 

for this feedstock is 730kWh. Pre-processing of the material will require 162.7kWh for 

drying, commuting or similar. As clean wood waste will have a very low ash content 

(0.3%), the overall ash generated will be 52.5kg per MJ heat, which is significantly 

lower than the single stream PL technique at 97.7kg. Tar content of the material is 

25.65kg. The final emissions to air from this system are 650kg CO2, 4.2kg SO2, 

228.7kg O2, 2854.8kg N2, 48.4kg Ar and 1.6kg CO. 
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Table 6.1 Inventory for LCA Analysis 

  

Poultry 
Litter 
Pellet 

Digestate 
Pellet 

Miscanthus 
Pellet 

Blended 
Feedstock  

(60/40 PL/WP) 

Input (t/h) 0.76 0.56 0.55 0.67 

Gas Production (m3/h) 1529.24 1307.08 1468.84 1602.28 

Heat Output (MW) 1.001 1.000 1.000 1.000 

Electrical Output (MWh) 0.73 0.75 0.75 0.73 

Electrical Efficiency (%) 20.34 22.89 24.3 22.85 

Thermal Efficiency (%) 48.06 53.47 56.94 54.16 

CO2 Emissions (tonne/h) 1.10 0.85 0.77 0.65 

SO2 Emissions (kg/h) 6.16 3.60 3.22 4.28 

Ash (kg) 97.67 62.79 13.88 52.54 

Tar 25.65 59.97 47.07 25.65  

 

6.4 Results & Discussion 

Once the goal, scope, functional unit, system boundaries and inventory have all been 

defined the results of the LCA analysis can be generated. The results are displayed in 

graphical form for each, with an adjoined table to further describe the results generated 

from the analysis. All results are displayed in percentage (%) of damage to the 

environment, known as characterisation of the results. When comparing the different 

systems environmental impact across the 18 midpoint categories along with the 3 

endpoint categories, the greater the negative percentage impact, the more beneficial 

to the environment the result is in that impact category. Conversely the larger the 

positive impact, the more harm caused to the environment in that category. 

6.4.1 Single Stream Electric vs Grid 

The first comparison carried out as part of the LCA was the comparison of electricity 

sources, comparing the environmental impact of 1kWh of electricity from 4 different 

sources. Downdraft gasification of poultry litter, digestate and miscanthus and applying 
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the producer gas to a CHP system for electricity generation are the first 3 scenarios. 

The 4th source of electricity is obtaining the equivalent 1kWh of electricity from the 

Northern Ireland grid. 

Midpoint Analysis 

Midpoint analysis to quantify the environmental impacts of the process is carried out 

to identify the emissions from the system and associate them with their original source. 

It is widely used for its holistic set of impact categories which offer a broad overview 

of the systems emissions (Guest et al., 2011). 

 
 

Figure 6.4 Midpoint Comparison of Environmental Impact of 1kWh of Electricity from 4 
Sources 

In Figure 6.4 we can see that as a general trend, the electricity generated from the 

downdraft gasification of biomass and applied to a CHP system has a lower 

environmental impact than electricity from the Northern Ireland grid. This is shown 

through the blue, orange and green bars representing the various biomass being 

below 0, and into negative impacts, where the red bar representing grid electric is 

above the 0 mark with a harmful positive impact in nearly all categories. The figures 

associated with each category are displayed in Table 6.2 Midpoint Percentage Results 
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from Comparison of Environmental Impact of 1kWh of Electricity from 4 Sources. In all 

18 of the categories of interest, electricity from PL and digestate has a negative impact 

when compared to electricity from the grid. Electricity from miscanthus gasification 

outperforms NI grid electric in 16 out of the 18 categories of interest. Only in marine 

eutrophication and land use does it fare worse, due to the emissions from the planting, 

growing and harvesting processes as well as using land for growing that could be used 

for other purposes such as food. To put the figure into some context, for the year 

ending in June 2021, 54.6% of the electricity generated across Northern Ireland came 

from non-renewable resources (NISRA, 2021). This works out to be an average of 

approximately 339g CO2/kWhe generated. To avoid some of these therefore 

unnecessary CO2 emissions, the switch to the proposed downdraft gasification of 

waste system would be beneficial. Future introduction of further renewable 

technologies to the grid will lower the average CO2/kWhe and therefore impact on the 

results generated here. Of the 4 electricity generation scenarios compared, PL 

gasification and CHP application is the best performing in terms of environmental 

impact. 
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Table 6.2 Midpoint Percentage Results from Comparison of Environmental Impact of 1kWh 
of Electricity from 4 Sources 

Label 
Poultry 

Litter (%) 
Digestate 

(%) 
Miscanthus 

(%) 
NI Grid (%) 

Global Warming -22 -25 -22 100 

Stratospheric Ozone 
Depletion 

-10 -25 8.9207 100 

Ionizing Radiation -100 -4 -3 16.0954 

Ozone Formation, Human 
health 

-15 -25 -21 100 

Fine Particulate Matter 
Formation 

-15 -25 11.1647 100 

Ozone Formation, 
Terrestrial Ecosystems 

-15 -25 -21 100 

Terrestrial Acidification -14 -25 14.0681 100 

Freshwater Eutrophication -100 -10 12.5507 42.722 

Marine Eutrophication -32 -3 100 11.8908 

Terrestrial Ecotoxicity -6 -25 -21 100 

Freshwater Ecotoxicity -41 -25 -17 100 

Marine Ecotoxicity -38 -25 -17 100 

Human Carcinogenic 
Toxicity 

-73 -25 -17 100 

Human Non-Carcinogenic 
Toxicity 

-18 -6 -100 26.0537 

Land Use -8 0 100 1.3873 

Mineral Resource Scarcity -23 -25 5.39 100 

Fossil Resource Scarcity -23 -25 -23 100 

Water Consumption -30 -25 -16 100 

 

Endpoint Analysis 

Endpoint analysis was carried out to identify final damages which are caused by the 

proposed energy generation systems. Unlike the broad range found through midpoint 

analysis, endpoint summaries the results into 3 easily understandable categories for 

final impact assessment. 
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Figure 6.5 Endpoint comparison of 1kWh of Electricity from 4 Sources 

 
From Figure 6.5 we can see that the producer gas generated 1kWh of electric has 

much less of an impact on the 3 categories than the grid equivalent. Under these 

conditions, the best performing in terms of environmental impact is the digestate 

generated electricity, which consistently shows the lowest impact across all impact 

categories. Compared to grid electric, the proposed system has a large benefit in 

terms of human health, resources and ecosystems. Miscanthus produced electric 

shows slightly less favourable than poultry litter and digestate through the 22.7% 

impact on ecosystems. This can again be associated with the use of land and 

machinery for planting and harvesting of the material. Table 6.3 shows the breakdown 

of these results, with all biomass generated electricity outperforming grid electric in 

each impact category. 
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Table 6.3 Endpoint Percentage Results from Comparison of Environmental Impact of 1kWh 
of Electricity from 4 Sources 

Label 

Electricity 
from Poultry 

Litter 
Gasification 

Electricity 
from 

Digestate 
Gasification 

Electricity from 
Miscanthus 

Pellet 
Gasification 

Electricity 
from NI 

Grid 

Human Health -20 -25 -8 100 

Ecosystems -23 -25 22.7607 100 

Resources -11 -25 -23 100 

 

6.4.2 Single Stream Heat vs Traditional Methods 

The second comparison which is carried out as part of the LCA, is similar to the first 

but compares heat generated from the proposed system in place of electricity. 1 MJ 

of heat generated from the application of the producer gas from the 3 biomass 

feedstocks, poultry litter, digestate and miscanthus, to a CHP system is compared the 

equivalent 1MJ of heat generated through two traditional methods. The traditional 

methods are combustion of natural gas or LPG in a simple boiler system. Midpoint and 

endpoint analysis have again been utilised to ensure a clear understanding of the 

overall environmental impact each system has. Midpoint results are displayed in both 

Figure 6.6 Midpoint Comparison of Environmental Impact of 1 MJ of Heat from 5 

Sources and Table 6.4 Midpoint Percentage Results from Comparison of 

Environmental Impact of 1MJ of Heat from 5 Sources, while endpoint results are in 

Figure 6.7 Endpoint comparison of 1MJ of Heat from 5 Sources and Table 6.5 

Endpoint Percentage Results from Comparison of Environmental Impact of 1MJ of 

Heat from 5 Sources. 
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Midpoint Analysis 

 
Figure 6.6 Midpoint Comparison of Environmental Impact of 1 MJ of Heat from 5 Sources 

In Figure 6.6, like the midpoint comparison of 1 kWh of electric, the midpoint 

comparison of 1 MJ of heat shows similar results. This is that all heat generated from 

the CHP application of producer gas is more environmentally friendly than the 

traditional heat generation methods found in Northern Ireland. This can be seen 

through the large drops into the negative percentages visible in Figure 6.6 for the 

green, orange and blue columns representing poultry litter, digestate and miscanthus 

generated heat. Heat from the miscanthus system is better for the environment in 11 

of 18 impact categories but is also more harmful in the other 7 categories. Through 

growing of a separate crop for energy production new issues are being raised, in 

comparison to energy harnessed from a waste resource. Results for heat from LPG 

and natural gas are difficult to view on the graph, as they are small positive numbers. 

This can be verified by reading the results listed in Table 6.4 Midpoint Percentage 

Results from Comparison of Environmental Impact of 1MJ of Heat from 5 Sources, 
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where despite their small size, the environmental impact from the heat for both is a 

positive number. This means that the environmental impact of LPG and NG generated 

heat is more damaging in their impact categories than the heat generated from the 3 

downdraft biomass feedstock systems of interest. This is promising for the downdraft 

gasifier coupled with CHP technology, as so far both electricity and heat generated 

from the system is significantly more environmentally friendly than the traditionally 

used energy sources. 

 
Table 6.4 Midpoint Percentage Results from Comparison of Environmental Impact of 1MJ of 

Heat from 5 Sources 

Label 
Poultry 
Litter 

Digestate Miscanthus LPG Natural Gas 

Global Warming -90 -100 -89 0.0127 0.0084 

Stratospheric Ozone 
Depletion 

-42 -100 36.2529 0.0164 0.0032 

Ionizing Radiation -100 -4 -3 0.0019 0.0001 

Ozone Formation, 
Human health 

-59 -100 -84 0.0101 0.0017 

Fine Particulate 
Matter Formation 

-60 -100 45.3734 0.0131 0.0005 

Ozone Formation, 
Terrestrial 
Ecosystems 

-59 -100 -84 0.0106 0.0017 

Terrestrial 
Acidification 

-57 -100 57.1733 0.012 0.0004 

Freshwater 
Eutrophication 

-100 -11 12.7388 0.004 0.0001 

Marine Eutrophication -31 -3 100 0.0017 3.85E-05 

Terrestrial Ecotoxicity -22 -100 -87 0.0058 0.0002 

Freshwater 
Ecotoxicity 

-100 -62 -43 0.0049 0.0003 

Marine Ecotoxicity -100 -66 -46 0.006 0.0014 

Human Carcinogenic 
Toxicity 

-100 -34 -24 0.0059 0.0006 

Human Non-
Carcinogenic Toxicity 

-18 -6 -100 0.0013 9.02E-05 

Land Use -8  100 0.0002 4.31E-06 

Mineral Resource 
Scarcity 

-94 -100 21.9044 0.0173 0.0028 

Fossil Resource 
Scarcity 

-92 -100 -91 0.0624 0.0121 

Water Consumption -100 -84 -54 0.0279 0.0043 
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Endpoint Analysis 

 
Figure 6.7 Endpoint comparison of 1MJ of Heat from 5 Sources 

Further details on the impact of heat from the proposed energy generation system 

compared to traditional heat generation methods can be harnessed from Figure 6.7 

Endpoint comparison of 1 MJ of heat from 5 sources. All 3 biomass sources of heat 

provide a much more sustainable and environmentally friendly impact than the 

traditional heat sources, similar to the results seen for the electric comparison. Both 

fossil fuel sources show slightly positive results as can be seen in Table 6.5. 

Miscanthus again shows a bad environmental performance for the ecosystems impact 

category when compared to all other heat sources, through its need for planting, 

harvesting and potentially using fertilizers to assist with growing. 

 
Table 6.5 Endpoint Percentage Results from Comparison of Environmental Impact of 1MJ of 

Heat from 5 Sources 

Label 
Heat from 

Poultry Litter 
Gasification 

Heat 
from 
LPG 

Heat from 
Natural 

Gas 

Heat from 
Digestate 

Gasification 

Heat from 
Miscanthus 
Gasification 

Human Health -79 0.0132 0.0037 -100 -34 

Ecosystems -93 0.0127 0.0053 -100 92.4996 

Resources -43 0.062 0.0098 -100 -93 
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6.4.3 Blend Electric vs Grid Electric 

The next relevant comparison carried out was to compare the environmental impact 

that 1kWh of electricity generated from the Poultry Litter/Wood Pellet blend has 

compared to 1kWh of grid electricity in Northern Ireland. The blend used was 60/40 

PL/WP by weight. This blend was identified through experimental analysis as being a 

promising mixture for producer gas generation. With comparisons previously showing 

the benefit of utilising electricity and heat from the proposed waste to energy system, 

the trend is expected to continue here when using midpoint and endpoint 

environmental impact categories. 

 

Like the previous section, results for midpoint analysis are displayed in Figure 6.8 

Midpoint Comparison of Environmental Impact of 1 kWh of Electric from Blended 

System vs NI Grid and Table 6.6 Midpoint Percentage Results from Comparison of 

Environmental Impact of 1kWh of Electricity from Blended System & NI Grid. Endpoint 

results are displayed in Figure 6.9 Endpoint comparison of 1kWh of Electricity from 

Blend vs Grid and Table 6.7 Endpoint Percentage Results from Comparison of 

Environmental Impact of 1kWh of Electricity from Blend vs. Grid. 
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Midpoint Analysis 

 
Figure 6.8 Midpoint Comparison of Environmental Impact of 1 kWh of Electric from Blended 

System vs NI Grid 

We can see in Figure 6.8, that the 1 kWh of electricity generated from the downdraft 

gasification of the poultry litter and wood pellet blend has substantial environmental 

benefits when the midpoint comparison to 1kWh electricity from the Northern Ireland 

grid is carried out. In each environmental impact category of interest, the impact from 

the blended system is significantly more environmentally friendly than that of its NI grid 

counterpart. The results indicate a consistent performance across each category, with 

123% difference in the environmental impact of the category between systems. This 

performance follows the earlier trend associated with energy from the proposed 

downdraft gasification system, where both heat and electricity are more sustainable 

when generated through them than the national grid or traditional heat sources. 
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Table 6.6 Midpoint Percentage Results from Comparison of Environmental Impact of 1kWh 
of Electricity from Blended System & NI Grid 

Label 

1 kWh 
Electricity from 
Poultry Litter 

Blend  

1 kWh 
Electricity 

from NI Grid 

Global Warming -23 100 

Stratospheric Ozone Depletion -23 100 

Ionizing Radiation -23 100 

Ozone Formation, Human Health -23 100 

Fine Particulate Matter Formation -23 100 

Ozone Formation, Terrestrial 
Ecosystems 

-23 100 

Terrestrial Acidification -23 100 

Freshwater Eutrophication -23 100 

Marine Eutrophication -23 100 

Terrestrial Ecotoxicity -23 100 

Freshwater Ecotoxicity -23 100 

Marine Ecotoxicity -23 100 

Human Carcinogenic Toxicity -23 100 

Human Non-Carcinogenic Toxicity -23 100 

Land Use -23 100 

Mineral Resource Scarcity -23 100 

Fossil Resource Scarcity -23 100 

Water Consumption -23 100 
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Endpoint Analysis 

 
Figure 6.9 Endpoint comparison of 1kWh of Electricity from Blend vs Grid 

 
The trend identified from earlier analysis continue with the endpoint investigation of 

1kWh of electricity generated from the blended feedstock, as it outperforms electricity 

from the NI grid in every impact category associated with this particular analysis. 

Human health is less impacted by the electricity generated from the blend of poultry 

litter and wood pellets, as are ecosystems and resources compared to its grid electric 

counterpart. The further research carried out on the environmental impact of producing 

energy through the proposed system, the more evidence generated to support its 

introduction. 

 
Table 6.7 Endpoint Percentage Results from Comparison of Environmental Impact of 1kWh 

of Electricity from Blend vs. Grid 

Label 
Electricity from 

Blend 
Gasification  

Electricity 
from NI Grid 

Human Health -23 100 

Ecosystems -23 100 

Resources -23 100 
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6.4.4 Blend Heat vs. Traditional Heat 

The final environmental comparison carried out was between 1MJ of heat generated 

from the blend of PL and WP, compared to 1MJ heat generated from traditional 

sources. The final performance analysis across the 18 environmental impact 

categories associated with the midpoint analysis are displayed in Figure 6.10 Midpoint 

Comparison of Environmental Impact of 1MJ of Heat from Blended System vs 

Traditional Sources and Table 6.8 Midpoint Percentage Results from Comparison of 

Environmental Impact of 1MJ of Heat from Blended System & Traditional Sources. 

Endpoint results are displayed in Figure 6.11 Endpoint comparison of 1MJ of Heat 

from Blend vs Traditional Sources and Table 6.9 Endpoint Percentage Results from 

Comparison of Environmental Impact of 1MJ of Heat from Blend vs. Traditional 

Sources. 

Midpoint Analysis 

 
Figure 6.10 Midpoint Comparison of Environmental Impact of 1MJ of Heat from Blended 

System vs Traditional Sources 

We can see in Figure 6.10 that the results of the heat comparison again follow the 

same trend as the electric comparison in Figure 6.8. This is that across all impact 

categories of interest, the heat generated from the blended feedstock system 
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generates energy in a much more environmentally sustainable way than the traditional 

heat sources found on a poultry farm. While both heat from LPG and NG have slightly 

positive impacts, as can be seen in Table 6.8, the heat from the poultry litter blended 

system is consistently 100 times less damaging to the environment across all 18 

impact categories when compared. From this analysis we can therefore promote the 

downdraft gasification of waste materials along with the utilisation of blends as an 

environmentally sustainable method through which energy can be generated for small 

scale applications. 

 
Table 6.8 Midpoint Percentage Results from Comparison of Environmental Impact of 1MJ of 

Heat from Blended System & Traditional Sources 

Label 

1MJ Heat 
from 

Poultry 
Litter 
Blend 

1MJ 
Heat 
from 
LPG 

1MJ Heat 
from 

Natural 
Gas 

Global Warming -100 0.0137 0.0353 

Stratospheric Ozone Depletion -100 0.0177 0.0096 

Ionizing Radiation -100 0.0506 0.0377 

Ozone Formation, Human Health -100 0.0109 0.006 

Fine Particulate Matter Formation -100 0.0142 0.0044 

Ozone Formation, Terrestrial Ecosystems -100 0.0115 0.0064 

Terrestrial Acidification -100 0.0129 0.0041 

Freshwater Eutrophication -100 0.0407 0.0396 

Marine Eutrophication -100 0.0636 0.0516 

Terrestrial Ecotoxicity -100 0.0062 0.0023 

Freshwater Ecotoxicity -100 0.0085 0.0137 

Marine Ecotoxicity -100 0.0098 0.013 

Human Carcinogenic Toxicity -100 0.0185 0.021 

Human Non-Carcinogenic Toxicity -100 0.0212 0.023 

Land Use -100 0.0476 0.0226 

Mineral Resource Scarcity -100 0.0186 0.0211 

Fossil Resource Scarcity -100 0.0672 0.0418 

Water Consumption -100 0.0357 0.0069 
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Endpoint Analysis 

 

 
Figure 6.11 Endpoint comparison of 1MJ of Heat from Blend vs Traditional Sources 

The final piece of analysis for this LCA is the endpoint comparison of 1MJ of heat from 

the blend system compared to traditional sources. The prevailing trend identified 

earlier that energy from the downdraft gasification of biomass and application of 

producer gas is seen here again. When looking at the impact on human health, 

ecosystems and resources, heat from the blend gasification system is one hundred 

times more sustainable than heat from LPG or natural gas sources. These have 

slightly positive results as can be seen in Table 6.9, but from Figure 6.11 it is obvious 

that within each endpoint category heat from the blend system is the optimum choice. 

 
Table 6.9 Endpoint Percentage Results from Comparison of Environmental Impact of 1MJ of 

Heat from Blend vs. Traditional Sources 

Label 
Heat from 

Blend 
Gasification 

Heat 
from 
LPG 

Heat from 
Natural Gas 

Human Health -100 0.0142 0.0173 

Ecosystems -100 0.0137 0.023 

Resources -100 0.0668 0.0333 
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6.5 Summary 

With increasing levels of industrial waste being produced to sustain current global food 

and population demands, new waste treatment solutions are required. The argument 

for reliable renewable energy and decarbonising industries has led many people to 

trying to solve these societal issues with new technologies, or in the case of 

gasification an old technology that has recently become an attractive method to deal 

with industrial waste materials. This LCA work was carried out with the aim of 

understanding the environmental impact of the proposed downdraft gasification 

system where the producer gas is applied to a CHP unit for heat and electricity 

generation. A full life cycle assessment has been carried out where both the thermal 

and electrical energy generated from the proposed system is compared to traditional 

energy generation methods found on farms in Northern Ireland such as grid electric or 

heat from the combustion of LPG or natural gas. Following the methods proposed by 

BS EN ISO 14040:2006+A1:2020 the goal and scope of the research was identified; 

an appropriate software and method was used along with a relevant functional unit 

and system boundaries. 1MJ of heat was used as the functional until when comparing 

heat, and 1kWh of electric was used when comparing electricity. Both midpoint 

analysis, with 18 unique environmental impact categories, and endpoint analysis with 

its 3 impact categories were used to ensure a clear understanding of the potential 

impact that the different methods of energy generation may have. 

 

Results from the analysis show that both heat and electricity generated from the 

proposed downdraft gasification coupled to a CHP unit system are more 

environmentally friendly and sustainable than traditional sources of these energies for 

farms in Northern Ireland. While poultry litter and anaerobic digestate as a source of 

heat and electricity outperform traditional sources such as grid electric or LPG and 

natural gas combustion, miscanthus does not. Miscanthus performs badly throughout 

the LCA as it requires land, energy and potentially even fertilisers for its production. 

Compared to the other two feedstocks which are generated as a waste or by-product 

from an existing process, miscanthus performs negatively in terms of the impact on 

land use and ecosystems. The positive results from the analysis show that both poultry 

litter and digestate as single biomass feedstocks, and the blend of poultry litter and 

wood can be a sustainable source of heat and electricity for farms in Northern Ireland. 
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While the results from this LCA alone are promising for the technology, it is when we 

compare them to what has previously been found in literature that we get a better 

understanding of the current status of gasification of wastes as an energy source. 

Research into the use of agri – residues or wastes as an energy source for the 

agricultural sector have always shown promise when compared to fossil fuel 

equivalents. Kimming et al. (2011) displayed the possibility of displacing fossil fuels 

with a biogas or through the gasification of willow chips.  Jeswani et al. (2019) found 

that in 14 of 16 impact categories that poultry litter gasification performed fossil fuels 

as a source of energy. Prestipino et al. (2021) showed the benefits of agri-residues 

through utilising citrus peel as a source of energy when compared to electricity 

purchased through the national grid. Rafaschieri et al. (1999) compared energy from 

poplar crops to conventional fossil fuels and found that the only drawbacks to the 

system are the use of chemical fertilisers for growth of the plants. These results from 

literature all agree with what has been found through this LCA work, giving increased 

credibility to the analysis and results. 
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Chapter 7 – Techno – Economic Analysis of the Downdraft 
Gasifier Based CHP System 

7.1 Introduction 
 
When researching the potential for any renewable technology, the main driving forces 

for change is government policy, which often influence market forces. This is through 

subsidisation to make it economically viable (Kempegowda et al., 2012). To 

understand the market potential of downdraft gasification coupled to a CHP system 

for energy generation, an understanding of the initial investment required, the costs 

and savings associated with the project and a potential payback period for the system 

is required. A complete financial and economic analysis associated with the proposed 

downdraft energy generation system will be carried out. This will be done through 

economical modelling of the various proposed scenarios, comparing different 

economic indicators and the influence that a blend of biomass may have on these 

indicators. ECLIPSE economic analysis package has been utilised for this research, 

to ensure the validity and reproducibility of the results, as discussed in Chapter 5 – 

Process Modelling and Simulation. Previously published research utilising this 

software includes but is not limited to (Huang et al., 2020, 2015, 2011). 

 

This chapter is therefore dedicated to the financial impacts that introducing the 

proposed system may have on a rural farm in Northern Ireland. If it can be proven that 

the proposed system can offer a swift return on investment, it will be further justification 

for the introduction of such technology to the market. The chapter will begin with a 

detailed explanation of what exactly is covered within the downdraft gasification 

system (DGS). This will include the various processing stages associated with the 

biomass conversion such as collection and storage methods, pre-treatment required 

such as drying, commuting or pelleting, the downdraft gasification of the feedstock, 

and finishing with cleaning and application of the generated producer gas. A 

discussion will then take place around the potential costs associated with the proposed 

system, as well as any savings which may occur through avoidance of disposal 

expenses or fuel purchasing costs. The final factor which needs to be taken into 

account to ensure a valid calculation is that of potential subsidies available to the 

system user. Across the UK a variety of renewable heat and electricity tariffs are 
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available depending on technology, scale and application. These will be evaluated, 

and the correct rate will be applied to the calculation set up. To carry out the 

economical modelling ECLIPSE simulations financial package will be utilised to 

accurately estimate the net-present value (NPV) of the investment, the break-even 

selling price (BESP) for the electricity generated from the system and a payback period 

(PBP) for the initial capital cost outlay of the equipment. 

 

This economic evaluation will consist of three CHP scenarios which are explained in 

greater detail below. The aim will be to compare how each feedstock of poultry litter, 

digestate and miscanthus performs in terms of economic indicators within the system. 

The results of these single feedstocks will then be compared to the blends of interest 

for this research to understand the potential economic impact of blended feedstocks. 

7.1 System Set Up 
An overview of the proposed downdraft gasification and engine application system set 

up, and how it would operate can be seen in Figure 7.1 – System Components. The 

system comprises of six stages. These are a method of material collection, a container 

for material storage, a pre-treatment system for feedstock preparation, a downdraft 

gasifier for conversion of solid biomass to gas, a gas cleaning method for impurities 

removal, and an engine for heat and electricity conversion. Biomass material of 

interest is poultry litter, anaerobic digestion digestate and miscanthus. Wood pellets 

are the blend material. 
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Figure 7.1 System Components 

 
A comparison of three different energy generation set ups have been carried out to 

assess the potential benefits of utilising the proposed system. These are: 

1. To use all the poultry waste available in an internal combustion engine (ICE) 

for heat and electricity production (120kW), which generates an excess amount 

of electricity for selling back to the grid 

2. To use an Organic Rankine Cycle CHP system to meet the thermal demand of 

the farm while limiting the amount of electricity generated that requires selling 

to the grid (36kW) 

3. To use a 21kW ICE to meet the electrical demand of the site along with a gas 

boiler (150kW) that uses excess producer gas to meet the thermal demand of 

the site not achieved by the ICE 

7.1.1 Collection 

For feedstock material collection the simplest method would be using a “skid steer” 

engine powered machine. This would be appropriate for the collection of both poultry 

litter and digestate. Poultry litter will be collected between crops from the bird houses. 

With 8 crops per year, once every 40 days the skid steer is brought into the shed to 

transfer the litter material when all birds have been removed. Litter is physically 

pushed out of the doors of the shed and into a storage area. Previously this material 

would be further transported, either to fields for spreading or offsite processing but this 
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would not be required. Digestate material once removed from the AD tank is sent 

through a separator, where liquid is removed from the remaining solid fraction. This 

solid material is stacked in the shed and could also be moved using the skid steer. 

The machine can either be rented for these uses or purchased if it could be used to 

complete other tasks on the site such as lifting and moving other heavy goods (bedding 

material, feed, fertilisers etc.). An estimate of costs for moving of this material would 

be approximately £4/tonne, which is included in the ECLIPSE labour operation costs. 

 

For collection of miscanthus material, much more equipment is required. A harvester 

along with tractor and trailer is needed for removal of the material from the field and 

brought to the site for use. Certain farms may already own such equipment, but not all 

will. Alternatively, harvesting contractors could be brought in to carry out the work on 

behalf of the owner. This would be another cost for the owner to manage, and at 

£92/hectare it could become a significant outlay (NAAC, 2020). 

7.1.2 Storage 

Material storage will be similar for all materials. This will be a three-sided shed with a 

roof. If orientated the correct way it could protect the material from the worst effects of 

the weather along with enabling easy access for removing and adding materials. 

Material stored in the open is liable to begin decomposition due to the moisture 

content, or leech potentially harmful chemicals into the local watercourse (López-

Mosquera et al., 2008). Construction of a building will be a significant outlay that will 

need to be calculated and included in the overall quote for the capital cost of the 

system. It is critical that the shed is sized appropriately for the volume of material that 

it will be required to store. Once constructed the shed can be used annually without 

further modifications or costs. 

7.1.3 Pre – Treatment 

Pre-treatment of biomass feedstock may be one of many different processes, such as 

drying, commuting or densification, or a combination of each. Drying of material may 

need to occur depending on the as received moisture content (M.C%) of the biomass 

feedstock. Ideal M.C% of feedstock for effective downdraft gasification is between 15- 

20% (Susastriawan et al., 2017). Reducing the as received M.C% of poultry litter 

(approximately 60%), digestate (up to 90%) (Cathcart et al., 2021) and miscanthus 

(70%) (Lewandowski et al., 2008) is therefore imperative for the entire system to 
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operate efficiently. The drying method of choice would be through a belt dryer system. 

This will use recycled exhaust gas and heat from the engine application of the producer 

gas to dry the feedstock. Commuting of material may be required to ensure equal and 

even particle size throughout. Poultry litter consists of a heterogenous mixture of 

material such as feathers, feed and manure. Digestate similarly is not of equal particle 

size, consisting of the leftover material from the AD process. Miscanthus will require 

commuting if it has not occurred during the harvesting process. While commuting can 

be an energy intensive process, an even particle size will ensure higher quality 

gasification. This can be carried out by a shredder or similar equipment. The final pre-

treatment step that may be required depending on system set up and gasifier design 

is densification of the material. In biomass terms this could mean briquetting, baling or 

pelleting. For this research we will assume material requires pelleting to avoid bridging 

or throat blocking issues within the grate of the gasifier. Pelleting is another energy 

intensive process that requires consistent material in terms of moisture and particle 

size. Excess electricity from the engine application can be utilised for pelleting of 

material. Pelleting will also lower the feedstock M.C% further due to the heat produced 

during the pelleting process. This can be beneficial to the system for removal of 

unwanted water from the feedstock but could also be detrimental in lowering moisture 

too much and removing a source of H2 from the producer gas. A balance between the 

two will need to be found or producer gas LHV will be negatively affected. 

7.1.4 Gasification 

The most important component in the system for successful operation is the downdraft 

gasifier. This gasifier will be a small-scale system capable of accepting feedstock at a 

rate of up to 120kg/hr while in operation. The system will be rated for a capacity of 

500kW. Ancillary equipment will be required to introduce feedstock to the gasifier on 

a continuous basis, as well as removing ash and biochar as required. A feed in auger 

or rotary valve and an ash removal auger would be an ideal solution. These would be 

best suited for the operation as they can provide a consistent flow of material into the 

system, while avoiding the addition of undesirable air. This will ensure a consistent 

pressure across the system and assist with avoiding bridging issues around the grate. 

The successful installation and commissioning of the equipment will require a bespoke 

designed system, which will depend on parameters specific to the site such as scale 

and location. Each of these elements will add to the cost of the system. 
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7.1.5 Gas Cleaning 

Many methods of gas cleaning exist as described within Chapter 2 – A Review of Fuel 

Gas Production from Biomass and Biowaste. These cleaning methods are vital for the 

downstream application of the producer gas, as clogging and fouling of equipment is 

a serious threat. Significant amounts of tar or particulates may need to be removed 

depending on biomass feedstock quality. Once primary removal techniques have been 

carried out, there is a possibility of further tars and particulates remaining in the gas 

stream. To ensure their removal and avoid fouling of equipment a secondary technique 

should be employed. The recommended method of choice for this system is a gas 

scrubber. The scrubber works by passing the producer gas through a water vapour 

cloud. Tars and particulates are trapped by the water droplets, while the producer gas 

passes through. The waste tar and particulates can then be removed from the 

scrubber and fed back to the gasifier to increase conversion efficiency. Clean gas is 

then available for the engine application. While the technology for this system is 

simple, it will add a further cost to the system which needs to be considered. 

7.1.6 Application 

The final step in the process is that of applying the cleaned producer gas to some 

downstream equipment for heat and electricity production. This equipment could take 

many forms, depending on site specific requirements but the most likely options are 

that of an ICE system, an ORC system or gas boiler. An ICE system would be better 

suited to a site with a high electric demand. A site that required more heat and had 

little demand for electric could install an ORC system. The ORC system also wouldn’t 

require the gas cleaning system. Sites with a lack of access to the national grid may 

also favour this method. Sites with no electric demand at all may install a gas boiler 

for heat generation. A combination of technologies could be used to generate heat 

and electricity as required. 

7.2 Costs & Economic Considerations 
This system is being proposed with multiple goals in sight. These are to significantly 

reduce the on-site energy costs, to reduce waste disposal costs, and to increase the 

overall sustainability of the site. To fully understand the potential scope of the savings 

that may be available, we must first understand the costs that potential users are 

currently liable for. To remain consistent with the costs across the system the 
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proposed site will be for a mid-Ulster farm in Northern Ireland. Where costs specific to 

this region cannot be used, a UK average cost will be availed of. 

7.2.1 Fuel to be Replaced 

Fuel and energy purchasing price can vary depending on a multitude of factors. These 

factors include but are not limited to system size, localised demand, storage capacity, 

delivery costs and climate change levy. Current fuel costs for the potential site are 

found from the Department for Business, Energy and Industrial Strategy (BEIS) Non-

Domestic Energy Prices. Industrial electricity prices across the UK are dependent on 

annual consumption, with price per kWh decreasing the greater the consumption is. 

The proposed system will be in the “small” size band, covering consumption between 

20 – 499 MWh. This band prices electricity at 15.83 pence per kWh (p/kWh) including 

the local climate change levy (CCL). The CCL came into effect in April 2001 and as of 

April 2021 stands at 0.775p/kWh for electricity. Depending on their circumstances, 

many different types of fuels may be used on the site before installation of the DGS. 

We assume that the DGS will replace a previously installed fossil fuel combustion 

system such as LPG or natural gas. Due to the remote nature of most industries that 

would be interested in the installation of the DGS, it is unlikely that they are receiving 

natural gas from the national grid. To cover all aspects of the argument, if they were, 

they would also be classified in the “small” size band for annual consumption, which 

covers between 278 – 2,777 MWh annual consumption. Gas at that rate is priced at 

2.47 p/kWh including the CCL. CCL for gas in April 2021 was 0.465p/kWh. The other 

option for previously installed systems is an LPG boiler system. Current UK LPG costs 

are approximately 0.66 £/L (mylpg.eu, 2021). As LPG has a calorific value of 46.1 

MJ/kg and a density of 0.51kg/L, we estimate that LPG will have a cost of 7.0 p/kWh. 

All fuel costs have been included in Table 7.1 for ease of reading. 

7.2.2 Feedstock 

While every effort should be taken to ensure a waste or by-product can be utilised as 

the feedstock for energy generation, under certain conditions or to increase overall 

system efficiencies, a feedstock may need to be purchased to supplement what 

material is already available. The potential supplementary feedstock that will be 

utilised for this research is wood pellets. These can be generated as a by-product from 

a wood processing facility and therefore would not decrease the sustainability of the 

overall process. Prices for wood pellets are roughly 4 – 5 p/kWh (Balcas, 2021). Other 
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feedstocks for this system include poultry litter, AD digestate and miscanthus. As 

poultry litter and digestate are a by-product or waste from a process already taking 

place on the site, there is no cost associated with their purchase. Miscanthus is a 

perennial energy crop that grows well on marginal land. It’s cost after planting, growing 

and harvesting will be approximately 40 £ per oven-dried tonne (£ odt-1) (Wang et al., 

2012). For comparability with the other feedstocks this is approximately 24 p/kWh. 

 

Table 7.1 Fuels Costs Used for Economic Analysis 

Fuel Cost Unit Reference 

Electricity (Grid) 15.83 p/kWh (BEIS, 2021) 

LPG 7.0 p/kWh (mylpg.eu, 2021) 

Natural Gas 2.47 p/kWh (BEIS, 2021) 

Wood Pellet 4.5 p/kWh (Balcas, 2021) 

Miscanthus 24 p/kWh (Wang et al., 2012) 

 

7.2.3 Waste Disposal 

While some expense may occur due to the purchasing of feedstock or other relevant 

materials for the DGS, a significant amount of money can be saved from avoiding 

disposal of wastes or by-products under certain circumstances. Using a poultry farm 

as an example, the most common method for disposal of poultry litter is through land 

spreading of the material for fertilisation. This is carried out to return nutrients to the 

soils such as N, P and K. There are several reasons why land spreading of the material 

may not always be possible. These include the, the volume of litter produced per farm, 

the number of farms near each other within Northern Ireland, and a lack of land 

available for spreading the material. Recently introduced legislation, the Nutrient 

Action Programme (NAP) has also limited the amount of fertiliser which can be spread 

on land due to the overapplication of nutrients from an intensive farming industry 

across the region (DAERA, 2019). To circumvent this issue materials was previously 

sent across the border to the Republic of Ireland or to mainland Great Britain for land 

spreading or waste treatment. Recent changes in the geopolitical landscape caused 

by Brexit may impact on the potential for this to continue. This change in circumstances 

may yet prove beneficial to poultry farmers across the region as up until this point they 

may have been paying a high cost per tonne for disposal of this material.  Estimates 

of this cost are difficult to obtain but previous government discussion put the figure at 

£30/tonne, which could easily have increased in the intervening period to somewhere 
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in the region of £50/tonne (Assembly, 2012). The NAP may also impact on digestates 

ability to be spread on land. Digestate will not have the same disposal cost as poultry 

litter due to its consisting of a much higher percentage of moisture (60% vs. 94%).  

This means that digestate can be spread in the same fashion as slurry’s, with 

contractor pricing found in (NAAC, 2020). To have an alternative disposal method 

which may also lower site running costs would be attractive to some sites. 

7.3 Subsidies 
To successfully estimate the potential payback period for this equipment, along with 

costs incurred by the system, we must also estimate the potential revenue that it could 

generate. This revenue is through applicable renewable incentive tariffs that are 

available to the system owner. These are government backed subsidies payable per 

kWh of renewable heat or electricity generated for close to the lifetime of the 

equipment. Many governments globally offer incentives to industry to switch to low 

carbon technology (DCCAE, 2017; Ofgem, 2021b). This is all part of the drive to 

reduce our reliance on fossil fuel energy sources and utilise resources that are closer 

to the end user. 

7.3.1 Non – Domestic Renewable Heat Incentive 

The non-domestic renewable heat incentive (RHI) is a government funded 

environmental scheme. Its aim is to increase the uptake of renewable heat generation 

across the UK through providing financial incentives. If an installation is deemed 

eligible, it will receive quarterly payments for the heat generated by the system. In 

England, Scotland and Wales the scheme is managed by OFGEM, while in Northern 

Ireland it’s the Department for Enterprise, Trade and Investment (DETI) who are 

responsible for overseeing it. To ensure high standards are kept, all plant installations 

must be carried out by a registered installer. To remain compliant to the scheme strict 

maintenance, calibration and meter reading records need to be kept so that accurate 

payments can be made to the user. Fuel sustainability is another important criterion 

for the scheme. Comprehensive fuel records are required for compliance, with 

purchase receipts, harvesting records and storage methods all part of the process. 

 

The tariffs payable by the scheme are dependent on multiple factors. An applicable 

tariff will be assigned to the plant considering the technology type (solar, biomass, 
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heat pump etc) and capacity or size. Payments are calculated based off the submitted 

meter readings, where an accredited user will receive an amount per kilowatt hour 

(kWhth). 

 

Payment = Tariff level x Heat generated by RHI installation                  (15) 

 

The proposed DGS would fit into the Medium Biomass category, for installations 

200kWth and above but less than 1MWth. Tariff payments are made on a two-tiered 

basis. The installation receives the initial tier 1 tariff for the first 35% of the year or 

3,066 hours. For any heat generated beyond this point, the tariff is payed at the tier 2 

amount. This resets back to the tier 1 tariff at the beginning of the next 12-month 

period. For the applicable technology tier 1 is 3.17 p/kWh while tier 2 is 2.22 p/kWh. 

Installations which gain accreditation to the system are guaranteed a 20-year contract, 

where they will receive quarterly payments on submission of their meter readings. This 

subsidy is currently closed for new applications in Northern Ireland due to previous 

mismanagement. Legacy installations of the NI scheme are still receiving payments. 

The NI RHI scheme was included in the calculation to cover all possible routes of 

payback across Great Britain and Northern Ireland, to understand under what 

conditions the systems would be feasible. A weighted average of 2.55p/kWh was used 

to best represent the RHI tariff within the ECLIPSE simulation software. 

7.3.2 Smart Export Guarantee 

The Smart Export Guarantee (SEG) is another government funded environmental 

scheme that contracts electricity suppliers to pay local small-scale electricity 

generators for any low carbon electric that they export to the grid. As with the RHI, 

there are many sustainability and eligibility criteria that need to be met. SEG began in 

2020, following on from the Feed in Tariff (FIT) that closed to new applicants in March 

2019. It is open to all low carbon electricity generators such as AD, hydro, onshore 

wind and solar PV. Micro CHP is supported up to 50kW. Unlike the RHI scheme, there 

is no single tariff rate for any technology or scale. It is at the discretion of the licensee 

to agree upon an applicable tariff rate and contract length. To become an accredited 

generator, the generator must provide evidence of certification to verify that the 

equipment is appropriate for the scheme. This could consist of an installation 

certificate or microgeneration certification scheme (MCS) certificate, or another if the 
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SEG licensee believes it appropriate. Ongoing obligations which the generators must 

comply with include ensuring reliable meter readings are provided to the licensee 

when required and completing sustainability reports as requested by the licensee also. 

Generators must ensure they are not in receipt of both FIT and SEG payments as this 

may constitute fraud. Like the RHI, this tariff is currently unavailable in Northern 

Ireland. It has also been included to cover all potential revenue streams with a 

possibility for it to be introduced in the near future. 

7.3.3 Energy Crop Scheme 

The energy crop scheme (ECS) was a one-off establishment payment made to farms 

to encourage them to plant a significant amount of approved bioenergy crops (DEFRA, 

2003). It covered the planting or short rotation coppice (SRC) willow and poplar, or 

miscanthus. Like the other schemes there were of a number of rules which had to be 

obeyed to ensure compliance. There was the level of planting required (at least 3 

hectares), the types of crop planted, and the end use for the material. A focus on CHP 

or power generation is the encouraged end use for the scheme. Previously the scheme 

was only available to farms in England, with no supports offered to farms in Northern 

Ireland. The payments available for the planting of miscanthus is a one-off payment of 

£920 per hectare. To ensure ongoing compliance with the scheme once planting has 

taken place, the farmer must allow for periodic environmental checks by the applicable 

regulator. A 5-year agreement must also be in place, meaning that the selected 

bioenergy crop will be allowed to grow for a period of at least 5 years. Multiple harvests 

can be carried out during this time. This scheme was funded by the EU, and with Brexit 

occurring it in unclear whether the British government will revive the scheme under 

their own control. 

7.4 Payback Calculation 
Once all the relevant components and parameters have been considered, and input 

into the ECLIPSE software the NPV, BESP and PBP for the system are all calculated. 

The systems have been sized to meet the energy demands of a poultry farm based 

on the island of Ireland.  A standard sized poultry shed is approximately 73m x 18m 

and can hold 27,000 birds at any time. This shed requires 35MWhe and 240MWhth 

annually (Caslin, 2016). A farm containing 4 of these sheds would therefore require 

960MWhth and 140MWhe annually. For ease of comparison, the digestate and 
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miscanthus feedstock will also utilise the same sized systems for heat and electricity 

production. 

 

To assess the potential cost-effectiveness of the energy generation methods which 

are being planned the NPV of the CHP conversion systems are calculated (Cardoso 

et al., 2019). This is carried out using the economic analysis package of ECLIPSE. To 

project the potential NPV of the system over time and how costs, subsidies and 

payments may influence it, 6 scenarios were generated. In each scenario after the 

base case additional income or expenditure could be generated by the system through 

avoided or incurred costs, subsidies payable to the system or selling of by-products 

generated. The various scenarios are defined within Table 7.2. The selling price of 

biochar is estimated at £200 per tonne using Shackley et al. (2011). To carry out the 

analysis, the cases were added together with a cumulative reasoning, with the income 

sources increasing as the cases rise. 

 

Table 7.2 Scenarios Defined for CHP System 

Base 
Case 

Basic configuration without any incomes/incentives from 
outside the farm 

Case 1 
Disposal of poultry litter & digestate material at 
£30/tonne or miscanthus production costs of £40/tonne 

Case 2 
Selling of biochar generated from process, 
approximately 20% of input feedstock. £200/tonne 

Case 3 
Displacement of LPG fuel required for heating purposes 
7p/kWh 

Case 4 Carbon Tax on CO2 emissions, £20/tonne 

Case 5 RHI subsidy payable at 2.55p/kWhth 

Case 6 ECS subsidy payable at £76.67/tonne 

 

Further economic factors and indices which required definition for the ECLIPSE 

software to carry out the analysis are defined within Table 7.3. 
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Table 7.3 Economic Factors and Indices 

Project Life (Years) 22 

Discounted Cash Flow Rate (DCFR) (%) 8.0 

Owners Cost (% EPC) 10.0 

Project Contingencies (% TCI) 10.0 

Plant Occupancy (%) 75.0 

Operating Cost (%TCI) 5.0 

Maintenance Cost (% TCI) 3.0 

Insurance Cost (% TCI) 1.5 

 

7.4.1 Poultry Litter Scenario 

Poultry litter will be gasified in a downdraft gasification unit and applied to a CHP 

system for heat and electricity production. The generated heat and electricity will be 

used to meet the daily energy requirements of the onsite poultry houses as well as for 

removal of excess moisture from the feedstock. A full account of the technical 

parameters that were considered for calculation of the payback period are displayed 

in Table 7.4 Poultry Scenario Technical Parameters. The total installed costs for the 

systems generated through ECLIPSE are £487,835 for the 120kW system, £375,331 

for the 36kW system and £231,431 for the 21kW system. A full breakdown of the costs 

associated with each of these set ups is displayed in Table A.1 in the appendices. 
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Table 7.4 Poultry Litter Scenario Technical Parameters 

 120kW 36kW 21kW 

CV (kWh/kg) 4.16 

Input (kg/h) 120.00 84.50 78.00 
 

Thermal Input (kWth/h) 499.08 351.44 324.40 

Gasification Efficiency (%) 68.0% 68.0% 68.0% 

Producer Gas Energy (kWh/h) 339.37 238.98 220.59 

To CHP System (%) 100.0% 100.0% 32.3% 

Total CHP Energy Input (kWh/h) 339.37 238.98 71.25 

Heat Recovery Efficiency (%) 85.0% 85.0% 85.0% 

Thermal Energy Output (kWhth/h) 187.5 172.7 42.4 

Electrical Efficiency (%) 35.0% 15.0% 30.0% 

Electrical Power (kWhe/h) 118.78 35.85 21.38 
 

Drying Heat Consumption (kWh/h) 24.80 17.47 16.12 

Electric Consumption (kWhe/year) 140,000 140,000 140,000 

Heat Used (kWhth/year) 1,122,962 1,074,753 1,065,925 

Heat Difference (kWh/year) 108,941 59,625 46,607 

Electric for Export (kWh/year) 640,391 95,511 437 
 

Producer Gas Energy Diverted to Boiler - - 67.7% 

Boiler Thermal Energy (kWth) - - 149.34 

Boiler Efficiency (%) - - 85.0% 

Thermal Energy from Boiler (kWhth/year) - - 833,999 

Sent to the grid (kWh/h) 97.5 14.5 - 

On-Site Consumption (kWh/h) 21 21 21 

 

Results from the BESP of the three distinct CHP set ups that are using poultry litter as 

the feedstock are displayed in Figure 7.2. In this figure we can see how the 120kW 

system has the lowest BESP for electricity, through generating the highest quantity. 

The 36kW and 21kW systems both require much higher BESP’s as they generate a 

lower amount. All 3 systems BESP lowers with increasing case number, due to the 

increase in monies available to the system. 
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Figure 7.2 BESP for Electricity from Poultry Litter Gasification based CHP Systems 

When we compare the current grid electricity costs that the user would be liable for, in 

all but four of the proposed cases, electricity produced through the proposed system 

is cheaper than the grid. Electricity generated through the 120kW ICE system is 

cheaper than the grid under all scenarios. If any of the three CHP systems avoided 

the disposal costs which they are liable for and sold the biochar by-product from the 

system, they would produce electricity cheaper than the current grid price. A 

breakdown of the BESP for each single feedstock scenario is given in Table A.2 in the 

appendices. 
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Figure 7.3 Payback in Years of Downdraft Gasification of Poultry Litter & CHP Systems 

Comparing the three CHP systems we can see that the payback period for the initial 

capital cost decreases with increasing case number, due to the increased revenue 

streams available to the system. This is displayed in Figure 7.3. The payback period 

for each system begins at 19.3 years and decreases significantly depending on the 

case of interest. For case 1, each CHP systems payback period is below 10 years. 

These values continue to decrease up to case 5, where payback is below 5 years for 

each system. The NPV of each CHP system is covered in Figure 7.4, where the 

cumulative value of the system at the end of its 22-year lifetime is displayed. This value 

varies from between £515,470 to £1,205,450 for the 120kW ICE-CHP, £396,610 to 

£967,070 for the 36kW ORC-CHP and between £244,710 and £801,700 for the 21kW 

standalone ICE. Depending on the avoided expenses and subsidies available, in 

comparison to the initial investment the NPV can be doubled under certain scenarios. 

0.0

5.0

10.0

15.0

20.0

25.0

Base Case Case 1 Case 2 Case 3 Case 4 Case 5

Y
e

a
rs

Scenarios

120kW (ICE - CHP) 36kW (ORC - CHP) 21kW (Standalone ICE)

Case 1. Disposal of PL £30/tonne
Case 2. Selling Biochar £200/tonne
Case 3. Displacement of LPG 7p/kWh
Case 4. Carbon Tax £20/tonne
Case 5. RHI Payment of 2.55p/kWh



161 
 

 

Figure 7.4 NPV for the proposed Poultry Litter CHP systems 

7.4.2 Anaerobic Digestate Scenario 

The proposed scenario where anaerobic digestate is utilised as the biomass feedstock 

will be set up in a similar manner to that of poultry litter. The downstream application 

will be for heat and electricity production on a farm in Northern Ireland. For comparison 

reasons, we assume the electric and heat demand are the same as that of the 

previously mentioned poultry farm, 140MWhe and 1,012MWhth. The technical 

parameters associated with this feedstock are displayed in Table 7.5. A notable 

difference to the poultry litter scenario is the higher calorific value of the feedstock 

leading to a lower throughput of biomass. This lower feedstock feeding rate has an 

influence on the preparation costs, and therefore on the total installed costs which are 

£479,036 for the 120kW system, £372,247 for the 36kW system and £226,647 for the 

21kW system. A breakdown of the system components costs can be seen in Table 

A.3 of the appendices. 
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Table 7.5 Digestate Scenario Technical Parameters 

 120kW 36kW 21kW 

CV (kWh/kg) 6.20 

Input (kg/h) 80.00 58.00 53.00 
 

Thermal Input (kWth/h) 496.00 359.60 328.60 

Gasification Efficiency (%) 68.0% 68.0% 68.0% 

Producer Gas Energy (kWh/h) 337.28 244.53 223.45 

To CHP System (%) 100.0% 100.0% 32.3% 

Total CHP Energy Input (kWh/h) 337.28 244.53 72.17 

Heat Recovery Efficiency (%) 85.0% 85.0% 85.0% 

Thermal Energy Output (kWhth/h) 186.3 176.7 42.9 

Electrical Efficiency (%) 35.0% 15.0% 30.0% 

Electrical Power (kWhe/h) 118.05 36.68 21.65 
 

Drying Heat Consumption (kWh/h) 16.54 11.99 10.96 

Electric Consumption (kWhe/year) 140,000 140,000 140,000 

Heat Used (kWhth/year) 1,068,642 1,038,765 1,031,975 

Heat Difference (kWh/year) 155,660 121,967 94,954 

Electric for Export (kWh/year) 635,575 100,982 2,254 
 

Producer Gas Energy Diverted to Boiler - - 67.7% 

Boiler Thermal Energy (kWth) - - 151.27 

Boiler Efficiency (%) - - 85.0% 

Thermal Energy from Boiler (kWhth/year) - - 844,791 

Sent to the grid (kWh/h) 96.7 15.4 - 

On-Site Consumption (kWh/h) 21 21 21 

 
 
Results from the BESP analysis of the proposed CHP systems can be viewed in Figure 

7.5. For the capital cost of the three CHP systems to be recovered by selling the 

electricity generated over the course of the equipment’s lifetime, like the poultry litter 

set up, the 120kW system works out cheaper than grid electric under every case. 

Unlike the previous scenario, in 6 cases the BESP of electricity generated costs more 

than current grid electric prices. This is due to lower throughput of material meaning 

lower disposal costs avoided, along with lower biochar production from the system. 

The largest difference is between case 2 of the 36kW system, where the BESP for 

digestate is £202.5/MWh whereas for poultry litter it was £153.2/MWh. 
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Figure 7.5 BESP for Electricity from Digestate Gasification based CHP Systems 

 

The payback period for the digestate fed CHP systems are displayed in Figure 7.6. 

Payback period begins at 19.3 years for each system as it did for the poultry litter 

scenarios. As the case numbers rise, the payback period decreases, but again due to 

the lower feedstock throughput of the digestate material the payback period is longer 

than that which was seen previously. Case 1 sees all systems requiring between 10.1 

and 11.9 years for payback, whereas previously seen results were for between 8.3 

and 10.0 years for poultry litter under the same conditions. 
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Figure 7.6 Payback in Years of Downdraft Gasification of Digestate & CHP Systems 

The final parameter of interest for the digestate scenario is the NPV of the CHP 

systems over the course of their 22-year lifetime. This is displayed in Figure 7.7, where 

we can see that with increasing cases the cumulative NPV increases. Under certain 

circumstances the initial value could be doubled by the end of the equipment’s lifetime, 

where it able to access all relevant subsidies and cost savings. 

 

 

Figure 7.7 NPV for the proposed Digestate CHP systems 
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7.4.3 Miscanthus Scenario 

The final scenario for comparison of a single biomass feedstock is miscanthus as 

defined within Table 7.6. The methodology is the same as the previous two scenarios 

where BESP, payback period and NPV of the 3 proposed CHP systems is calculated. 

The main difference with miscanthus as a feedstock is that instead of saving £30/tonne 

on disposal costs, as a perennial energy crop miscanthus’ production costs are 

£40/tonne of material. While the ECS doesn’t exist within Northern Ireland, a subsidy 

at the same rate of it has been included in case 6 to understand the impact it may 

have on the systems finances. The subsidy is £76.67/tonne. This is using 

£920/hectare and a yield of 12 tonnes/hectare. This feedstock cost will negatively 

influence all economic factors of interest. Heat and electricity demand are assumed to 

be the same as previous scenarios. Total installed costs for the systems are £482,925 

for the 120kW system, £370,462 for the 36kW system and £227,877 for the 21kW 

system. A full breakdown of these costs is displayed in Table A.4 in the appendices.  
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Table 7.6 Miscanthus Scenario Technical Parameters 

 120kW 36kW 21kW 

CV (kWh/kg) 5.90 

Input (kg/h) 86.00 60.00 56.00 
 

Thermal Input (kWth/h) 507.40 354.00 330.40 

Gasification Efficiency (%) 68.0% 68.0% 68.0% 

Producer Gas Energy (kWh/h) 345.03 240.72 224.67 

To CHP System (%) 100.0% 100.0% 32.3% 

Total CHP Energy Input (kWh/h) 345.03 240.72 72.57 

Heat Recovery Efficiency (%) 85.0% 85.0% 85.0% 

Thermal Energy Output (kWhth/h) 190.6 173.9 43.2 

Electrical Efficiency (%) 35.0% 15.0% 30.0% 

Electrical Power (kWhe/h) 120.76 36.11 21.77 
 

Drying Heat Consumption (kWh/h) 17.78 12.40 11.58 

Electric Consumption (kWhe/year) 140,000 140,000 140,000 

Heat Used (kWhth/year) 1,076,790 1,041,481 1,036,049 

Heat Difference (kWh/year) 175,651 101,175 97,053 

Electric for Export (kWh/year) 653,401 97,230 3,034 
 

Producer Gas Energy Diverted to Boiler - - 67.7% 

Boiler Thermal Energy (kWth) - - 152.10 

Boiler Efficiency (%) - - 85.0% 

Thermal Energy from Boiler (kWhth/year) - - 849,419 

Sent to the grid (kWh/h) 99.5 14.8 - 

On-Site Consumption (kWh/h) 21 21 21 

 

Results of the BESP for the miscanthus fed CHP systems are displayed in Figure 7.8. 

As was seen in both the poultry litter and digestate systems, all electricity generated 

through the 120kW system can be sold for below the grid purchasing price and still 

offer payback on the initial capital cost. Due to the increased costs associated with 

miscanthus production the BESP of electricity from 12 of the scenarios is above that 

of the grid cost. When the RHI payment is made to the system per kWhth generated, 

the electricity for both the 36kW and 21kW systems is still above grid prices. Only 

when the additional ECS payment is made does the system become cheaper than 

grid electric. 
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Figure 7.8 BESP for Electricity from Miscanthus Gasification based CHP Systems 

 
The next financial indicator for the system is the payback period, which is displayed in 

Figure 7.9. Here we can see that like the previous two scenarios, the payback begins 

at 19.3 years, but unlike the previous, the payback period increases from the base 

case to case 1. This is because the base case only considers the initial capital cost, 

where in case 1 the miscanthus feedstock cost of £40/tonne is also included. For all 

CHP systems the payback period increases to 22 years, the lifetime of the equipment. 

Payback period then decreases with increasing case number, as further savings and 

subsidies become available. 
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Figure 7.9 Payback in Years of Downdraft Gasification of Miscanthus & CHP Systems 

Finally, for the miscanthus production, we can see the NPV of the proposed CHP 

systems over the course of the equipment’s lifetime in Figure 7.10. The most 

noticeable difference to previous feedstocks is the much lower NPV for each case that 

has been examined. While poultry litter and digestate systems could double their value 

over the equipment’s lifetime, under most scenarios the value has only slight 

increased. Costs associated with miscanthus production make this system less 

attractive when comparing the potential payback to the two previous feedstocks. A 

large NPV is only identified for case 6, where the ECS subsidy is payed. 
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Figure 7.10 NPV for the proposed Miscanthus CHP systems 

7.5 Impact of Blend 
From the analysis carried out we can see the best performing feedstock in terms of 

NPV, BESP of electricity and PBP. As mentioned previously, the gap this research 

aims to fill is the impact that blends of biomass materials have on the gasification 

process. This is in terms of producer gas quality, environmental impact and project 

finances. Here we will discuss the potential economic impact of utilising blends of the 

selected feedstock with wood pellets for improved gasification performance. 

 

Three blends will be focused on for the analysis carried out, which will follow the same 

methodology as the single feedstocks. Therefore BESP, PBP and NPV for each will 

be identified. The blends measured by weight are: 

 

• Poultry Litter 80% / Wood Pellets 20% 

• Poultry Litter 60% / Wood Pellets 40% 

• Poultry Litter 40% / Wood Pellets 60% 
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7.5.1 Blend Ratio 80/20 

For the first blend of poultry litter and wood pellets, the technical set up is based on a 

weighted average for the calorific value of 4.36kWh/kg. Full technical details are 

available in Table A.5 of the appendices. This changes the feedstock input rate and 

therefore the capital cost of some equipment as can be seen in Table A.6 of the 

appendices.  Total installed costs are now £488,710 for the 120kW system, £375,076 

for the 36kW system and £231,542 for the 21kW system. Along with changes in capital 

cost, the calculation must also consider the impact that purchasing 20% of the 

feedstock by weight will have. Changes to the BESP from the increased feedstock 

cost are displayed in Figure 7.11. Electricity is required to be sold for above current 

grid prices in 8 cases, compared to just 4 cases for the single feedstock stream. The 

120kW system recorded an average BESP increase of £32.90/MWh whereas for the 

36kW system it was a £76.65/MWh increase and £123.25/MWh increase for the 21kW 

system. The BESP for blended feedstock scenarios is displayed in Table A.7 in the 

appendices. 

 

Figure 7.11 BESP for Electricity from 80/20 Blend 

The NPV of the 80/20 blend system is displayed in Figure 7.12. The value of the 

systems is negatively impacted by the need to purchase 20% wood pellets at a cost 

of £209/tonne. The 120kW system had an average reduction in value of £258,744 for 

each case when comparing single feedstock to the 80/20 blend. Similar reductions in 

value are seen across all cases for the 36kW system. It sees reduction in each case 
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of approximately £182,118, while the 21kW systems reduction is closer to £170,830. 

The largest single difference is in case 1 where a 55% difference in value is noted 

from the need to purchase a portion of the feedstock. This can also be seen through 

the payback period in Table A.8 of the appendices. Similar percentage increases can 

be seen for the payback period and the NPV of each case. 

 

Figure 7.12 NPV for the proposed 80/20 Blend CHP systems 

7.5.2 Blend Ratio 60/40 

The next blend to be analysed is the 60/40 blend of poultry litter and wood pellets as 

can be seen in Figure 7.13. Technical details related to this blend are displayed in 

Table A.9 of the appendices, where the CV for the blended feedstock is 4.57kWh/kg. 

Total installed costs are £486,732 for the 120kW system, £373,757 for the 36kW 

system and £229,867 for the 21kW system. A full breakdown can be seen in Table 

A.10 of the appendices. As was seen for the previous blend, the BESP for each case 

is higher than what was identified for the single stream. 9 cases identified require a 

BESP higher than grid electric costs. The BESP of the 120kW system increased by 

an average of £38.73/MWh when compared to single feedstock. The 36kW system 

increased by £83.31/MWh and the 21kW system by £137.84/MWh. The percentage 

increase in BESP for each case is similar to what was found for the 80/20 blend. A 

30% increase was identified for case 1, along with a 48% increase identified for case 

2. This trend continues for each case number. 
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Figure 7.13 BESP for Electricity from 60/40 Blend 

When looking at the NPV of the various systems as can be seen in Figure 7.14, the 

increase in wood pellet proportion of the blend again negatively influences it. On 

average the value of each case for the 120kW system is £310,000 less, for the 36kW 

system it is £201,000 less and £196,000 less for the 21kW system. As would be 

expected, this increase in the proportion of wood pellets from 20% to 40% has 

decreased the value of each system significantly. Case 1 across all systems is an 

average of 66% lower in value compared to single feedstock. The lowest change is 

case 5 with an average 31% reduction in present value across the three systems. 

These reductions in values are reflected in the payback period of the systems which 

can be seen in Table A.8 of the appendices. 
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Figure 7.14 NPV for the proposed 60/40 Blend CHP systems 

7.5.3 Blend Ratio 40/60 

The final blend ratio of interest for analysis is the 40/60 blend. This case is interesting 

as it is the only one where the purchased feedstock outweighs the poultry litter by-

product. Calorific value has increased again to 4.77kWh/kg with full technical details 

available in Table A.11 of the appendices. Total installed costs are £486,687 for the 

120kW system, £373,450 for the 36kW system and £229,201 for the 21kW system 

with full breakdown available in Table A.12 of the appendices. Results are displayed 

in Figure 7.15 and as expected further increases in BESP are identified, with 10 

separate cases requiring a BESP higher than the current grid electric costs of 

£158/MWh. Not including the base case, for the 120kW system the average increase 

was £43.90, for the 36kW system it was £95.40 and for the 21kW system it was 

£151.30. These are significant increases which seriously detract from the appeal of 

the system. 
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Figure 7.15 BESP for Electricity from 40/60 Blend 

The final analysis carried out was on the NPV of the 40/60 blend with results displayed 

in Figure 7.16. The large feedstock volume which requires purchasing along with lower 

amount being saved from poultry litter disposal means that the NPV of each CHP 

system has a large drop in comparison to the single feedstock scenario. The average 

reduction in value for the 120kW system is £349,772. For the 36kW system it is a 

reduction of £232,252 and £216,382 for the 21kW system. These are substantial drops 

in value for each system, but as can be seen from Table A.8 in the appendices, 

payback period above case 1 remain positive, with most systems still returning the 

initial investment within 10 years. 
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Figure 7.16 NPV for the proposed 40/60 Blend CHP systems 

7.6 Summary 
 
The introduction of any new equipment is driven by necessity. While equipment does 

have a lifetime and will require changing once this has been met, the choice of what 

to replace it with can be daunting. If an energy generation system will offer significant 

return on investment the end user will see it as a much more attractive option. The 

main aim of the chapter was to assess the potential of using blends of biomass for 

downdraft gasification application and what influence these blends may have on the 

economic indicators being investigated; BESP, NPV and PBP. 

 

From the analysis carried out in this chapter, on the three proposed CHP systems, 

each has their own merits and benefits. The 120kW system is suited to a farm which 

has access to the national grid for exporting excess electricity, the 36kW system is 

better suited to a farm which would rather increase their thermal load and the 21kW 

system is one where they want to manage their own power usage or could even store 

producer gas for use at another time. 

 

From the analysis, it was found the poultry litter systems can payback their initial 

capital investment within 10 years under most conditions, with the scenarios defined 

in Table 7.2. The BESP of electricity generated through the system was also lower 

than grid electric costs in 14 out of 18 cases investigated. NPV of the system could 
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also be doubled by the various subsidies and savings available to the system under 

certain conditions. Using the single feedstock streams as a basis for comparison, the 

blended feedstock did not perform as well due to the purchase cost of £209/tonne of 

the wood pellets used to blend the poultry litter with. Best performing was the 80/20 

blend due to it containing the least proportion of pellets, and it could only produce 

electric below the cost of grid electric in 10 of the same 18 cases. The 60/40 blend 

produced electricity cheaper than grid costs in 9 out of 18 cases and 40/60 was 8 of 

18. Payback of below 10 years was available to the blend systems but required 

increased case numbers to achieve it. The NPV of the blends was reduced 

significantly by the introduction of blending, with the 80/20 blend reducing the NPV of 

the 120kW system by an average of £258,744. These reductions in value increased 

as the blend proportion increased due to the increased cost of wood pellet feedstock 

required. 
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Chapter 8 - Discussion 

8.1 Introduction 
In this chapter a detailed discussion will take place on all the research which has been 

carried out as part of this project. This will include the results generated from both the 

modelling and experimental work carried out on the blends of feedstocks, comparing 

them to what has previously been published in literature and discussing what impact 

they may have. An examination of the parameters associated with gasification and the 

influence they had on the results will take place such as but not limited to feedstock, 

temperature and ER. We will look at the results of the LCA in more detail, comparing 

it to other work in the field and interpret what the outcomes could mean for the various 

energy generation methods covered. A discussion on some of the social impacts of 

the system will take place, as well as recent policy from a national and international 

level which influences, or hinders, the proposed system. Changes which should take 

place if the work was repeated or if the research was to continue will be discussed, as 

many minor issues with the experimental set up have been identified throughout the 

project timeline. Examples include increased insulation for temperature control, better 

carrier gas control and adjustments to the feeding mechanism to streamline the 

process. Finally, we will discuss the opportunities to continue the research and what 

would the next step in the process be. 

 

A large data set has been generated during this research. These include full proximate 

and ultimate analysis of the biomass materials of interest, single feedstock producer 

gas composition carried out in triplicate, blended feedstock producer gas composition 

in triplicate, a number of additional system improvement experiments such as catalyst 

and additional feedstock preparation steps, LCA of the system from cradle to grave, 

techno-economic analysis of the process from feedstock procurement to application 

and more. 

8.2 Influence of Blends on Experimental Results 
The overall goal of this research is to investigate the influence that blends of 

sustainable biomass have on downdraft gasification. Through the literature review in 

Chapter 2 optimal blends and the gap in the analysis was identified (Augustine and 

Sekhar, 2019; Inayat et al., 2016; Jeya Singh and Sekhar, 2016; Tamili et al., 2018). 
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The primary aim for this was to increase system performance. Gasification 

performance was measured using producer gas calorific value, conversion efficiency 

and tar yield as indicators. Further performance indicators can be gathered from the 

LCA and techno – economic analysis. In the LCA, results from the blended analysis 

were compared to single feedstocks and traditional energy generation methods, with 

performance indicators being the numerous environmental impact categories. Within 

the techno – economic analysis financial indices were used to compare the influence 

blends have, in terms of NPV, BESP and PBP. 

8.2.1 Producer Gas 

The effect that blending had on producer gas composition was apparent throughout 

the three feedstocks of interest; poultry litter, anaerobic digestate and miscanthus. 

When the proportion of wood pellets in the feedstock was increased, the LHV of the 

producer gas also increased. For the 3 feedstocks, similar percentage increases in 

LHV were identified for almost each blended producer gas when compared to the 

single material producer gas. The 80/20 blend showed no increase in poultry litter 

LHV, a 1% increase in digestate LHV and a 1% increase in miscanthus LHV. When 

the blend was increased to the 60/40 mix, the LHV increase was 6% for poultry litter, 

7% for digestate and 5% for miscanthus, again a very similar percentage increase.  

For the 40/60 mix the LHV increased by 8% for the poultry litter, 15% for the digestate 

and 12% for the miscanthus. While there is a greater variation for the 40/60 blend, the 

trend of increasing LHV with increasing blend proportion remains consistent. 

 

Table 8.1 Producer Gas LHV increases with blends 

  
Poultry 
Litter 

Digestate Miscanthus 

Blend LHV (MJ/Nm3) 

100/0 3.91 3.44 3.17 

80/20 3.93 3.48 3.19 

60/40 4.16 3.69 3.32 

40/60 4.22 3.94 3.54 

The LHV increase when compared to the single feedstock producer gas is obvious 

across all blends for each biomass material of interest, as can be seen from Table 8.1. 

These increases are apparent despite the various changes in producer gas 

composition identified throughout the experimental analysis. Percentage changes in 

poultry litter producer gas composition when compared to single feedstock can be 
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seen in Figure 8.1. The energy content of the various components which make up the 

producer gas are CH4 358 MJ/Nm3, CO 126.36 MJ/Nm3 and H2 107.98 MJ/Nm3. 

Therefore, the component with the greatest influence on producer gas energy is CH4. 

Large increases in CH4 in the gas were noted compared to the single feedstock, while 

CO increased steadily. Coinciding with this, large reductions in H2 concentration were 

identified. The reactions which influenced these alterations in producer gas 

composition are the water gas shift reaction, methanation and Boudouard reactions. 

 

CO + H2O ↔ CO2 + H2 (Water Gas Shift Reaction) (7) 

C + CO2 ↔ 2CO (Boudouard Reaction) (5) 

C + 2H2 ↔ CH4 (Methanation Reaction) (8) 

In Figure 8.1 the percentage change in producer gas composition compared to the 

single feedstock poultry litter is displayed. Material which shows the greatest change 

in concentration is CH4 with between 130 – 155% increase in concentration depending 

on the blend. H2 showed the greatest reduction, with between 38 – 46% reduction 

when compared to the single feedstock. CO shows a steady increase when the 

proportion of wood pellets in the blend increases. The increases are between 7 – 44%. 

Final components of interest are the non-combustible fraction of CO2 and N2. CO2 

increases by 35% with the 80/20 blend before reducing to a 25% increase compared 

to single stream. All N2 components stay close to the original concentration, with only 

80/20 blend showing a 2% increase. 
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Figure 8.1 Poultry Litter percentage change in component composition 

When we move on to the digestate material and look at the impact that the blends had 

on its producer gas composition similar trends as identified in the poultry litter can be 

seen in Figure 8.2. CH4 concentration increases with increasing blend proportion and 

CO increases alongside this. Again, similarly to what was seen in poultry litter, the H2 

concentration decreases with increasing blend. The reactions causing these changes 

are the same reactions as before, the water gas shift reaction, methanation and 

Boudouard reactions. Changes in producer gas composition compared to single 

feedstock aren’t as large for digestate as those identified for poultry litter. The largest 

increase in CH4 was 67% for the 40/60 blend which also showed the largest change 

in CO of 21%. The largest changes for poultry litter were 155% increase in CH4 and 

44% CO. Understanding what is influencing the difference in producer gas 

composition changes is important for understanding the gasification process. The only 

two factors which could influence this are the temperature of reaction and the original 

feedstock composition. 
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Figure 8.2 Anaerobic Digestate percentage change in component composition 

Finally, for digestate while CH4 and CO both showed increases with increasing blend 

when compared to single feedstock composition, the same cannot be said of the H2, 

CO2 and N2 within the gas. H2 concentration for each blend is up to 11% lower than 

the single feedstock experiment, CO2 varies between 4% less for the 60/40 and 4% 

higher for the 40/60 blend. N2 shows similar results, with a 4% decrease for the 40/60 

blend. 

 

Figure 8.3 Miscanthus percentage change in component composition 
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The final producer gas for analysis is miscanthus generated gas. While trends were 

identifiable for the previous materials, within miscanthus the results are much less 

consistent as can be seen in Figure 8.3. The only definitive trend is the reduction in N2 

with increasing proportion of wood pellets. A total of a 10% reduction in N2 can be 

seen between single feedstock and the 40/60 blend. Significant increases in CH4 (up 

to 26% increase) and H2 (up to 20% increase) are also found, with CO decreasing 

initially by 9% before increasing by 3% compared to single feedstock producer gas. 

The gasification reactions taking place which are the cause of these changes are again 

the water gas shift reaction, reducing the CO generated in place of CO2 and H2, and 

the methanation reaction using the H2 generated for the production of further CH4. 

8.2.2 Feedstock 

While we have evidence of producer gas compositional changes when feedstocks are 

blended, and an understanding of the reactions taking place that creates these 

changes, the question as to why must still be answered. From the results it can be 

seen that producer gas compositional changes did not happen even and equally for 

each feedstock. Poultry litter producer gas changed significantly more than either 

digestate or miscanthus. One reason why this could be is down to the chemical 

composition of the individual biomass feedstocks. While both miscanthus and 

digestate both have very similar chemical composition, as can be seen from Table 3.1 

in Chapter 3 – Methodology, poultry litters composition differs greatly. Digestate and 

miscanthus both contained approximately 45% carbon and 6% hydrogen. Poultry litter 

contained 34% carbon and 4% hydrogen. Through the introduction of wood pellets, 

we are increasing the carbon content of the feedstock significantly as wood pellets 

contained 47% carbon and 6% hydrogen. This leads to an increase in CH4, CO and 

CO2 production through the water gas shift reaction, methanation reaction and 

Boudouard reaction by having more carbon available for conversion. The H2 content 

of the producer gas could be explained using similar reasoning. While there are 

multiple mechanisms through which H2 can be generated through gasification, the 

water gas shift reaction is the one which occurs at the beginning (Chiang et al., 2012). 

For poultry litter producer gas H2 content, the introduction of wood pellets lowers the 

volumetric percentage due to it being a drier feedstock than the poultry litter, 10.3% 

moisture vs 7.5%. Less H2O in the feedstock means less available for initial conversion 

into H2. 
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Similar results to those being observed in these experiments can be seen in (Gautam 

et al., 2011; Malatji et al., 2011; Vera et al., 2013) where the downdraft gasification of 

feedstocks with higher carbon contents generate producer gases with higher CH4, CO 

and CO2 contents. Therefore, through the blending of a low carbon content feedstock, 

with a high carbon content feedstock, gasification performance can be improved 

significantly. 

8.2.3 Temperature 

Another factor which may have had an influence on the producer gas composition is 

the temperature. As is known from the literature review, temperature has an influence 

on the gasification reactions (Susastriawan et al., 2017). Higher temperatures promote 

reactions to take place, supporting the production of particular gaseous products. 

While an increase in temperature is seen as a positive for gasification, above a certain 

point it can detract from the system efficiency and promote the melting of ash within 

the system leading to pipe blocking issues. While every effort was made to ensure a 

consistent temperature profile throughout the experiments, due to the system design 

and function, temperature was not an easy parameter to control. 

 

Throughout the experiments, as producer gas composition was being recorded by the 

gas analyser, the temperature across the system was simultaneously recorded by a 

data logger. This allowed for best quality gas to be produced, through aiming to keep 

reactions at the optimum gasification temperature of approximately 850°C (Hamad et 

al., 2016). Results for poultry litter show that the temperature of gas production lowers 

with increasing blend proportion as can be seen in Figure 8.4. From the single stream 

poultry litter experiment occurring at 946°C, the 80/20 blend occurring at 813°C, the 

60/40 blend at 820°C and the 40/60 blend at 796°C. Except for the 60/40 blend, 

temperature is decreasing with higher wood pellet proportion. When we compare this 

to the results identified for the digestate and miscanthus feedstocks, no discernible 

trend can be identified. With increasing blend proportion for digestate temperature 

fluctuates, and similar can be said of the miscanthus material. Digestate reaction 

temperatures begin at 831°C for the single feedstock, before decreasing to 821°C for 

the 80/20 blend. Temperature increases to 851°C for the 60/40 blend before further 

increases to 910°C for the 40/60 blend. Miscanthus begins at 871°C for the single 

feedstock, 987°C for the 80/20, 913°C for the 60/40 blend and 839°C for the 40/60. 
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Temperature along with ER of the system was difficult to control due to system design. 

These variations in temperature could be a side effect of the lack of control over the 

gasification reaction which the user has with the Fluidyne system. 

 

Figure 8.4 Changes in Temperature of Reactions 

Downdraft gasification of poultry litter, digestate and miscanthus have all previously 

been carried out with results available in literature. Poultry litter was done at 

temperatures of between 800 - 900°C by (Ng et al., 2017) which is the same range 

which these reactions take place. Digestate under similar conditions was carried out 

by (Chen et al., 2017) with temperatures around 800°C. Previous miscanthus 

experiments found in literature show a range of temperatures for downdraft 

gasification, between 700 - 985°C (Kamble et al., 2019). Through comparison with 

previously published research, we can confirm that even with less control over the 

temperature than optimal, gasification of the various feedstocks took place in the 

correct temperature ranges. 

8.2.4 Equivalence Ratio 

The ER is defined as the amount of air in a reaction, compared to the amount required 

for stoichiometric combustion (Prins et al., 2003). Gasification requires an ER of 

between 0.25 – 0.50 to be carried out. This is accomplished through the reaction taking 

place in a controlled chamber, where the oxygen allowed into the system is regulated. 

From the modelling work carried out in Chapter 5, the ER of the gasification reactions 

was identified as being 0.35. This value falls between the suggested values from 
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literature. Using this ER, producer gas composition generated from the simulation 

work was found to be very similar to the composition identified through experimental 

analysis of the feedstocks (Freda et al., 2019; Pandey et al., 2016; Samson et al., 

2018). While significant effort was made to ensure consistent ER for each experiment 

carried out, due to the gasifier design and lack of air flow metering equipment this 

could not always be guaranteed. ER was therefore never experimentally found, and 

the suggested value of 0.35 is a best estimate. We will discuss this is greater detail in 

Section 5 where suggested changes to the system for future work will be carried out. 

While accurate changes to the ER could not be carried out, if we take the ER of 0.35 

to be true and using the producer gas composition and temperature to be indicative of 

this, the results seen elsewhere in literature agree with the findings of this research. 

8.2.5 Conversion Efficiency 

To measure conversion efficiency a simple mass balance was carried out for the 

experimental analysis, comparing the weight of material fed into the system to the 

weight of material extracted. From the multiple experiments carried out on each 

material, an average value was calculated. Displayed in Figure 8.5 along with Table 

8.2 we can see the results of this calculation, along with any trends that blend 

proportions had on the conversion efficiency of the downdraft gasification process. 

 

Figure 8.5 Conversion efficiency of material in downdraft gasification setup 
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Table 8.2 Blend Comparison of Conversion Efficiency 

  
Conversion Efficiency (%) 

100/0 80/20 60/40 40/60 

Poultry Litter 68.4 63.9 66.4 65.0 

Digestate 70.9 66.1 63.3 65.8 

Miscanthus 67.9 62.2 66.9 62.5 

 

While blend proportion increased, no identifiable trend can be seen for changes in 

conversion efficiency. Fixed bed downdraft gasification was chosen as the conversion 

method of choice for this research due to the scale of operation, the wide variety of 

material acceptable for conversion, and the low amount of tar generated during the 

process. Fixed bed due its nature, will have a higher proportion of unconverted 

material in comparison to other technologies such as fluidised bed or entrained flow. 

Previously published literature has shown that the conversion efficiency found for 

various biomass feedstock in the downdraft set up can vary from 50.4% to 79.5%, a 

range which all of the experimental results generated fall into (Sarker and Nielsen, 

2015). 

8.2.6 Catalyst 

Once complete analysis of the various feedstocks had been carried out, and individual 

producer gas compositions and LHV’s had been identified, the addition of a catalyst 

to the reaction was carried out to further improve producer gas quality. The catalyst of 

choice was a calcium carbonate (CaCO3) powder. Through further literature review 

the optimum loading rate of the material was found to be 20% by weight of the total 

feedstock (Chiang et al., 2012; Raheem et al., 2019; Taufiq-Yap et al., 2013). This 

catalyst promoted tar cracking, breaking the heavy tar components into lighter tars 

along with further gas products. The most noticeable changes in the catalyst added 

reaction are a 45% increase in volumetric H2 content, from 11.6% to 21.1%, and a 

14% decrease in CO2 content, from 10.7% to 9.4%. Further action of the catalyst 

allowed for gas production from the downdraft gasifier at lower temperatures than 

previously possible. When producer gas temperature is compared between the 

catalyst loaded reaction and without, there is a 69°C difference in production 

temperature. The addition of the CaCO3 catalyst has increased H2 production, lowered 

CO2 content and carried this out at lower temperatures than were previously possible. 

Similar increases in H2 content and lower reaction temperatures through the use of 
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the catalyst have been identified in literature (Maneerung et al., 2015; Murakami et al., 

2015). The catalyst has been shown to further increase the performance of a fluidised 

bed system through the stopping of agglomeration and sintering of the feedstock within 

the gasifier (Horvat et al., 2019). 

 

Through the addition of the catalyst to the reaction an increase in LHV was found. This 

increase was 16.5%, from 4.16MJ/Nm3 to 4.98 MJ/Nm3. This is a significant 

improvement in system performance but will come with an additional cost of catalyst 

purchasing price. The cost associated with purchasing the calcium material is 

dependent on many factors such as quarry type, processing and transport but after 

conversation with industry, a price of £15/tonne for the calcium carbonate material is 

used as an estimated cost (Hill, 2021). Using the 20 wt.% feedstock loading factor, 

this would equate to just above £2,300 per annum in purchasing costs. This is a 

significant outlay that is not unequivocally required as adequate energy is generated 

by the proposed systems. The poultry industry would avoid this cost if waste eggshells 

were utilised as the catalyst source. The drying and pulverising of eggshells produces 

CaCO3, which could then be added to the gasification reaction for performance 

improvement at no extra cost (Yang et al., 2016). This could only work for breeder 

farms where the birds produce eggs, unlike a broiler farm which raise birds for meat 

consumption. 

8.3 Modelling & Simulation 
Using ECLIPSE simulation software, a full simulation of the downdraft gasification and 

producer gas application process, along with economic analysis could be carried out. 

Using the multiple software packages that ECLIPSE consists of, accurate data 

describing complex processes, emissions and financial characteristics have been 

generated for improved gasification awareness. 

8.3.1 ECLIPSE Process Modelling 

Results from the process modelling component of the research were validated against 

the practical experimental data generated and other research found in peer reviewed 

work. Using the data generated through the modelling software, further information 

could be generated than previously possible. This includes accurate producer gas 

composition, yield and LHV supplied for CHP application of the gas, data provided for 
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the LCA analysis of the heat and electricity generation methods, and the economic 

assessment of the proposed CHP systems including NPV, BESP and PBP. Poultry 

litter producer gas composition differed from the experimental results. H2 content had 

been underestimated by 12%, a significant amount when considering the LHV impact 

of tripling the H2 content. Under and over estimation of reaction products can occur to 

equilibrium models, depending on the operating conditions of the gasifier (Aydin et al., 

2017). While H2 content was different, the LHV remained accurate for downstream 

applications. 

8.3.2 Producer Gas Application 

Application of the producer gas generated during the experimental analysis to an ICE 

for heat and electricity production was planned. Due to unforeseen time constraints 

within the PhD, this could not be carried out. Simulation of the process using validated 

results from ECLIPSE modelling of the system was carried out instead. Results from 

this simulation can be seen in Table 8.3. These results are all based off a DAF 

feedstock, in a 120kW ICE system. The 60/40 blend chosen for analysis was the 

poultry litter and wood pellet blend. 

 

Table 8.3 Producer Gas Application Comparison 

  
Poultry 

Litter Pellet 
Digestate 

Pellet 
Miscanthus 

Pellet 
60/40 
Blend 

Input (kg/h) 123.8 90.3 89.3 109.8 

Gas Production (m3/h) 250.6 210.2 237.3 263.7 

Gas LHV (MJ/Nm3) 3.91 3.44 3.17 4.16 

Heat Output (kW) 164.0 160.8 161.6 164.6 

Electrical Output (kWh) 120.3 120.4 120.3 120.1 

Electrical Efficiency (%) 20.3 22.9 24.3 22.8 

CHP Efficiency (%) 48.1 53.5 56.9 54.2 

 

From the results of the process simulation, the two values which offer the greatest 

insight into the system performance are the electrical and CHP efficiencies (%). Using 

these values, the proposed systems can be compared to other relevant biomass CHP 

systems. When looking at electrical efficiency, the miscanthus pellet shows the 

greatest performance with 24.3%. Lowest electrical efficiency is poultry litter with 

20.3% efficiency. Thermal efficiency, or CHP efficiency for poultry litter is also the 

lowest of the feedstock of interest at 48.1%, while again miscanthus shows the best 

result at 56.9% CHP efficiency. In terms of performance, using efficiency as the 
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measure poultry litter is the worst, with miscanthus the best performing and digestate 

in the middle. Results are promising though, as the efficiencies found are the same as 

those in literature where downdraft gasification of biomass has occurred (Michailos 

and Zabaniotou, 2012; Moradi et al., 2020; Patuzzi et al., 2016). Poultry litter shows 

the worst efficiencies due to its high ash content, 12.9% and lower calorific value of 

18.1MJ/kg. The system therefore requires 33.5kg more material than the equivalent 

digestate system to produce the same electrical load. 

 

To combat these deficits in the poultry litter gasification system, the material was 

blended with wood pellets to improve producer gas LHV, conversion efficiency and 

CHP application. For comparison reasons, along with time restraints, the 60/40 blend 

of poultry litter and wood pellets was used. From Table 8.3 we can see that through 

the introduction of the portion of wood pellets to the feedstock, efficiencies have 

increased for both electrical and thermal. Electrical efficiency increased 2.5% to 22.8% 

and thermal efficiency increased 6.1% to 54.2%. These are significant improvements 

in system performance, with a 14kg decrease in feedstock required. This improvement 

is down to the increased LHV of the producer gas from the increased carbon content 

of the feedstock. 

 

The implication of these results is significant, when we look at the total poultry litter 

resources available across the United Kingdom. With estimates putting that figure at 

4.9 million tonnes per annum, through downdraft gasification and CHP application this 

could be enough material to run approximately 5,648 of the 120kW CHP systems 

across the UK (Jeswani et al., 2019). This would generate 4.76 TWhe per annum, or 

approximately 1.4% of the total electricity consumed across the UK in 2020 (Martin, 

2021). If the blended option were to be taken, the number of 120kW systems which 

could be operational increases by 11.5% to 6,370 systems producing a total of 

5.36TWh’s of electricity, or 1.6% of the total UK electric consumption in 2020. 

8.3.3 Economic Modelling 

Results from the economic modelling of using sustainable biomass blends for energy 

production showed good promise for potential users. Financial indices such as NPV, 

BESP and PBP were all used to compare the 3 proposed energy generation systems, 

along with comparisons between feedstocks and blend ratios. 
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The NPV of the proposed systems was dependent on the cumulative case number. 

For the 120kW ICE system, NPV could vary from £515,470 for the base case up to 

£1,295,450 for case 5, where all applicable tariffs and payments are made. Although 

NPV is very dependent on factors unique to the proposed system such as initial capital 

outlay, income payable, and avoided costs, we can compare the results to other 

downdraft gasification systems found in literature to see can any influencing factors 

be identified. While recent NPV analysis of downdraft gasification and producer gas 

application systems are few, for one identified similar values to those in this research 

were found. Safarian et al. (2020) calculated the NPV for their downdraft system of 

100kW to be £1,242,800, which given the conditions under which it operates is close 

to case 4 and 5 for the poultry litter system of £1,258,320 and £1,295,450 respectively. 

For the gasification of waste in a similar system, Indrawan et al. (2020) found a NPV 

of £62,567 for a 60kW system. This is significantly different to the values found in this 

research, mainly due to the lower feed rate of 40 kg/h compared to 120 kg/h, with large 

portions of the value within this system coming from the avoidance of disposal costs. 

Other positive NPV’s for downdraft systems were identified in (Chockalingam et al., 

2021; Feisal and Surjosatyo, 2021). While NPV remained positive for each blend of 

interest, with increasing proportion of wood pellets in the blend the total value 

decreased due to feedstock purchasing costs. A balance between increased energy 

content and increasing costs must be decided upon by the user. A comparison of the 

NPV for the 120kW ICE system is displayed in Figure 8.6. From this graph the 

decrease in value is apparent with increasing proportion of wood pellets in the blend. 

Maximum value for poultry litter is £1,258,320 for case 4, for digestate it was 

£1,057,070 and miscanthus was £703,380. Miscanthus is the only one who shows 

negative values under and scenarios, due to production costs. 
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Figure 8.6 NPV Changes with Blend for 120kW ICE 

Another financial indicator which can be compared to other systems in literature is the 

PBP. This may offer greater insight into the finances of the project, as PBP will be 

relevant to the locality such as electricity purchasing, transport and disposal costs. For 

a 15kWe downdraft gasifier system identified by Copa et al. (2020) a PBP of between 

8.7 to 12.6 years was found. This agrees with the timeframe identified for payback 

within this research of between 5 and 10 years for the three poultry scenarios 

suggested between case 1 and case 4, or between case 2 and 5 for the blended 

feedstock. Depending on scale and initial capital costs, PBP can be as low as 2 years 

for a downdraft system using waste as the feedstock (Manara and Zabaniotou, 2014). 

PBP for blended feedstocks remain approximately 10 years or below when 

considering case 2 and above, but generally show a 2-year increase when compared 

to single feedstock. BESP is the final indicator, with the most relevant comparison 

being the current grid electric costs of £158/MWh (BEIS, 2021). In 22 of 57 cases, or 

38.6%, electricity produced is more expensive than grid electric costs for single 

feedstock systems. For blended feedstock this increases to 27 of 54 cases, or 50%. 

In Figure 8.7, a comparison of the BESP for blends of poultry litter and miscanthus, 

using the 120kW ICE system is displayed. An obvious difference between poultry litter 

and miscanthus can be seen due to miscanthus production costs of £40/odt. BESP for 
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poultry litter generated electricity remains below grid prices under all conditions, while 

for miscanthus it is above grid electric prices in 7 of 15 cases. 

 

Figure 8.7 BESP for 120kW System Using Blends of Poultry Litter and Miscanthus 

While 6 scenarios were defined within Chapter 7 for potential income routes for the 

CHP systems, not all will be available. Currently in Northern Ireland no new 

applications are being accepted on the RHI scheme due to previous mismanagement. 

Case 5, at 2.55p/kWh is therefore unobtainable for every system and was only 

included to show the potential if the tariff was available. Similarly, for the miscanthus 

feedstock in case 6 where a payment of £76.67/tonne was made, based off the 

hectares of miscanthus planted. This was not available outside of England and was 

included to show the potential a tariff of this kind would have. 

8.4 Life Cycle Assessment 
The LCA report generated as part of the research was carried out with the aim of 

comparing the environmental impact of producing heat and electricity through 

downdraft gasification to traditional heat and power generation methods found on rural 

farms. Within Northern Ireland these are grid electric, and heat from LPG or natural 
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gas combustion systems. Once all relevant parameters had been calculated and 

included within the scope of the LCA, results showed that significant improvements in 

terms of environmental impact were found when using downdraft gasification for heat 

and electricity production. 

 

To ensure a complete comparison of the technologies and effective use of the 

SimaPro software, both midpoint and endpoint analysis were employed to gather a 

comprehensive understanding of the potential impact that changing from one 

generation method to another may have. Consistent results in terms of the impacts 

were found for both poultry litter and digestate as a feedstock for heat and electricity 

production. Single stream poultry litter and digestate produced heat with lower impacts 

in all 18 of the midpoint categories of interest when compared to the fossil fuel 

alternatives. Both feedstocks also produced electricity with lower impacts than their 

grid counterpart in all 18 impact categories. Miscanthus did not perform as promising 

as these feedstocks, with negative environmental impacts seen for both heat and 

electricity production using the material. This is in marine eutrophication and land use, 

due to the fertilizers and land required for crop growth. 

 

For an understanding of what impact changing from one system to another will have, 

the results of the endpoint analysis are used. Results are grouped together to 

represent 3 distinct categories; human health, ecosystems and resources. Here we 

can see that digestate has the biggest impact and will improve human health, 

ecosystems and resources the most compared to the traditional methods. This is true 

for both heat and electricity generation, with poultry litter closely following. Miscanthus 

has a negative effect on ecosystems for both. As the most important part of the LCA 

analysis was to compare the effect that blends of biomass had on the environment, 

the 60/40 blend of poultry litter and wood pellets was then compared to traditional heat 

and electricity generation methods. Small improvements in system performance can 

be identified when the single stream poultry litter is compared to the blended feedstock 

in terms of the endpoint impacts. Looking at the electric comparison first, the 

ecosystems impact is consistent at 23% decrease in effects, human health shows 3% 

improvement from -20 to -23% impact. This improvement can be attributed to the lower 

emissions released from the gasification system. Resources show the greatest 

improvement, where -11% for single stream is increased to -23% for the blend. This 
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improvement of 12% can be attributed to the use of waste wood as the blended 

material, utilising the circular economy approach of extracting every use out of a 

material before final disposal and therefore improving resource uses. When comparing 

the single stream feedstock and blended for heat production, an improvement in each 

endpoint category can be seen. Human health improves 21% from 79 to 100%, 

ecosystems improve 7% from 93 to 100% and resources improve a total of 57% from 

43 to 100%. 

 

From the results of the LCA analysis, it can be said that the introduction of a blended 

feedstock has improved the environmental performance of the downdraft gasification 

system where the producer gas is applied for heat and electricity generation when 

compared to single feedstock. A 13% improvement in human health impacts and a 

52% improvement in resource use for electricity generation are significant 

improvements and could entice the proliferation of the technology. Heat production 

shows improvements of 21%, 7% and 57% when comparing single and blended 

feedstocks for human health, ecosystems and resources respectively. 

 

While the results of the LCA analysis are promising, the research does contain some 

limitations. These include the number of blends compared and the technologies of 

choice chosen for comparison. As with all research carried out, time is a limiting factor 

when trying cover everything of relevance. Due to unforeseen circumstances 

surrounding the PhD timeline, it was decided to compare the best performing blend of 

feedstocks identified through the experimental and economic analysis for the LCA. For 

greater rigour within the research, further LCA comparison of various blends of 

feedstocks should be carried out. This would increase the validity of the claims that 

feedstock blending is suitable choice for downdraft gasification. The comparison of the 

proposed new system to old technology such as LPG combustion could be seen as 

carrying out the comparison with outdated technology. While this may be true, the 

comparison stands as valid as these outdated technologies are the ones causing the 

most environmental damage and should be replaced sooner, rather than newly 

installed equipment which would have improved environmental performance. LPG is 

still widely used across Northern Ireland as a heating fuel, and only when the 

combustions systems are replaced will environmental benefits be seen (DfE, 2022). 
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8.5 Social & Policy 

8.5.1 Social 

Though many benefits from the introduction of renewable energy technology exists, 

and the benefits that the downdraft gasification CHP system will have include 

environmental and financial benefits, the social impacts that renewable technology 

have are as important for acceptance in wider society (IRENA, 2017). The introduction 

of the downdraft gasification systems in Northern Ireland and the rest of the UK could 

have multiple societal benefits, from minimising the volume of traffic on rural roads 

through disposal abatement to increased local economic value if the systems were 

constructed there. 

 

The first benefit of note is to human health in a locality, which may notice 

improvements after the new systems introduction, if it were to replace older 

technology. This is down to the reduced PM2.5 emissions from the gasification process 

compared to combustion (Watson et al., 2018). This is particularly related to the lower 

NOx emissions which gasification produces. This will improve local air quality 

significantly. Further benefits to air quality come from the lower amount of large trucks 

required for material disposal. One farm consisting of 4 sheds would generate 907 

tonnes of material, requiring 22 40-tonne articulated trailers for its removal. The 

avoidance of this would lead to less emissions and cleaner air for each locality where 

the system is found. 

 

This lower volume of traffic is due to the societal benefit of improved waste 

management techniques that the system offers, with improved methods for handling 

the industry by-products generated. This circular economy approach to resources is a 

sustainable approach which should be adopted by more industries to ensure that the 

resources available to us are not exhausted. Avoiding transport of the material will 

also minimise the risk of diseases such as botulism being spread between farms, 

increasing local biosecurity (Cassidy et al., 2019). 

 

As this is a technology which could proliferate across the entire of the UK, there is 

significant employment opportunities arising from it. Design, fabrication, installation 

and servicing are all potential jobs that require a skilled workforce. This would assist 
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with improving rural employment, as most of the applicable applications will be found 

in rural areas. Not only do new jobs sustain the livelihoods of people, they also 

encourage  growth in gross domestic product (GDP), they create value in the local 

economy and promote health and education (IRENA, 2017). These are just some of 

the benefits that the introduction of such technology could have. This will lead to an 

overall sustainable industry, through supporting the 3 pillars of sustainability, 

environment, society and economy as seen in Figure 8.8 (Manara and Zabaniotou, 

2014). 

 

 

Figure 8.8 Three Pillars of Sustainability (Manara and Zabaniotou, 2014) 

8.5.2 Policy 

The research carried out to prove the capability of blending two biomass feedstocks 

to increase the LHV of the producer gas is significant, as validation of renewable 

energy technologies and their potential is critical to successfully tackle the climate 

crisis that we are currently experiencing. In 2014 the European Commission (EU) 

introduced regulation no. 592, which paved the way for the use of animal by products 

on site for energy production (European Commission, 2014). Little progress in terms 

of using this material has been made since. While proving a technology is capable of 

producing low carbon or carbon negative energy is important, without the support of 

government policy, it is unlikely that significant changes would be carried out. Within 

Northern Ireland the recent publication of The Path to Net Zero Strategy has provided 

impetus to those people who are working in the development of renewable energy 

technologies. This is because it is the first time that the government has published a 

plan for how they will achieve the goal of net zero emissions by 2050. This strategy 

will be driven by two main targets; increasing energy efficiency across buildings and 
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industry by 25% by the year 2030 and generating 70% of electricity consumed through 

renewables by 2030 also (DfE, 2021a). With these two goals laid out and annual 

reviews to judge the progress being made, there is significant potential for new 

technologies to proliferate under this strategy. Changes to the current system of 

energy generation will be carried out using the framework to grow the green economy 

in Northern Ireland. This includes replacing high carbon content fossil fuels with 

renewable alternatives, developing renewable infrastructure across the jurisdiction 

and promoting the use of decentralized solutions to carry this out. This policy 

framework therefore supports the introduction of the proposed downdraft gasification 

system as it fits the scope of what is trying to be achieved. All gasification systems 

would be based on the use of waste or underutilised biomass for energy generation, 

replacing existing fossil fuel systems. Each would be located in a decentralized rural 

setting, close to where the end user is located to minimise transmission losses. The 

policy framework also mentions to do more with less, which fits with the reasoning of 

waste from energy that the system is based off. While significant emphasis is put on 

the hydrogen economy within the report, the amount of evidence gathered within this 

research will give support to gasification technology. 

 

While there are very few operational gasification installations across the UK, the 

publishing of the Pathway to Net Zero strategy should give encouragement to those 

interested. Further evidence of the possibility for using this technology comes from 

Advanced Gasification Technologies (AGT) – Review and Benchmarking (AECOM, 

2021). Within this report generated by consulting engineers for the UK government, 

the future role of AGTs are discussed, the limiting factors influencing the technology 

today as well as opportunities and barriers it faces. Further factors which require 

research before final recommendation of the technology are suggested, with financial 

support mechanisms a major factor requiring government intervention. As can be seen 

from Chapter 7, with subsidies available from government the technology becomes 

much more financially viable while the technology is in its infancy. 
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8.6 Changes 
During the experimental research that was carried out, multiple issues with the 

Fluidyne downdraft gasifier were identified. These issues were mechanical or design 

flaws which during experimental analysis caused delays and in future could be 

improved upon. They include but are not limited to insulation of the reactors, the 

biomass feeding system and the carrier gas control system. In this section a 

discussion on changes to equipment or instrumentation to improve the quality of the 

gasification results will take place. Some design alterations could be carried out to 

ensure system improvements. 

8.6.1 Insulation 

Reaction temperature is critically important to produce the appropriate gaseous 

components within gasification. Typical temperatures for the generation of desired 

components in the form of CO and H2 are above 800°C for downdraft gasification 

(Molino et al., 2018). While the ignition of the feedstock will bring the reaction 

temperature above the required 800°C, remaining at that levels becomes difficult for 

the gasifier due to the lack of insulation surrounding the system reactors which are 

used for this analysis. An example of the variations in temperature experienced for the 

analysis of miscanthus and its blends is displayed in Figure 8.9. In this figure we can 

see no discernible trend related to temperature changes. The temperature losses 

across the system contribute to lower conversion efficiency, high tar content and 

consequently a lower producer gas LHV. A drop in thermal efficiency can also be 

identified when using cold air for gasification which is why commercial gasifier preheat 

their air (Samson et al., 2018). To combat these problems, high temperature insulation 

material should be introduced. This material will ensure minimal thermal losses across 

the system, meaning a much greater conversion efficiency and lower potential for tar 

blocking the systems pipes and reactors. Previous research in the field of gasification 

have included high temperature insulation for these reasons (Pham et al., 2018; 

Rollinson and Williams, 2016; Zhang et al., 2004). 
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Figure 8.9 Temperature Changes for Miscanthus Experiments 

8.6.2 Hearth Module 

To ensure control over the amount of air being introduced to the system and therefore 

guarantee the gasification reaction was taking place and not combustion, the reaction 

must take place within a closed reactor. On the Fluidyne gasifier this is the hearth 

module. Due to the scale of the system of interest, there is no feedstock intake system 

on the gasifier. This means that it is required to operate on a semi-batch basis. 

Approximately 1.2kg of biomass is used to start the reaction and additional biomass 

can be introduced to the system once the reaction has begun. The addition of extra 

feedstock requires opening the hearth module to the atmosphere allowing excess air 

in and causing a large reduction in operating temperature. The impact that this has on 

the producer gas quality is negative, diluting it with excess N2 from the air and lowering 

temperature by up to 300°C. To avoid these issues, a method of adding biomass 

feedstock without opening the system to the air must be introduced. This could be 

achieved through the installation of a new method to introduce biomass, such as a 

feedstock storage vessel above the ignition port that could be attached once the 

reaction had begun. Using such a device, approximately 2 – 3 kg of biomass could be 

added to the reaction without opening the system to the atmosphere. Reaction time 

could therefore be increased from 40 minutes to close to two hours, meaning greater 

data collection and a more stable producer gas generated. 
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As the gasifier is a fixed bed design, conversion efficiency of material is low in 

comparison to what a fluidised bed reactor could achieve (Ruiz et al., 2013). To 

increase conversion efficiency without significant alterations to the reactor design, a 

stirrer device could be installed in the system. This would agitate the biomass material 

within the hearth and increase conversion efficiency through the mixing action. Similar 

proposals have been carried out by Wolff et al. (2013) to prevent material bridging and 

increase performance. 

8.6.3 Air Control 

One of the most frustrating aspects of the downdraft gasifier used for experimental 

analysis was the amount of control that the user has on the reaction once it had begun. 

With only one handle on the side of the gasifier to either increase or decrease the air 

supply to the reaction, very little can be done to control the reaction. Through 

increasing air supply temperature would increase, due to the increased proportion of 

O2 available to the reaction and decreasing the air supply would have the opposite 

effect. To try increase the reliability and reproducibility of the results generated, a 

laminated protractor wheel was attached to the handle where the angle of opening 

could be marked and accurately reproduced through multiple experiments as is 

displayed in Figure 8.10. 

 

Figure 8.10 Carrier Gas Control Handle 
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To increase control and data collection potential of the system a gas flow meter should 

be installed in the gasifier. The addition of this one simple piece of equipment would 

allow for the precise control of the gasification reaction, the calculation of the ER and 

the production of better-quality producer gas. Once this installation has taken place, 

research into the influence of different carrier gases could also take place. If a flow 

meter was installed, changing of the carrier gas could be carried out too. Changing the 

system from an air ran gasifier to one that could use CO2, O2 or other would allow for 

a broader range of potential research opportunities. 

8.6.4 Other 

Further changes which could take place to improve the functionality of the gasifier are 

a removable hearth, increased temperature probes and optimization of their 

placement, and removal of tar blocking areas. If fitted with a basket type solution, the 

hearth of the gasifier could become much more functional. To date biomass is loaded 

into the gasifier using a hand shovel and unconverted material along with the ash is 

removed using spoons. If the hearth contained an inner – liner that could be removed, 

its loading and clearing out would become much more user friendly, reducing the time 

spent cleaning the system after an experiment and making it much easier to calculate 

conversion efficiency. Temperature probes on the gasifier were installed by previous 

users to this project. Only 1 probe is placed beneath the hearth in the reduction zone. 

To improve data collection further probes should be installed in the hearth module to 

ensure optimum temperature is being recorded. The final suggested change for the 

gasifier would be to change the pipe which gas travels along from the cyclone to the 

flare. This is currently a horizontal pipe with internal diameter of approximately 1”. 

During the research, multiple times this pipe became blocked with tar. If the angle of 

the pipe was changed slightly, so that it no longer sat horizontally but instead gently 

inclined downwards as it travels to the flare, tar would naturally move along the pipe 

to a catchment area which could be used to remove the unwanted by-product. 
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8.7 Continue Research 
If this research were to continue, the next step would be to introduce some of the 

changes which have been listed above and repeat the analysis to investigate if the 

producer gas generated displays any changes. Increased thermal efficiency, better 

biomass feedstock handling and greater control over the gasifying agent as well as 

changing it would all potentially further increase producer gas quality. 

 

Additional research which could be done to continue this work would include biomass 

mapping, tar identification and increased LCA. Mapping would be for the locations of 

poultry houses, AD plants and other sustainable biomass sources using GIS software. 

Once these sources of underutilised biomass had been mapped, they could be paired 

with a local energy user for environmentally sustainable heat and electricity 

production. This promotes the circular economy approach, utilising waste resources 

for energy production, avoiding unnecessary fossil fuel combustion. Fuel poverty is an 

issue across Northern Ireland. This is where a household is required to spend over 

10% of their income on energy. In Northern Ireland the rate of fuel poverty is 22% 

(NiDirect, 2021). To combat this, we can pair the areas which experience high rates 

of fuel poverty to the biomass resources available, giving access to potentially large 

energy resources could improve the livelihood of the local community and ensure 

energy security. Tar is the greatest issue that requires solving for successful 

gasification (Cammarota et al., 2016). Identification of the various tar species 

generated during the experiments could be carried out. This would include identifying 

the different tar species generated from each single feedstock, and from there 

investigate the influence that blends of feedstock had on them. Introduction of the 

catalyst would further alter the potential tar yield from the system. Final additional work 

which could be carried out include the increased blend analysis through the LCA and 

further research into the economic impact of the blends as well. 
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8.8 Summary 
Significant research was carried out during this PhD. Results were gathered from 

experimental analysis of biomass feedstocks and several modelling and simulation 

applications. Using ECLIPSE simulation software, validated results could be 

generated to ensure the accuracy of the producer gas composition, downstream 

application of the producer gas and economic analysis of the system. 

 

The overall aim of this research or the gap that it was trying to fill was to investigate 

the influence that blends of sustainable biomass feedstocks have on the downdraft 

gasification and application process. This was found through a combination of small-

scale experimental analysis, ECLIPSE simulation of the application process, LCA 

analysis of the environmental impact using SimaPro software and economic 

investigation using further ECLIPSE packages. Producer gas composition was found 

to change significantly with the introduction of the blended feedstock. CH4 and CO 

concentrations increased compared to single feedstock, while H2 content decreased. 

This led to an overall increase in producer gas LHV, as the blend proportion increased. 

Reactions which influenced this change were the water gas shift reaction, methanation 

reaction and Boudouard reaction. While temperature did have an influence on gas 

composition, due to the fluctuations found in reaction temperature results, no definitive 

trends or answers for this could be identified. To further improve producer gas quality 

a calcium catalyst, CaCO3, was added. Once optimum loading had been identified, it 

had the effect of increasing producer gas H2 content by 45% through limiting CO2 

production in the water gas shift reaction and promoting H2. This increased the 

producer gas LHV from 4.16MJ/Nm3 to 4.98 MJ/Nm3, a 16.5% increase in total. 

 

ECLIPSE simulation software allowed for validated producer gas composition results 

to be applied to downstream equipment, for accurate energy production results. 

Electrical and thermal efficiencies from the downstream equipment along with 

emissions were generated and compared to the 60/40 blend. Along with economic 

analysis of the system NPV, BESP and PBP were all found for the various scenarios 

set out, understanding the influence that blends had on them. Increased system 

efficiencies were found for the blended feedstock, with electrical efficiency increasing 

by 2.5% and thermal efficiency by 6.1%. 
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LCA analysis of the influence that blending had on the entire process showed 

promising results, where the environmental impact on the ecosystem, human health 

and resources was improved when using blends over traditional heat and electricity 

production methods. Poultry litter and digestate performed better than miscanthus in 

this regard. Improvements in local communities would be found if the technology was 

introduced, with few recent policy publications supporting the change to this low 

carbon renewable technology. Changes to the system to improve future results include 

addition of high temperature insulation and greater control over the carrier gas. Tar 

identification and destruction strategies would be the most critical next piece of 

research were the project to continue. 
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Chapter 9 – Conclusion 

9.1 Introduction 
In conclusion to this research project being completed, a discussion will take place on 

how the research which was undertook was used to reach the overall aim of the 

project. To accomplish the overarching aim, it was broken down into four simpler 

achievable goals. These goals as defined within the introduction chapter include 

process modelling, experimental study and model validation, process integration and 

assessment. Each of these project goals essentially became a work package which 

required solving. The results gathered from each of these project objectives, how they 

relate to each other, along with their impact will be discussed within this final section 

of the thesis. Continuing from this, the scientific outcomes of the research will be 

detailed. This includes any novel knowledge, techniques or information which through 

the work carried out in this research project has been identified. From these findings, 

any recommendations which this research can make to improve the uptake of the 

technology, or to make it more attractive to potential industry applications will be 

suggested in terms of recommendations for policy makers. This chapter will then 

conclude with the limitations of the work carried out. This has been discussed in brief 

in previous chapters but will be covered in greater detail within this chapter to ensure 

a complete understanding and explanation of why the limitations were accepted. 

9.2 Aim & Objectives 
As mentioned within the introduction, the overall aim of the project was divided into 

four objectives, to successfully carry out the research of interest to the highest 

standards. The total aim of this research project was: 

 

Aim: to develop a comprehensive performance analysis of an entire biomass 

gasification system with novel blended feedstocks. This includes an economical 

concept for biomass supply chain management, pre-treatment, production of producer 

gas and utilisation of biomass/waste, by means of biomass gasification for electricity 

and heat production. 

 

This aim was set out once the gap within the research had been identified and justified, 

as was discussed within Chapter 2 – A Review of Fuel Gas Production from Biomass 
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and Biowaste. The use of downdraft gasification for sustainable biomass research was 

of central importance to the research, but from the literature review the use of blends 

of sustainable waste and low value biomass was acknowledged to be the gap in the 

knowledge which required this research to take place for an answer to be generated. 

A description of the objectives which were set out to reach the overall aim is given 

below: 

 

Objectives: 

 
1. Process Modelling – develop the feedstock supply chain and gasification process 

models for the integrated biomass gasification and CHP system. The models 

developed will be used to evaluate technical, economic and environmental 

performance of micro generation fuelled by blended biomass feedstocks 

 

2. Experimental Study and Model Validation – Experimental work and analysis of 

selected feedstocks and blends for a range of process conditions, leading to pilot 

test results 

 

3. Process Integration – Syngas produced by a downdraft gasifier will be cleaned up, 

analysed and fed to an internal combustion engine for the application of combined 

heat and power 

 

4. Assessment – Techno-economic and environmental assessment of the full 

bioenergy production chain understanding the influence which the blends of 

biomass had on relevant process indicators 

 
Through dividing the complex aim of the project into four individual objectives, the 

research becomes much more achievable. A gap in the knowledge can be then filled 

with the products and results of the work carried out. To ensure a complete 

understanding of the tasks of interest, a breakdown of each objective will be given. 

Process modelling related to the simulation and modelling of the entire downdraft 

gasification and producer gas application process. By using an appropriate simulation 

software, in this case ECLIPSE, which has been designed and created within Ulster 

University, accurate modelling of producer gas composition could be generated. 
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Through accurate simulation of the producer gas generation process as well as gas 

cleaning and upgrading, the generated model could be applied to downstream 

equipment for heat and electricity production estimation. The results of both the 

gasification and application process can then be utilised as the inputs for further 

research which will take place. The second objective was to carry out small scale 

experimental analysis of the appropriate biomass material in the downdraft gasification 

system found in Ulster University’s Jordanstown campus. This experimental analysis 

included proximate and ultimate analysis of the biomass materials identified as being 

of interest, as well as downdraft gasification experiments where temperature and 

producer gas composition were monitored, recorded and later combined. Single 

feedstock as well as blended compositions were analysed experimentally in triplicate 

to ensure accuracy of the results generated. Once accurate producer gas composition 

has been obtained, the generated ECLIPSE models could be validated with the results 

to ensure their accuracy as well as the accuracy of their downstream applications. 

Process integration for the research was to experimentally apply the producer gas 

being generated from the downdraft process to a CHP system for heat and power 

generation. Unforeseen delays experienced during the course of the research being 

carried out meant that experimental application within the research was not carried 

out. Validated simulation results were used as indicators of CHP application potential. 

The final objective defined within this research was the assessment components of 

the project. Within this section both economic and environmental assessment of the 

impact that blending feedstocks have on the process were investigated. To carry out 

this analysis, further appropriate modelling software was employed. Environmental 

impact of blends was investigated using the LCA technique, through the use of 

SimaPro software. Economic analysis of systems was carried out with another 

ECLIPSE suite, the economic analysis package. Through comparing the electricity 

and heat generated from the blended feedstock system to the traditional sources of 

energy found in Northern Ireland and the UK, the environmental impact of the process 

can be evaluated and designated as beneficial or harmful. The techno economic 

analysis of the system allowed for a number of financial indices to be compared, such 

as NPV, BESP and PBP, to also understand the impact which the introduction of 

blends of feedstock could have on them. Once completed, all results will combine to 

create a comprehensive analysis of the process and evaluate the impact which blends 

of sustainable biomass feedstocks had. 
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9.3 Scientific Outcomes 
Once the research had been completed, and the results of the various work packages 

had been analysed and combined, multiple scientific outcomes have been identified. 

These outcomes are listed below: 

 

1. Blending of biomass feedstocks is beneficial to the downdraft gasification 

process, increasing LHV and application efficiencies. Max LHV increase of 

12.9% was identified for the 40/60 blend of digestate and wood pellets. 

CHP efficiencies increased 2.5% for electrical and 6.1% for thermal when 

using the 60/40 blend 

2. Blending of feedstocks is optimal for waste and low-quality biomass 

materials, through increasing carbon availability. 60/40 blend shows an 

increase of 24.2% in the carbon content of the feedstock 

3. Optimum feedstock blend ratio for improved process performance is 60/40 

4. LCA analysis of the process showed improvement in human health, 

ecosystems and resources when introducing the blended feedstock 

compared to traditional energy sources 

5. Economic analysis of the process showed electricity generated to be 

between £99.16 and £3.23/MWh cheaper than grid electric for poultry litter 

systems. In total cheaper in 50% of poultry litter cases identified 

6. Calcium based catalysts can improve process parameters through cracking 

of unwanted tar by-products increasing LHV by 16.4% 

 

Results from the experimental and modelling analysis carried out on the downdraft 

gasification of sustainable blends of biomass feedstocks show that the introduction of 

blends of material will improve the performance of the system. This system 

improvement can be seen from the producer gas LHV and both the thermal and 

electrical efficiencies of the CHP system when the producer gas is applied 

downstream. With the introduction of wood pellets to replace a portion of the biomass 

feedstock increases in LHV are seen. For each feedstock, the increase is similar. 

Percentage increase in poultry litter LHV when compared to that calculated for the 

single feedstock were 0.3% for the 80/20 blend, 5.9% for the 60/40 blend and 7.3% 

for the 40/60 blend. Under the same conditions digestate producer gas LHV increased 

1.2%, 6.8% and 12.9% when compared to single feedstock. Miscanthus increases 
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were 0.7%, 4.4% and 10.4% respectively. Reasons for the increase in LHV include 

the increased carbon content available to the reaction for conversion as well as an 

increase in particular reactions taking place. These reactions are the methanation 

reaction, the water gas shift reaction and the Boudouard reaction. CHP efficiencies for 

the system improved from 20.3% electrical efficiency and 48.1% thermal efficiency for 

the single feedstock to 22.8% and 54.2% for the 60/40 blend of poultry litter and wood 

pellets. This is an increase of 2.5% and 6.1% respectively. 

 

To ensure the maximum benefit is obtained from feedstock blending, the most 

appropriate application is with poor quality biomass. An example is through the use of 

poultry litter as the feedstock, which is formed from a mixture of heterogenous material 

and has a relatively low carbon content (33.6%). Introducing a wood pellet blend to 

improve producer gas LHV is beneficial as the average carbon content will increase 

with their introduction. 

 

Multiple blends of feedstock were experimentally analysed using the downdraft 

gasification set up. From these experiments along with the modelling of environmental 

and economic impact, the 60/40 blend was identified as the optimum. This blend 

showed good increases in LHV, while not detracting from the financial indices to make 

the system unattractive. 

 

LCA analysis of the heat and electricity generated from the application of the proposed 

systems producer gas showed environmental benefits when compared to traditional 

sources. Using SimaPro software, with the Ecoinvent Database 3.5 and the ReCiPe 

Midpoint (H) and Endpoint (H) methods the environmental impact of heat and 

electricity generated was compared to LPG and natural gas combustion, along with 

grid sourced electric. When the 60/40 blend of poultry litter and wood pellets was 

analysed through the LCA process, improvements in terms of environmental impact 

were observed. Endpoint results showed 123% improvement for human health, 

ecosystems and for resources when comparing 1kWh of electric generated to 

Northern Ireland grid electric. For 1MJ of heat a 100% improvement in each impact 

category was calculated when compared to traditional heat generation methods found 

in Northern Ireland such as LPG and natural gas. 
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Through the use of ECLIPSE economic simulation package, a number of financial 

indices were evaluated as well as the impact an introduction of blends of material will 

have on them. NPV, BESP and PBP for all proposed CHP systems were calculated. 

Poultry litter scenarios identified found the discounted PBP to be below 10 years for 

all cases defined after the base case. BESP was cheaper than grid electric in 14 of 

the 18 cases of interest and NPV of the system could be doubled under the correct 

conditions. When the blend was introduced the production of cheaper electricity 

decreased to 10 of 18 cases for the 80/20 blend, 9 of 18 for the 60/40 and 8 of 18 for 

the 40/60. Discounted PBP increased an average of between 1.5 – 2.9 years when 

blends of feedstock were introduced. NPV decreased by 20.5% for the 80/20 blend, 

24.9% for the 60/40 and 28.2% for the 40/60 when compared to single feedstock. 

Final scientific outcomes of the research relate to the addition of the calcium catalyst 

to crack the unwanted tar by-product. By using a 20% by weight loading factor, a 45% 

increase in H2 content was seen leading to an 16.4% increase in LHV for the 60/40 

blend of poultry litter and wood pellets. For the 60/40 blend of digestate, a 15.5% 

increase in LHV was found. Tar cracked into lighter compounds and released 

hydrogen from the bonds to increase gas H2 content (Li et al., 2022). 

9.4 Recommendations for Policy Makers 
From the research carried out it has been proven that the introduction of sustainable 

blends of biomass material is beneficial for the downdraft gasification and producer 

gas application process. While benefits can be seen in terms of the electrical and 

thermal energy produced, the environmental impact of the process, and through the 

economic indices of interest, the application of the technology has yet to see any 

noteworthy uptake across Northern Ireland and the rest of the UK. Within this section 

recommendation for policy makers will be made. Policy makers can come in a variety 

of forms such as a person who has influence over policy decisions in government, in 

the local authority or in a relevant public body (Breen, 2012). The recommendations 

made here based on research carried out in this project and evidence gathered can 

be used to benefit both industry and the public, through improved waste management 

techniques, improved energy security and lower harmful impacts on human health. 
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Objective 

The objective of the policy being recommended is to increase the uptake of gasification 

technology. This can occur nationally at first, with the UK and Ireland the main target 

market. Once uptake has reached an appropriate level, spreading the technology 

across Europe and further afield will become the objective. The primary aim of the 

policy is to utilise gasification technology to improve current waste management 

strategies. 

 

Target Audience 

The target audience of this policy will be ministers in national government positions, 

or those who have influence over national policy decisions. While lobbying of local 

authorities to garner support could be beneficial, this policy is aimed at a national level. 

Those who would benefit most from the introduction will be industries that generate a 

large volume of biomass or biowaste as a by-product or derivative of an anthropogenic 

process. Disseminating the results of the research carried out within this project to 

government bodies such as AFBI or DEFRA would gather support for the introduction 

of policy. 

 

The Issue 

The current issue within the agricultural industries amongst some others is the large 

volumes of waste materials being generated and lack of viable solutions for them. 

Current guideline suggest best practise for their disposal involves spreading of the 

material on land if possible, for the likes of slurries and manures. This will return 

nutrients to the land and offers a simple and effective method of disposal, despite the 

risks posed to local waterways by eutrophication. Other disposal options include 

processing the material offsite to dispense of it such as landfilling or treatment in a 

dedicated facility for example an AD plant. Landfilling is a last resort which should be 

avoided as it is a waste of the resource as well as potentially environmentally 

damaging from leachate that is produced. This, along with AD, involves paying for 

disposal through haulage costs or a gate fee at the processing facility, which in turn 

makes the disposal method less sustainable by increasing process costs. 
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Options 

A number of options are possible to incentivise the uptake of gasification technology 

for waste biomass management. These include, but are not limited to feed in tariffs, 

auctions, green certificates, investment-based tax exemptions, investment subsidies 

and low interest loans. For Northern Ireland, the proposed policy will be tax-based 

exemptions to reduce the total capital cost and therefore the overall investment 

required. 

 

Current Economic Climate 

Due to the current economic climate, the government in Northern Ireland and the rest 

of the UK is unlikely to look favourably on offering a payment to users based on units 

of renewable energy produced. Previous mismanagement of the RHI within Northern 

Ireland led to the scheme closing itself to new applicants, and the tax payer being left 

to pay for the increased costs incurred (DfE, 2021b). Incentivising the uptake of 

gasification technology with this method is therefore unlikely. Much more possible for 

the region is a tax exemption or low interest loans to be provided by the government. 

Value added tax (VAT), income tax and import duty are all areas where the 

government could introduce favourable tax policy related to the proposed systems. 

Green certificates could also be an attractive option to incentivise their introduction. A 

tax exemption on the capital cost of the system could see users potentially investing. 

Low interest loans could also be provided by government where appropriate, due to 

the potential for broad application and the guarantee that the funding would be 

returned to the government. 

 

Existing Strategies 

This technology incentivisation would fit in well with a significant amount of policy 

already in place across the UK and Ireland. Examples include the NAPR, the WFD, 

and the government’s aim for net zero carbon emissions to name a few. By utilising 

gasification technology to handle biowastes and poor-quality biomasses, the need for 

disposal through land spreading or expensive additional processing will be avoided. 

This will have a significant benefit on the environment, as over application to land due 

to intensive farming practises has led to eutrophication of local waterways. In turn this 

will assist with the WFD’s goal of improving water quality across Europe. Further 

benefit to the user will be cost and time savings experienced through avoiding 
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disposal. Brexit may have removed the UK from some of the EU’s regulations, but they 

currently remain within the common agricultural policy to ensure their standards are 

followed across the island of Ireland. As the WFD is based on water catchment areas 

and not political boundaries, the UK will still be required to maintain water standards 

across the region. Both nationally and internationally, governments have committed to 

decarbonising their economies. Countries trying to achieve net zero emissions by the 

year 2050 if not before include France, Sweden, Hungary and Germany to name just 

a few in Europe. Globally New Zealand, Japan and South Korea have also committed 

(Carver, 2021). By supporting the introduction of this technology to generate low 

carbon electricity from existing waste resources, a large proportion of current demand 

could be generated and will assist with achieving the net zero goal. 

 

International Examples 

While previous mismanagement of renewable incentivisation legislation has made 

policy makers in Northern Ireland wary of introducing new strategies, there are many 

cases of where these policies are successfully executed around the globe to date. 

Examples of where these policies are already implemented and operate well include 

China, Brazil, Montenegro, USA, Australia and the EU to name a few. China offers 

numerous incentives for the introduction of renewable energy generation. These 

include tax supports, financial subsidies and feed in tariffs for all types of renewable 

energy sources such as wind, solar, geothermal and biomass (Zhao et al., 2016). 

Brazil also offers a number of incentives to promote the use of renewable energy, 

although theirs are slightly different to what is found in China. Examples of incentives 

that have been successful implemented in Brazil are auctions, net metering 

commercialisation of certificates and feed in tariffs (Aquila et al., 2017). Auctions invite 

multiple applications to produce renewable electricity, with the cheapest per kWh bid 

being successful. Commercialisation is another term for green certificate, where the 

generator receives a marketable certificate for the units of renewable energy 

produced. Final examples of successful renewable energy incentivisation can be seen 

in the USA, Australia and the EU. Tax supports, loans, feed in tariffs, green certificates 

and power purchasing legislation are all available across these jurisdictions to improve 

the uptake of renewable power technology (Abdmouleh et al., 2015). With widespread 

application globally, successful introduction for improved technology uptake can take 

place locally within Northern Ireland and the UK. 
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Real World Impact 

The real-world impact of introducing such policy to the UK would be the potential to 

produce a large portion of current electric demand through carbon neutral methods. 

Industries which could take advantage of the introduction of such policy in Northern 

Ireland and the UK are the mushroom industry, the poultry industry and all those who 

operate wastewater treatment plants to name but a few. The mushroom industry could 

utilise the technology to handle spent mushroom compost (SMC) and wastewater 

treatment facilities could use it for wastewater sludge disposal. With over 22 tonnes of 

SMC generated weekly in Ireland alone in 2008, a figure which has risen in the interim 

due to the industries growth, and 1.4 million tonnes of sludge produced across the UK 

in 2020, both are ideal candidates for the proposed waste to energy generation 

systems (Aragón-Briceno et al., 2021; Jordan et al., 2013) The poultry industry 

generates 4.9 million tonnes of litter by-product annually, which could be utilised for 

onsite heat and electricity production as has been discussed throughout this research 

(Jeswani et al., 2019). If all the poultry waste in the UK were to be converted utilising 

the proposed technology and blending recommendation, up to 1.6% of the national 

electric demand of 2020 could be met (Martin, 2021). With most recent figures 

available showing 15.4 million tonnes of wastes produced from agriculture, fishing, 

forestry and mining across the UK annually, waste to energy technology has never 

been as attractive a solution as it currently is (Department for Environment Food and 

Rural Affairs, 2021). If a portion of this material was directed to energy generation, the 

aforementioned 1.6% of the national grid electric demand could be improved upon 

significantly. 

 

Importance of Action 

Without doubt, the current global climate crisis is the biggest threat to human life that 

we currently face. Ensuring a sustainable future is critical to minimise the threats 

caused by climate change. Changing from a fossil fuel based economy, reliant on 

importing harmful fuels across thousands of miles and international boundaries, to one 

who can provide their own energy through renewable resources is key for continued 

economic growth. All policy which supports the production of low carbon electricity 

should be promoted. 
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9.5 Limitations 
All efforts were placed into carrying out the research of interest to the highest possible 

standard. The methodology employed followed all appropriate international and 

national standards and work was carried out in triplicate, and some cases more, to 

ensure accuracy and validity of the results. Despite these efforts, there were some 

inevitable limitations identified within the work. Some of these limitations have been 

mentioned previously within the research, but they will be elaborated upon here to 

ensure all are covered. The limitations identified include; the control of temperature 

and ER, tar capturing and identification, and the scope of the LCA analysis which was 

carried out. 

 

Temperature 

Throughout the experimental gasification analysis carried out as part of this research, 

the control over the reaction temperature has been an issue. Due to the simple design 

of the downdraft system being utilised, there is only one handle on the entire unit for 

controlling the multiple reaction parameters of interest such as temperature, air flow 

and pressure. When this one lever is utilised for multiple purposes, optimising any one 

of the parameters becomes problematic. To minimise the disruption caused by 

temperature fluctuations of the reactions, each experiment was carried out in triplicate, 

ensuring an accurate average value for the producer gas composition could be 

calculated. Another issue related to the lack of control is knowing the ER which the 

reaction is operating at. Without any air flow monitoring equipment, ER could not be 

accurately changed when an experiment was taking place. While estimates for this 

value could be gathered from the literature, further alterations to the system would be 

required to have greater control over it. 

  

Tar 

Tar is widely accepted as being the greatest barrier to successful application of 

gasification technology (Asadullah, 2014a). Through application of the calcium 

catalyst, some tar was broken into lighter components and additional producer gas 

constituents. The limitations related to the tar analysis of this research was the efforts 

to quantify the volume of tar generated, along with identification of the individual tar 

species. Further issues with the gasifier system design did not allow for the separation 

of tar and char generated from the experimental analysis. Along with some pieces of 
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unconverted biomass material, all waste by-products were extracted through ports in 

the hearth, blast tube and cyclones. This, along with tar being captured in other vessels 

and pipelines of the system meant that accurate determination of the volume produced 

was impossible to obtain. Along with what can be best described as close estimation 

of tar quantities produced, the individual tar species involved where never identified 

which leaves a gap in the knowledge for the influence which blending had on its 

production. If the research were to continue, this would be the focus. 

 

Scope of the LCA 

While the LCA did follow the appropriate methodology in BS EN ISO 

14040:2006+A1:2020 and the results generated are reliable through the use of 

SimaPro software, Ecoinvent Database and ReCiPe methods, there are some 

limitations to its application. The modelling was carried out with a focus on Northern 

Ireland and used figures and assumptions relevant to it where necessary. Examples 

of this include avoiding the necessity of transporting material for disposal an average 

of 50km. This is based on the geographical size of Northern Ireland, with west to east 

distance being approximately 120km, and disposal not requiring travel over half the 

length of the region. While this is suitable when the focus is on Northern Ireland and 

the rest of the UK, wider application of the results will be detracted from. This is also 

true of the technology compared, with natural gas and LPG combustion the main 

sources of thermal energy analysed during the LCA. While these technologies may 

seem outdated, they remain a prevalent source of energy across the region. Those 

who will most benefit from the introduction of the system are those who were already 

planning on changing their heat and electricity sources, as well as those willing to 

introduce new technology. Therefore, despite the imperfections which may be present 

in the research, it remains pertinent for the application of interest. 
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Appendices 
 
Table A.1 Poultry Litter Scenarios Capital Cost: Values for all Capital Costs calculated using (Copa et al., 2020; Elsner et al., 2017; Jeswani et 
al., 2019) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

120kW 36kW 21kW 

Gasifier & 120kW ICE Gasifier & 26kW ORC Gasifier, 21kW ICE + Boiler 

Feedstock Preparation £25,835 Feedstock Preparation £20,353 Feedstock Preparation £19,661 

Gasification System £129,178 Gasification System £101,767 Gasification System £98,292 

Power Generation Process (ICE-based) £115,929 Power Generation Process (ORC-based) £83,064 Power Generation Process (ICE-based) £17,661 

Grid Connection Cost £51,558 Grid Connection Cost £14,137 Grid Connection Cost £0 

Heat Recovery Circuit £52,758 Heat Recovery Circuit £50,709 Heat Recovery Circuit £20,831 

Total Equipment Cost £375,257 Gas Burner £18,686 Biomass Boiler (150kW) £21,579 

   Total Equipment Cost £288,716 Total Equipment Cost £178,024 

Integration Cost £75,051 Integration Cost £57,743 Integration Cost £35,605 

Contingency £37,526 Contingency £28,872 Contingency £17,802 

Total Installed Cost  £487,835 Total Installed Cost £375,331 Total £231,431 
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Table A.2 BESP for Single Feedstock Scenarios 

  Poultry Litter Digestate Miscanthus 

  
120kW 

(ICE - CHP) 
36kW 

(ORC - CHP) 

21kW 
(Standalone 

ICE) 

120kW 
(ICE - CHP) 

36kW 
(ORC - CHP) 

21kW 
(Standalone 

ICE) 

120kW 
(ICE - CHP) 

36kW 
(ORC - CHP) 

21kW 
(Standalone 

ICE) 

  £/MWh £/MWh £/MWh 

Base Case 123.85 317.60 336.00 121.63 315.31 329.04 122.47 313.48 330.78 

Case 1 93.84 247.10 221.74 101.62 266.97 253.33 151.13 380.13 437.44 

Case 2 53.83 153.26 73.15 75.62 202.51 152.34 122.47 313.48 330.78 

Case 3 42.92 119.66 9.25 64.75 168.18 87.62 111.35 279.69 265.69 

Case 4 30.08 91.92 -38.36 52.09 139.89 39.00 98.03 251.91 218.08 

Case 5 25.38 77.50 -65.73 47.42 125.15 11.35 93.25 237.4 190.16 

Case 6 N/A N/A 38.31 109.59 -28.93 

 
Table A.3 Anaerobic Digestate Scenarios Capital Cost 

120kW 36kW 21kW 

Gasifier & 120kW ICE Gasifier & 26kW ORC Gasifier, 21kW ICE + Boiler 

Feedstock Preparation £19,610 Feedstock Preparation £15,758 Feedstock Preparation £15,118 

Gasification System £128,636 Gasification System £103,369 Gasification System £99,155 

Power Generation Process (ICE-based) £115,929 Power Generation Process (ORC-based) £83,064 Power Generation Process (ICE-based) £17,661 

Grid Connection Cost £51,558 Grid Connection Cost £14,758 Grid Connection Cost £0 

Heat Recovery Circuit £52,758 Heat Recovery Circuit £50,709 Heat Recovery Circuit £20,831 

Total Equipment Cost £368,489 Gas Burner £18,686 Biomass Boiler (150kW) £21,579 

   Total Equipment Cost £286,344 Total Equipment Cost £174,344 

Integration Cost £73,698 Integration Cost £57,269 Integration Cost £34,869 

Contingency £36,849 Contingency £28,634 Contingency £17,434 

Total Installed Cost  £479,036 Total Installed Cost £372,247 Total £226,647 
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Table A.4 Miscanthus Scenarios Capital Cost 

120kW 36kW 21kW 

Gasifier & 120kW ICE Gasifier & 26kW ORC Gasifier, 21kW ICE + Boiler 

Feedstock Preparation £20,598 Feedstock Preparation £16,125 Feedstock Preparation £15,694 

Gasification System £130,639 Gasification System £102,272 Gasification System £99,524 

Power Generation Process (ICE-based) £115,929 Power Generation Process (ORC-based) £83,064 Power Generation Process (ICE-based) £17,661 

Grid Connection Cost £51,558 Grid Connection Cost £14,115 Grid Connection Cost £0 

Heat Recovery Circuit £52,758 Heat Recovery Circuit £50,709 Heat Recovery Circuit £20,831 

Total Equipment Cost £371,481 Gas Burner £18,686 Biomass Boiler (150kW) £21,579 

   Total Equipment Cost £284,971 Total Equipment Cost £175,290 

Integration Cost £74,296 Integration Cost £56,994 Integration Cost £35,058 

Contingency £37,148 Contingency £28,497 Contingency £17,529 

Total Installed Cost  £482,925 Total Installed Cost £370,462 Total £227,877 
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Table A.5 80/20 Blend Scenario Technical Parameters 

 120kW 36kW 21kW 

CV (kWh/kg) 4.36 

Input (kg/h) 116.00 81.00 75.00 
 

Thermal Input (kWth/h) 506.27 353.52 327.33 

Gasification Efficiency (%) 68.0% 68.0% 68.0% 

Producer Gas Energy (kWh/h) 344.26 240.39 222.58 

To CHP System (%) 100.0% 100.0% 32.3% 

Total CHP Energy Input (kWh/h) 344.26 240.39 71.89 

Heat Recovery Efficiency (%) 85.0% 85.0% 85.0% 

Thermal Energy Output (kWhth/h) 190.2 173.7 42.8 

Electrical Efficiency (%) 35.0% 15.0% 30.0% 

Electrical Power (kWhe/h) 120.49 36.06 21.57 
 

Drying Heat Consumption (kWh/h) 23.98 16.74 15.50 

Electric Consumption (kWhe/year) 140,000 140,000 140,000 

Heat Used (kWhth/year) 1,117,530 1,070,000 1,061,851 

Heat Difference (kWh/year) 132,119 71,092 60,719 

Electric for Export (kWh/year) 651,633 96,905 1,704 
 

Producer Gas Energy Diverted to Boiler - - 67.7% 

Boiler Thermal Energy (kWth/h) - - 150.69 

Boiler Efficiency (%) - - 85.0% 

Thermal Energy from Boiler (kWhth/year) - - 841,524 

Sent to the grid (kWh/h) 99.2 14.7 - 

On-Site Consumption (kWh/h) 21 21 21 
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Table A.6 80/20 Blend Scenarios Capital Cost 

120kW 36kW 21kW 

Gasifier & 120kW ICE Gasifier & 26kW ORC Gasifier, 21kW ICE + Boiler 

Feedstock Preparation £25,246 Feedstock Preparation £19,776 Feedstock Preparation £19,143 

Gasification System £130,441 Gasification System £102,177 Gasification System £98,894 

Power Generation Process (ICE-based) £115,929 Power Generation Process (ORC-based) £83,064 Power Generation Process (ICE-based) £17,661 

Grid Connection Cost £51,558 Grid Connection Cost £14,109 Grid Connection Cost £0 

Heat Recovery Circuit £52,758 Heat Recovery Circuit £50,709 Heat Recovery Circuit £20,831 

Total Equipment Cost £375,931 Gas Burner £18,686 Biomass Boiler (150kW) £21,579 

   Total Equipment Cost £288,520 Total Equipment Cost £178,109 

Integration Cost £75,186 Integration Cost £57,704 Integration Cost £35,622 

Contingency £37,593 Contingency £28,852 Contingency £17,811 

Total Installed Cost  £488,710 Total Installed Cost £375,076 Total £231,542 

 

Table A.7 BESP for Blended Feedstock Scenarios 

Poultry Litter: Wood Pellet Blend 

  80/20 60/40 40/60 

  

120kW 
(ICE - CHP) 

36kW 
(ORC - CHP) 

21kW 
(Standalone ICE) 

120kW 
(ICE - CHP) 

36kW 
(ORC - CHP) 

21kW 
(Standalone ICE) 

120kW 
(ICE - CHP) 

36kW 
(ORC - CHP) 

21kW 
(Standalone ICE) 

  £/MWh £/MWh £/MWh 

Base Case 124.01 317.60 336.00 123.55 316.54 333.44 123.55 316.04 332.89 

Case 1 125.98 320.80 340.76 130.17 327.54 348.91 134.15 333.25 357.79 

Case 2 87.32 230.80 197.94 93.50 237.30 213.68 98.83 251.04 228.33 

Case 3 76.22 197.02 133.48 82.47 203.70 149.78 87.73 217.35 164.43 

Case 4 62.9 169.28 85.88 69.15 175.96 102.17 74.41 189.51 116.82 

Case 5 58.14 154.77 58.23 64.41 161.50 74.71 70.36 175.05 89.36 
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Table A.8 Payback Period for Poultry Litter Blended Feedstock Scenarios 

  80/20 60/40 40/60 

  

120kW 
(ICE - 
CHP) 

36kW 
(ORC - 
CHP) 

21kW 
(Standalone 

ICE) 

120kW 
(ICE - 
CHP) 

36kW 
(ORC - 
CHP) 

21kW 
(Standalone 

ICE) 

120kW 
(ICE - 
CHP) 

36kW 
(ORC - CHP) 

21kW 
(Standalone 

ICE) 

  Payback (Years) Payback (Years) Payback (Years) 

Base Case 19.3 19.3 19.3 19.3 19.3 19.3 19.3 19.3 19.3 

Case 1 20.7 20.2 20.6 22.0 22.0 22.0 22.0 22.0 22.0 

Case 2 8.9 9.2 7.4 9.8 9.7 8.0 10.7 10.6 8.6 

Case 3 7.7 7.8 5.8 8.4 8.1 6.2 9.0 8.7 6.6 

Case 4 6.7 6.9 5.1 7.1 7.1 5.3 7.6 7.6 5.6 
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Table A.9 60/40 Blend Scenario Technical Parameters 

 120kW 36kW 21kW 

CV (kWh/kg) 4.57 

Input (kg/h) 110.00 77.00 71.00 
 

Thermal Input (kWth/h) 502.70 351.89 324.47 

Gasification Efficiency (%) 68.0% 68.0% 68.0% 

Producer Gas Energy (kWh/h) 341.84 239.29 220.64 

To CHP System (%) 100.0% 100.0% 32.3% 

Total CHP Energy Input (kWh/h) 341.84 239.29 71.27 

Heat Recovery Efficiency (%) 85.0% 85.0% 85.0% 

Thermal Energy Output (kWhth/h) 188.9 172.9 42.4 

Electrical Efficiency (%) 35.0% 15.0% 30.0% 

Electrical Power (kWhe/h) 119.64 35.89 21.38 
 

Drying Heat Consumption (kWh/h) 22.74 15.92 8.81 

Electric Consumption (kWhe/year) 140,000 140,000 140,000 

Heat Used (kWhth/year) 1,109,382 1,064,567 1,017,852 

Heat Difference (kWh/year) 131,457 71,278 94,914 

Electric for Export (kWh/year) 646,052 95,816 466 
 

Producer Gas Energy Diverted to Boiler - - 67.7% 

Boiler Thermal Energy (kWth/h) - - 149.37 

Boiler Efficiency (%) - - 85.0% 

Thermal Energy from Boiler (kWhth/year) - - 834,174 

Sent to the grid (kWh/h) 98.3 14.6 - 

On-Site Consumption (kWh/h) 21 21 21 
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Table A.10 60/40 Blend Scenarios Capital Cost 

120kW 36kW 21kW 

Gasifier & 120kW ICE Gasifier & 26kW ORC Gasifier, 21kW ICE + Boiler 

Feedstock Preparation £24,351 Feedstock Preparation £19,107 Feedstock Preparation   

Gasification System £129,815 Gasification System £101,857 Gasification System £98,306 

Power Generation Process (ICE-based) £115,929 Power Generation Process (ORC-based) £83,064 Power Generation Process (ICE-based) £17,661 

Grid Connection Cost £51,558 Grid Connection Cost £14,083 Grid Connection Cost £0 

Heat Recovery Circuit £52,758 Heat Recovery Circuit £50,709 Heat Recovery Circuit £20,831 

Total Equipment Cost £374,410 Gas Burner £18,686 Biomass Boiler (150kW) £21,579 

   Total Equipment Cost £287,505 Total Equipment Cost £176,820 

Integration Cost £74,882 Integration Cost £57,501 Integration Cost £35,364 

Contingency £37,441 Contingency £28,751 Contingency £17,682 

Total Installed Cost  £486,732 Total Installed Cost £373,757 Total £229,867 
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Table A.11 40/60 Blend Scenario Technical Parameters 

  120kW 36kW 21kW 

CV (kWh/kg) 4.77 

Input (kg/h) 106.00 74.00 68.00 
 

Thermal Input (kWth/h) 505.96 353.21 324.58 

Gasification Efficiency (%) 68.0% 68.0% 68.0% 

Producer Gas Energy (kWh/h) 344.05 240.19 220.71 

To CHP System (%) 100.0% 100.0% 32.3% 

Total CHP Energy Input (kWh/h) 344.05 240.19 71.29 

Heat Recovery Efficiency (%) 85.0% 85.0% 85.0% 

Thermal Energy Output (kWhth/h) 190.1 173.5 42.4 

Electrical Efficiency (%) 35.0% 15.0% 30.0% 

Electrical Power (kWhe/h) 120.42 36.03 21.39 
 

Drying Heat Consumption (kWh/h) 21.91 15.30 14.06 

Electric Consumption (kWhe/year) 140,000 140,000 140,000 

Heat Used (kWhth/year) 1,103,950 1,060,493 1,052,345 

Heat Difference (kWh/year) 144,925 79,626 60,781 

Electric for Export (kWh/year) 651,143 96,703 512 
 

Producer Gas Energy Diverted to Boiler - - 67.7% 

Boiler Thermal Energy (kWth/h) - - 149.42 

Boiler Efficiency (%) - - 85.0% 

Thermal Energy from Boiler (kWhth/year) - - 834,444 

Sent to the grid (kWh/h) 99.1 14.7 - 

On-Site Consumption (kWh/h) 21 21 21 
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Table A.12 40/60 Blend Scenarios Capital Cost 

120kW 36kW 21kW 

Gasifier & 120kW ICE Gasifier & 26kW ORC Gasifier, 21kW ICE + Boiler 

Feedstock Preparation £23,745 Feedstock Preparation £18,597 Feedstock Preparation £17,910 

Gasification System £130,386 Gasification System £102,117 Gasification System £98,328 

Power Generation Process (ICE-based) £115,929 Power Generation Process (ORC-based) £83,064 Power Generation Process (ICE-based) £17,661 

Grid Connection Cost £51,558 Grid Connection Cost £14,096 Grid Connection Cost £0 

Heat Recovery Circuit £52,758 Heat Recovery Circuit £50,709 Heat Recovery Circuit £20,831 

Total Equipment Cost £374,375 Gas Burner £18,686 Biomass Boiler (117kW) £21,579 

    Total Equipment Cost £287,269 Total Equipment Cost £176,309 

Integration Cost £74,875 Integration Cost £57,454 Integration Cost £35,262 

Contingency £37,437 Contingency £28,727 Contingency £17,631 

Total Installed Cost  £486,687 Total Installed Cost £373,450 Total £229,201 

 
 

 
Figure A.1 Molecular Weight Estimation Calculation Example 
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Table A.13 Results from Ash Melting Analysis 

 Original Shrinkage Deformation Hemisphere Flow 
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