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Mathias Loeser Abstract 

�*������ 

Remotely located and sparsely populated areas often do not have access to an efficient 

grid­connection for electricity supply. However, plenty of biomass is normally 

available in such areas. Instead of employing island solutions such as small diesel 

generators or large battery stacks for power provision, a flexibly operating micro­

scale biomass power plant using locally available and renewable feedstock is not only 

an efficient way of providing those areas with competitive and reliable electricity, but 

also a step towards energy self­sufficiency for a large share of areas worldwide, and 

towards mitigating the looming high costs of grid infrastructure upgrading and 

extension. 

A novel power plant design combining thermochemical and biochemical biomass 

treatment was developed in this research. This system consists of a small­scale 

gasifier and an anaerobic digester unit, both coupled to a gas storage system and a 

microturbine as the generation unit. This design is suitable to continuously provide 

reliable electricity and accommodate fluctuating residential power demand, and it can 

be scaled to a level of around 100kWe, which is a fitting size for a group of residential 

customers, such as in a remote village. 

The project covers a review of available technology; the choice of suitable technology 

for such a plant and the design of the system; the set up of a detailed plant model in 

chemical engineering software; extensive simulation studies on the basis of load 

profiles to evaluate and optimise operation; and feedstock sourcing, efficiency and 

economic analyses. 

It will be shown that such a system is a feasible and economic solution for remote 

power supply, and that it can overcome many of the current obstacles of electrifying 

rural regions. 
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Introduction and Background 

� ���������
�� ��� !��0������ 

The current power system in the UK has its origins in 1882 when Edison set up the 

first ‘power plant’, the Holborn Viaduct Generating Station in London with 60kW 

generation capacity, to power consumers through 100V direct current cabling [1, 2]. 

Based on this development of power equipment, the following years saw a huge 

increase in the number of power stations that were set up in the UK to serve towns or 

large customers as independent power sources; and similar developments occurred in 

most other developed countries [1, 2]. 

In 1926 this plurality of independent power generators in the UK was required by law 

to be interconnected through a high­voltage transmission grid, and shortly after World 

War II it was decided to nationalise the UK power system, and to split it into two 

parts: one centralised group consisting of the generators and the transmission network, 

and one group of several regional distribution networks that connect to the single 

customers. These two laws can thus be seen as the beginning of the grid system on 

which the UK, the US and many other European power systems are based until this 

very day [1]. 

Once this system was developed, it was very convenient to respond to the continued 

growth of demand for power by increasing the grid and spreading it out even further, 

and by increasing the size of central power stations that generate the power to meet 

this demand. Figure 1­1 [2] shows this development for the US by depicting the trend 

of increasing power plant capacities over the decades, and a similar activity again was 

seen worldwide. 

Evidently, the larger those power stations became, the more fuel they needed on a 

continuous basis. Therefore, most large new power plants were built adjacent to 

transport links such as harbours and rivers, or close to their fuel sources, which were 

mainly water and coal, later joined by oil and gas. This however meant that whilst at 

the beginning, power stations were built locally and situated close to the demand they 

satisfied, with increasing size they were located further and further away from their 

customers; for example, in 1980 the average power station in the US delivered its 

output over an average distance of 343km of grid network in order to reach its 
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customers [2]. This in turn made the ongoing extension of the grid more and more 

important [1, 2]. 

&
���
 ���� "����� �� 31 ���
� 1���
�� ��#��
�� ���	 �5����556 $1����
� ���#�
� ���	 7�8'9 

The result of this development is that the current UK power system, and that of most 

other developed countries, is heavily centralised. Large scale power plants, often 

located very far away from the centres of power demand, satisfy a high proportion of 

the demand, and the power is transported to the customers through an extensive high­

voltage transmission grid and lower­voltage distribution grids. This is shown 

impressively by Figure 1­2 [3] which depicts the extent of the current transmission 

grid and the largest power stations in Great Britain, and through Table 1­I [4] which 

lists the 20 largest UK power stations and their power capacity as a percentage of the 

total UK network capacity. Despite constituting only 6% of the number of all power 

stations with at least 1MW of capacity, those twenty stations alone cater for nearly 

48% of the total UK capacity [4]. 

­ 19 ­




Introduction and Background 

&
���
 ���� �����	
��
�� "�
� ��� :���
�� ���
� 1���
��� 
� "�
�� !�
��
� $1����
� 7 8'9 

­ 20 ­




Introduction and Background 

��*�
 ���� :
�� �� ��
 ��
��� :���
�� 34 ���
� 1���
��� ��� ��

� ;��
�� $1����
� 7<8'9 

1���
�� )�	
 ��#
 ����� ��#��
�� 7/=8 > �� ����� 34 ��#��
��


Drax1 coal 3,870 5.06%

Longannet3 coal 2,304 3.01%

West Burton1 coal 2,012 2.63%

Cottam1 coal 2,008 2.63%

Ratcliffe1 coal 2,000 2.62%

Fiddler’s Ferry1 coal/biomass 1,980 2.59%

Eggborough1 coal 1,960 2.56%

Ferrybridge C1 coal/biomass 1,960 2.56%

Didcot A1 coal/gas 1,958 2.56%

Kingsnorth1 coal/oil 1,940 2.54%

Teesside1 CCGT 1,875 2.45%

Dinorwig2 pumped storage 1,728 2.26%

Aberthaw B2 coal 1,586 2.07%

Peterhead3 gas/oil 1,540 2.01%

Didcot B1 CCGT 1,390 1.82%

Connahs Quay2 CCGT 1,380 1.81%

Littlebrook D1 oil 1,370 1.79%

Grain1 oil 1,300 1.70%

South Humber1 CCGT 1,285 1.68%

Heysham2 nuclear 1,240 1.62%
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This centralised top­down system, where power is supposed to only flow from the 

generation plants at the top through the transmission and distribution systems to the 

customers at the bottom [5], despite having been set up decades ago, has proven to 

provide reliable and relatively cheap power to customers in the UK and worldwide. 

However, the current power system and its infrastructure are ageing, and tremendous 

investments will be necessary in the next decades for infrastructure replacement, 

modernisation and upgrading, and for continued extension of the grid network. Even 

though the exact costs are uncertain, the respective cost forecasts for the UK (£40 

billion in the next 10­15 years) and the US ($880 billion by 2030) as mentioned in the 

citations at the beginning of this thesis indicate the sheer scale of the looming 

investments necessary to continue providing current reliability levels of power 

generation and supply, and the current level of power accessibility. 
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In addition, it becomes increasingly difficult to source sufficient amounts of cheap 

fuel for the power plants currently available, which are mainly fossil­fuelled [3, 4]. 

Figure 1­3 [4] shows the long­term trend of coal, gas and oil prices in the UK, and 

there is no indication that this trend reverses soon. 

UK Fossil Fuel Prices 1970 ­ 2008 
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Furthermore, new power generation technology that starts penetrating the network, 

such as wind, solar or tidal/wave power, will bring further challenges to the network 

due to the intermittency of those power generators [3, 5]. 

This last consideration introduces another crucial factor of current power systems: the 

demand for power, similar to that of other ‘commodities’ such as water, oil, gas etc., 

is not constant but variable, especially the demand of residential customers. This 

means that the amount of power consumed by all customers on the grid varies over 

the course of the day and depends on numerous parameters, such as time, season, 

temperature etc. [5]. Figure 1­4 [3] shows this variation of the daily total demand, or 

load, of the transmission network in Great Britain. 
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However, unlike other commodities, power cannot be stored easily in large quantities 

to level out the demand; instead, it is necessary to continuously match demand 

through generation, which means that at each instance of time total generation needs 

to equal total demand in the network [3]. This was another main reason for setting up 

a national grid system that interconnects all customers and all generators: the more 

customers and generators are connected to each other, the easier it becomes to 

maintain a stable power supply. Generators can operate synchronous with each other, 

which makes it easier to respond to fluctuations in demand or to cushion the outage of 

a single generator [5]. Furthermore, the demand also becomes easier to predict when 

more customers are interconnected (see chapter 7). 

In order to match demand with generation, a number of large base load plants are 

scheduled to operate continuously, 24 hours a day 7 days a week, to satisfy the 

constant base load demand that can be seen in Figure 1­4. Those plants are mainly 

large nuclear or coal fired steam plants whose output cannot be adjusted easily [6]. In 

addition, some relatively flexible peak load plants were developed to level out 

demand and supply on short notice. Those (mainly gas turbine or pump hydro) plants 

can be adjusted within time frames of two to twenty minutes in order to respond to 

demand changes [6]. 

This design however was again based on the assumption that power only flows from 

the centralised (base or peak load) power stations to the customers. With more and 

more intermittent and smaller generators being connected to the grid, not only demand 
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but also generation starts to become a variable value that needs to be forecasted and 

that depends on the circumstances of the environment, such as wind speed or solar 

radiation levels. This in turn means that the grid system increasingly has to match a 

variable demand with intermittent and irregular generation, which given the lack of 

power storage makes the process more and more cumbersome [3]. 

Whilst those are some of the challenges that the current power network faces in the 

UK and in other developed countries, most developing countries still lack such 

infrastructure to begin with, which explains why large shares of the population are 

still ‘off­grid’. Even though access to reliable power is relatively cheap and very 

convenient for most customers in the developed world, around 2 billion people and 

thus one third of the world population is still deemed to not have access to power at 

all, apart from using expensive batteries with low lifetimes or small diesel generators 

that only operate for a couple of hours each day and that do not necessarily follow the 

demand [2, 7, 8]. 

Furthermore, rural areas which are only sparsely populated are costly and difficult to 

connect to an existing grid network even in developed countries, but a significant 

share of the population still lives there. For example, around 19% of the population in 

England and around 36% of the Welsh population live in rural areas [9]. Figure 1­5 

[10] shows the distribution grid network of the North West of England, and it can be 

seen that an extensive network needs to be maintained in order to reach (relatively 

few) remote customers in the north of the network, when compared to the more urban 

regions in the south. 

At this point it becomes apparent that the economics of such an investment case are 

unlikely to be very promising, as lots of equipment serves a relatively small load, 

which means that the equipment utilisation factor will be low [2, 5]. So even though 

those customers may only consume a relatively small proportion of the total power in 

a network, supplying them with power can result in prohibitively high overall costs 

for the network operator [2, 5]. This in turn means that either all network customers 

have to pay a share of those high connection costs irrespective of their location, or 

only the remote customers have to shoulder the expenses. Since simply denying 

power access to those customers cannot be a reasonable solution, the former 

alternative is the one usually chosen, at least in developed countries [2, 5]. This 
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however results in higher infrastructure costs for all customers, even for those in 

unaffected urban areas. 
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Increasing the share of renewable generation can mitigate rising fuel costs and 

increase the independency of power consuming countries from fuel producing 

countries, and is thus often proclaimed as the obvious solution. Most current 

generation in the UK is based on fossil fuels, however an ever increasing share of this 

fuel needs to be imported [4], which not only results in vulnerability of the economy 

with regards to rising fuel costs, but can also lead to severe issues regarding security 

of supply1. In either way, fossil fuels are finite resources which can lead to difficulties 

of provisioning, whilst in contrast, renewable power sources can by definition be 

harvested continuously and would thus increase self­sufficiency if available within the 

country. 

However, as mentioned above, the main renewable power sources that are currently 

deployed (wind, solar, tidal) are intermittent and would thus require a significant 

amount of control to balance demand and generation once they penetrate the current 

network to a high extent [3, 12]. In addition, there are still severe cost disadvantages 

of renewable power generation as the technologies are relatively new and try to 

compete with conventional power generation technology that has been developed and 

deployed for decades [2, 5, 13]. 

This means that the currently deployed renewable generation only tackles one of the 

aforementioned challenges (fuel prices), whilst worsening (intermittency) or at least 

leaving unaffected (infrastructure costs) others. 

One renewable source for power generation however has the material advantage of 

being non­intermittent. Biomass, which refers to all living and dead organic matter 

and thus includes wood, straw, grasses and vegetables, as well as algae, vegetable 

waste, or manure (see also chapter 4), is available on a continuous basis and could 

thus be used as a non­intermittent fuel source for power generation. This means that 

power generated from biomass becomes predictable and can be adjusted through the 

amount of biomass fuel used. 

Furthermore, the total amount of biomass available is staggeringly high. It is 

calculated that approximately 200 billion tonnes of biomass exist worldwide, 

The difficult and highly emotional topic of ‘wars for fuel’ [11] should however only be mentioned as 

a side­note in this project, as it carries the potential to become a topic for extensive research itself. 
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containing around 25,000­30,000EJ 2 of energy; and that a further 15 billion tonnes 

containing 2250EJ is added each year through plant growth [14, 15]. The annual 

biomass growth alone thus exceeds the total world energy consumption of 450EJ by a 

factor of five [15], and even though it is apparent that not all of this biomass could 

ever be used for energy purposes, those figures still indicate the tremendous potential 

of biomass as a power source. 

Therefore, a recent surge in the interest of biomass­for­power deployment is 

noticeable, although this activity is mainly undertaken at large scale due to economic 

reasons [16], which means that it is tried to simply replace centralised fossil­fuelled 

power stations with centralised biomass­fuelled power stations. This development 

however leads to a myriad of problems. 

Firstly, large biomass power plants will still need the same grid infrastructure to 

deliver their power to the customers that large fossil fuel power plants currently use, 

so the challenge of looming infrastructure costs is not remedied at all. 

Secondly, large­scale biomass power plants need very large amounts of biomass fuel 

on a continuous basis; for example, the world’s largest biomass plant with a capacity 

of 350MW 3, planned for construction in Port Talbot (Wales), will require a wood 

chip intake of around 350 tonnes per hour [17]. This means that it will be infeasible to 

source this feedstock locally, which makes both import and transport of the biomass 

to the plant necessary. This in turn not only increases fuel costs, but also detrimentally 

affects customers situated along the transport ways and highly questions energy self­

sufficiency. 

Finally, biomass as a fuel is generally regarded as a renewable power source, since the 

amount of carbon released during its use roughly equals the amount of carbon the 

biomass captured during growth [18]. However, this is dependent on the way biomass 

is produced and handled. Whilst using available waste biomass (e.g. manure, waste 

wood etc.) for power purposes without doubt results in a replacement of fossil fuel, 

2 1EJ is one Exajoule of energy, or 1 x 1018J. 

3 It should be noted that despite being the world’s largest biomass power plant, this plant would still 

only have 10% of the capacity of the largest current power plant in the UK as shown in Table 1­I, and 

would only be number 66 in this list. 
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and thus in less carbon being emitted, recent development of large scale biomass 

plantations has also shown that there are potential threats and drawbacks. The possible 

impact of biomass plantations on food prices when arable land is switched from grain 

production to biofuel production, and the deforestation of rainforest for monoculture 

palm oil plantations [19­21] should be mentioned here as only two examples. Those 

issues, albeit sometimes being discussed on a very emotional and less factual basis 

[22], without doubt point towards a possible danger of applying biomass in the wrong, 

a non­sustainable, way. This is further severed when biomass fuel is transported over 

long distances between the producer and the consumer, as it has a lower energy 

density than fossil fuels and thus requires larger volumes to be transported [18]. 

Therefore, simply replacing current large scale fossil fuel plants by similarly sized 

biomass plants, albeit tackling the fuel price and the intermittency challenges, cannot 

overcome all issues mentioned above. It still requires the current level of grid 

infrastructure and does not remedy the high costs of making power accessible in 

remote regions, and it might create new problems such as the aforementioned. 

Instead, going back several decades in time and trying to overcome the centralisation 

and grid­dependency of current power supply, and ‘reinventing’ the decentralised 

smaller­scale power generators with which the whole power system development 

initially began, might be more beneficial. 

Smaller power plants at, or close to, the point of demand would provide numerous 

benefits, one of which is the the possibility of supporting or replacing a grid­

connection prone to disruption and thus deferring grid infrastructure investments, or 

rendering them unnecessary altogether. They could also react flexibly to changes in 

local power demand as they can be set up in a modularised way within short periods 

of time [2, 5]. 

Furthermore, conventional transmission and distribution grid systems incur losses of 

up to 5­10% of the total power transported [2, 4, 5]. Those losses result from the 

power demand of operating the grid equipment, and from resistive losses caused by 

the heating effect of power cables when energised. A decentralised power plant close 

to the local demand could also reduce those losses as power needs to ‘travel less’ to 

reach its customers. 
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In addition, those local power plants could also be operated on fuel sourced locally 

and possibly on renewable energy carriers to reduce dependency on finite and 

increasingly expensive fossil fuels, at which point biomass with its high availability 

would provide an enormous incentive to become more self­sufficient. Finally, it 

would be significantly easier to connect customers in remote regions to those 

decentralised power plants instead of trying to extend the conventional power grid. 

Therefore, the pathway of decentralised renewable power generation becomes more 

and more interesting, as it not only manages to address the aforementioned main 

challenges, but it could also lead to simpler power systems governed by the local 

demand. 

This project will thus undertake to design a micro­scale power plant based on locally 

available biomass. This plant should be able to flexibly generate sufficient power on 

an ongoing basis to continuously provide power to a group of remote residential 

customers, such as in a small village. 

Such a small power plant based on renewable energy sources could not only generate 

power at the point of demand and thus defer or save significant infrastructure 

investments, but would also use locally sourced fuel, avoiding transport costs and the 

uncertainty of future fuel prices, and increase energy self­sufficiency. Finally, it 

would make power accessible to rural areas and could thus benefit rural electrification 

projects as well as utilities that are faced with very high costs of connecting remotely 

located new customers to their existing distribution grid. 

Upon proving that such a design is feasible under those circumstances, it can then be 

implied that this system would also be applicable to numerous other settings, such as 

for larger villages, for less remote regions or for a less variable load, e.g. for industrial 

customers. All those cases would impose fewer constraints on the system than those 

described above, so once feasibility for the most critical case is proven in this project, 

it can then be assumed that the design would also be feasible for all other less critical 

cases, with few or no alterations necessary. 
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The aim of this research is to develop a micro­scale biomass generation plant 

facilitating continuous power supply to remote residential customers. In order to 

achieve this aim, and to summarise and clearly lay out the requirements of the project, 

a set of objectives was developed on the basis of the main challenges as mentioned in 

the previous chapter. These objectives will be described as follows. 

���$$!�'! 6" �  ���' 
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The intention of the power plant design in this project is to be deployed in remote 

regions where access to power is normally either non­existent, prone to disruption, or 

costly (see also ���$$!�'! 6�). From this follows that the plant should be able to 

operate without a grid connection, i.e. as a stand­alone system. Should a grid 

connection be available, then the plant may however be able to use it, as this would 

constitute a less critical case where the plant would be able to support such an existing 

grid connection, especially if it is prone to disruption. 

In either of those cases, the main benefit would be the possibility to defer or render 

unnecessary the costly upgrade of existing grid networks if they could be supported or 

replaced by such an independent power plant. In addition, as decentralised power 

generation would take over the supply of some local demand, a lower remaining 

demand would need to be satisfied by the existing central power stations, which 

means that the need to replace infrastructure would also be remedied to some extent. 

From this follows that grid­dependency of some areas could be overcome, and that the 

remaining grid system could be released even if it would still be used in combination 

with the plant. 

���$$!�'! 66" �,���$$��' �5!$ � 	�	 

Since the plant is to be operated on biomass, a key objective will be to employ only 

locally available feedstocks that can be used on a continuous basis without depleting 

the local resources. Furthermore, their impact on food sources should be minimal in 

order to ensure that they do not detrimentally affect the local area. This in turn means 

that transport and import of the feedstock should also be avoided, so only ‘truly 

sustainable’ feedstock should be used in order to achieve energy self­sufficiency and 

minimise adverse impacts. 
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Once the feedstock sources have been chosen, the economic impacts of production, 

harvest or collection of the feedstock should also be evaluated to ensure that the 

continuous provision of the feedstock can be achieved without incurring unjustifiable 

costs or burdens. 

Finally, the plant design should be tolerant towards different feedstock sources, since 

it is likely that it would be operated on varying biomass fuels, depending on the local 

availability. If all those objectives are met, then it could be concluded that the plant 

would increase independency from the likely rising fossil fuel prices. 

���$$!�'! 666" �������' ������$! �!���� 7��� 6��!�����!�� �!�!���� � 

Even though biomass as such is not an intermittent fuel source and was chosen in this 

project for this very reason, for the feasibility of operating this system it will be 

crucial to understand the challenge of levelling out demand and supply. As mentioned 

in chapter 1, demand varies over the course of the day, but power storage is costly and 

should thus be avoided for this plant system, if possible. This however only leaves 

flexible generation to solve the issue of variable demand. 

Since the plant is supposed to satisfy the power demand of a group of remote 

residential customers, one main objective is to understand both the demand patterns 

and the absolute level of demand to be expected. The scale of this plant should be as 

small as possible, in order to be neither oversized nor undersized for the local demand 

it is supposed to supply to. Therefore, a group of around 100 residential customers 

forming a remote village could be deemed an appropriate minimum scale that needs to 

be reached. The project therefore needs to investigate the likely level of demand as 

well as the fluctuations to be expected for such a customer group, and should evaluate 

whether the plant can feasibly be scaled accordingly. It then needs to be analysed 

whether the plant can be operated flexibly enough to meet the demand of this 

customer group in time and without the need of power storage. Finally, it needs to be 

evaluated whether sufficient feedstock can be sourced for this continuous operation. 

���$$!�'! 6�" 
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As mentioned under ���$$!�'! 6 above, the plant should be designed to be operable 

without a grid connection, which means that one of the aims of this project is to avoid 

the high connection costs for remote customers. This would provide utilities facing 

those costs with an incentive to use this plant design instead. However, from this 
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follows that the economic implications of this system will have to be evaluated, which 

means that the necessary investments for this plant need to be calculated. Those 

results should then be compared to the costs of setting up a remote grid connection in 

order to conclude whether the plant can reach its objective to lower the cost of 

accessing remote customers. 

In addition to understanding the economic implications of the plant, it should also be 

evaluated whether the plant can be operated sufficiently efficient, i.e. that no fuel 

feedstock is wasted. This finding should again be compared to the efficiency of 

conventional grid power supply to understand whether the plant can outperform its 

alternative, and whether it could thus provide efficiency benefits to the system 

operator. 

8��!� ���	 ��� 8�9!���:!	 

Besides those requirements resulting from the aforementioned four main challenges, a 

number of other criteria, which are more standardised for any power plant design, will 

need to be met. A low­cost design approach is an apparent criterion, which will be 

covered by the economic analysis. 

Furthermore, given the remote location of the plant system and the fact that the plant 

will likely be the sole power generator for the customers connected to it, a robust 

design and a high reliability level, i.e. long operation cycles and low maintenance 

efforts and outage times, will become other crucial factors to evaluate the deployment 

of this design. 

The plant design should also be modular and relatively simple in its set up so that it 

can be installed without major efforts and be scaled to different demand levels with 

relative ease. 

This set of objectives can and will not only form the basis for judging the results of 

this project, but it will also be used to structure the research. It defines the project 

milestones, and the sequence in which they need to be accomplished, which is shown 

in Figure 2­1. 
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The structure of this thesis follows from the milestones shown in Figure 2­1 and from 

the project objectives as laid out in the previous chapter. 

Chapter 1 has provided a brief introduction of the general topic of power generation, 

transmission and distribution, as well as the different issues of renewable power 

sources. It has also defined the main challenges of current power systems and how 

this project should aim to solve them. 

On this basis, chapter 2 has then stated the project aims and objectives, and has 

described the main project targets as well as the milestones within the project. 

This current chapter 3 is followed by chapter 4 which contains a detailed discussion 

and analysis of biomass technology. In the first part, biomass as a fuel feedstock is 

discussed, and its properties and characteristics are analysed. This is followed by a 

description of current biomass conversion technologies, and a discussion of biomass­

based power generation technology. The final part is a two­step decision making 

process: after comparing the technologies, a ranking is established, and on this basis it 

is evaluated which technologies are most suitable for the intended project design and 

thus will be chosen for the plant. 

Chapter 5 describes the combination of the single technologies chosen through the 

ranking in chapter 4 into one consistent and efficient micro­scale biomass power plant 

design. This design is then used to set up a simulation model of the plant in chemical 

process engineering software. The plant model is described in detail, and it is shown 

that the simulated plant model suitably represents the real plant system. 

After the simulation model was set up and justified, chapter 6 provides results of 

several feasibility studies which were undertaken to check whether the plant system is 

operable. It also describes a size limitation analysis which covers limitations on the 

basis of both technological and feedstock sourcing aspects. 

Once the model was found feasible and realistic, chapter 7 then covers the main 

operational simulation and analysis of results. In the first part, residential load profiles 

are described and evaluated in order to understand which load patterns have to be 

expected for the plant operation. This is followed by a discussion of the minimum 
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load level necessary to provide a feasible plant operation, and by a brief discussion of 

obtaining a suitable domestic group and its implications for the load profile data. 

The second part of this chapter then provides a detailed load simulation study and 

describes its results. The plant model is run against the obtained load profiles, and it is 

shown how the plant performs during one­day and ongoing operation, and whether 

the plant can provide power continuously. Plant load factors as well as storage sizing 

issues are addressed, and it is evaluated what fuel storage levels need to be provided 

in order to enable robust ongoing operation without power storage. This is completed 

by a discussion of fluctuations in demand that have to be expected when using the 

plant in off­grid locations, and an evaluation of whether the plant can accommodate 

these fluctuations. 

These simulation studies are followed by chapter 8 which compares the advantages 

and disadvantages of grid­connected and off­grid operation and evaluates in which 

modes the plant system can be operated. The second part of this chapter then 

undertakes an analysis of the transients to be expected under off­grid operation, and 

discusses whether the plant design can accommodate those transient load changes. 

After having proven that the plant is feasible and that it can be operated as required, 

chapter 9 then concludes this project with an economic and efficiency analysis of the 

plant. The plant costs for set up, operation, maintenance and feedstock sourcing are 

evaluated and compared to the revenues. Additionally, soft­money factors such as 

energy self­sufficiency and environmental impacts are addressed. Those results are 

then compared to the cost of setting up a conventional grid connection to serve the 

remote customers. This analysis is followed by a sensitivity analysis which undertakes 

evaluations of the impact of cost and revenue uncertainties on the plant economics. 

Finally, the efficiency of operating the plant is evaluated on both a unit level and a 

total system level. This efficiency is again compared to the efficiency of providing 

power through a conventional grid connection. 

Chapter 10 then summarises the results and findings of this project, provides the final 

conclusions and outlines any further work. 

The two appendices then conclude this thesis by providing the publications 

originating from this project and the programming code for the plant model described 

in chapter 5, respectively. 
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The first step in developing a micro­scale power plant on the basis of the objectives 

outlined in chapter 2 has to be the evaluation of plant technology. This includes three 

main steps, which are shown in Figure 4­1: which feedstock to use; how to convert it 

into fuel; and how to use this fuel for power generation. This chapter will cover these 

three main steps and discuss biomass as a feedstock, as well as biomass­based 

conversion and generation technology. An extensive literature research and market 

investigation was undertaken in order to evaluate what technology is available and to 

what extent it can be used for the purposes of this project. 
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Biomass in general can be defined as all living or dead organic matter [18]. This 

means that it includes all organic substances that have initially been created by 

converting the atmospheric CO2 and water into plant material through photosynthesis, 

a process fuelled by sunlight. This process captures the atmospheric CO2 and converts 

it into carbon bound in the carbohydrate molecules of biomass, a process that leads to 

the energy from sunlight being stored in the chemical bonds of the biomass 

molecules. When using biomass for power generation, this energy is released and the 

bound carbon is converted back into CO2 and water, which means that using biomass 

as a power source can be defined as carbon neutral, as the carbon is only used in this 

cycle [18]. 

Biomass includes plants and plant parts, such as wood, straw, grasses and vegetables, 

as well as algae. It also includes all dead or processed plant matter, such as dead 

wood, vegetable waste, bagasse from sugar extraction or pulp liquor from paper 

production, and finally also digested plant matter, i.e. manure [23]. It is discussed in 
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literature whether to define municipal solid waste (MSW) as biomass as well [24, 25]. 

It consists of high proportions of organic matter, but it also contains numerous non­

organic residues such as metals or glass, so treatment would have to be adjusted. In 

addition, it cannot be regarded as a fully renewable energy source. For the purposes of 

this project, MSW will therefore be excluded from the definition of biomass. 

In general, biomass is a heterogeneous mixture of a large number of different organic 

carbohydrate molecules. It mainly consists of carbon (C), hydrogen (H) and oxygen 

(O), with minor amounts of nitrogen (N) and sulphur (S). Although the molecular 

structures differ significantly from one biomass source to another, a number of main 

properties can be defined for all different sources. For the purpose of power 

generation, these main properties are moisture content, calorific value, composition 

and proportions of inert material [18]. Of these, one main property decides about the 

main classification of biomass as a feedstock and about the technology to be applied 

when using it as a feedstock for energetic purposes: this property is the water (or 

moisture) content [18]. 

The moisture content of a biomass source is defined as the weight percentage of water 

contained in the biomass and can vary within nearly the whole theoretical range of 0­

100wt%, from nearly 0% for oven­dried wood chips to well above 95% for highly 

diluted manure. In general, straw, grasses, wood and crops have a relatively low 

moisture content, whilst manures, vegetable wastes and diluted industrial by­products 

have a high moisture content. 

The biomass moisture content is a critical property when it is to be used for energetic 

purposes, as it strongly influences the calorific value (or heating value) of the 

biomass. This value is defined as the amount of heat energy released by burning a unit 

of mass or volume of biomass. Whilst the higher heating value (HHV) includes the 

latent heat of the water vapour, i.e. the energy of condensing the water vapour, the 

lower heating value (LHV) subtracts the heat of vaporisation from the higher heating 

value. As the latent heat of water vapour cannot be used when applying biomass for 

power generation, the lower heating value is the more practical value for biomass 

application – and it is the value that will be referred to as calorific or heating value 

throughout this thesis. 
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The LHV however linearly depends on the moisture content: with rising water content 

more energy is necessary for water vaporisation and the ‘useable’ energy decreases. 

To distinguish between biomass conversion and generation technologies, two main 

biomass categories were defined in literature on the basis of its moisture content: Dry 

biomass with a moisture content of below 50%, and wet biomass with a moisture 

content of above 50% [18]. The following two sections will describe each category in 

more detail. 
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The maximum level of moisture content for dry biomass is around 50%; in general, 

wood and waste wood, straws and grasses as well as other plants fall within this 

category. However, the moisture content depends not only on the material properties 

but also on the harvesting and storage methods, so this level is not absolute. Freshly 

cut wood for example contains between 30­60% water, depending on the season and 

the harvesting methods [14, 26, 27]. This initial moisture content also decreases 

during storage of the wood logs, which is shown in the example drying curve in 

Figure 4­2 [14] depicting the moisture content as a function of storage time. 
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The calorific value of dry biomass however, despite their very different molecular


structure and physical properties, varies only slightly for nearly all biomass sources; it
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is around 20MJ/kg for a moisture content of 0%, compared to around 33MJ/kg for 

coal [18, 28, 29]. 

Since the moisture content of biomass is relatively low, it can be burnt directly to 

produce heat by releasing its chemical energy; alternatively, it can be converted into 

intermediate fuel. Such intermediate fuel has a higher energy density and can be 

stored more easily than raw biomass feedstock, so the conversion to fuel can be more 

economical than direct combustion. 

When describing and classifying the properties of a dry biomass source to be used for 

energy purposes such as power generation, it is common practice to use the property 

frameset of coal, due to the similarities of the two substances. In both cases, the actual 

molecular composition of the substance for example is irrelevant, and instead a 

number of properties that affect its behaviour in industrial processes are defined to 

classify and compare one substance to another. 

Therefore, dry biomass is defined by means of its proximate and ultimate analysis. 

Whilst its proximate analysis defines the ratio of several products after heating the 

biomass, its ultimate analysis determines its atomic composition [28]. 

The ,� ;����! ���$-	�	 of a substance reveals the amounts of moisture, ash, volatile 

matter and fixed carbon, which are received when heating the substance [28]. All are 

given as a percentage of the initial, so the sum of these four categories is 100%. Its 

moisture content, as discussed above, is a crucial property when it comes to utilising 

the biomass as an energy carrier. The ash content is the percentage of inert residue 

remaining after complete combustion, and depends on the mineral matter of the 

biomass. Ashes are numerous mineral oxides which are formed during combustion, 

and they are related to potential problems of fouling and slagging within the biomass 

utilisation processes. In addition, high ash contents are related to lower obtainable 

energy amounts, due to the ash being inert. The volatile matter (VM) category defines 

the percentage of substance that has changed from solid to gaseous or vapour state 

during the heating, which means that it is the difference between the solid mass before 

and after the heating process, but excluding the moisture. The volatile matter of 

biomass mainly consists of the combustible gases formed during pyrolisation 

processes, so this value provides information on the amount of light substances that 

can be achieved from the biomass. Finally, the fixed carbon (FC) category contains 
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the percentage of mass which, after heating, remains as the solid residue, excluding 

the ash. This can be defined as the pyrolisation char, which contains considerable 

energy stored in chemical bonds of long carbohydrate chains. During conversion 

processes, this char can be cracked into shorter molecules and liquid or gaseous 

substances can be obtained. 

The 5$�����! ���$-	�	 of a substance provides its atomic composition in the form of 

percentages of carbon, hydrogen, oxygen, nitrogen, sulphur and ash [28]. Irrespective 

of the actual organic structure of the substance’s molecules and the chemical bonds 

that the single atoms have entered into, this analysis provides the relative amount of 

its atoms, which provides important information on the achievable energy when using 

the biomass for power generation. 

Similar to the calorific value of different biomass sources, their proximate and 

ultimate analyses also vary very little and can therefore be assumed to be constant. 

Numerous proximate and ultimate analyses of different biomass sources have been 

performed and published, and based on these values [18, 23, 30­33], typical proximate 

and ultimate analyses for wood chips are shown in Table 4­I and Table 4­II, 

respectively. 
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Wet biomass classifies all biomass sources with a water or moisture content of 

significantly above 50%. In the context of this project these are mainly livestock 

manure and other diluted substances such as vegetable or food wastes, whilst algae 

and industrial process wastes such as bagasse and pulp liquor also count towards this 
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category. However, the availability of industrial process wastes is somewhat unlikely 

for the scope of this project, hence the focus will be laid on livestock manure and 

vegetable or food wastes. 

As moisture contents for some wet biomass sources can be up to more than 90%, it 

has become convention to define a property called dry matter content, which replaces 

the moisture content. The dry matter content (DM content), often also referred to as 

total solids content (TS content) is the amount of all solid matter, given in vol­% of 

the biomass [14, 34]. Food processing residues and vegetable wastes, as well as 

chicken manure, have a DM content of around 40­50% and are therefore on the upper 

limit of wet feedstock. In comparison, cattle, sheep and pig manure have significantly 

lower DM contents of around 6%­14% [35, 36]. The DM content of the feedstock 

strongly influences the reactor size and hence its setup and operational cost, since low 

DM contents require larger reactors to handle the same DM volume [34]. 

Whilst the DM content is the property to describe the operational impact of a wet 

biomass feedstock, its organic matter is the property that influences its applicability 

with regards to energy extraction. The organic matter (OM) content, also referred to 

as volatile solids (VS) content, is the fraction of feedstock which contains all organic 

contents, and which during the conversion processes can be used to release energy 

[14, 34]. It depends on the organic composition of the feedstock and can be compared 

to the volatile matter content of dry feedstock. 

The calorific value of biomass feedstock, as mentioned above, linearly decreases with 

increasing water content, which means that the high water content of wet biomass 

sources results in special treatment needs. Thermochemical conversion technologies 

in general are unsuitable for wet biomass feedstock due to the amount of energy that 

would be necessary to vaporise the water from the feedstock. Instead, a number of 

treatment technologies have evolved that can be applied to wet feedstock. Those 

processes are called biochemical conversion technologies and mainly use selective 

micro­organisms which are not restricted by high water contents in the feedstock. 
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The first step in transforming raw biomass into a useful energy carrier is converting it 

into a state more suitable for energy extraction. Due to the aforementioned linearity 

between water content and energy content of biomass, conversion technologies have 
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evolved in two main categories: technologies that transform dry feedstock on the basis 

of thermochemical processes; and technologies that transform wet feedstock on the 

basis of biochemical processes. Thermochemical processes change the molecular 

structure of the feedstock by applying energy through heat and/or pressure. They 

require relatively dry feedstock in order to be efficient, otherwise significant amounts 

of energy are wasted on applying heat and pressure to the inert water contained in the 

feedstock. In contrary, biochemical processes use micro­organisms that selectively 

convert the feedstock molecules during their growth processes and therefore are 

relatively independent of the water content of the raw biomass. 

A detailed literature analysis of conversion technologies was undertaken and will be 

described in the following sections. It will be evaluated which conversion 

technologies exist, in which state of development they are, what feedstock they are 

suitable for and what their advantages and disadvantages are. On this basis, those 

technologies that can be applied to the design of this project will then be evaluated 

through comparison and ranking. 
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Thermochemical conversion technologies convert or release the energy contained in 

biomass feedstock by means of applying heat and/or pressure. During thermochemical 

conversion processes, the chemical bonds of the large biomass molecules are cleaved 

and large macromolecules are converted into smaller, shorter hydrocarbon molecules. 

Thermochemical conversion technologies include gasification, pyrolysis and 

liquefaction. Gasification is the high­temperature partial oxidation of feedstock, whilst 

pyrolysis applies medium temperatures in the absence of air to cleave the biomass 

molecules. Finally, liquefaction is a low­temperature and high­pressure process to 

convert biomass into liquid fuels. 
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Gasification is the partial oxidation of solid biomass particles into a producer gas 

mainly consisting of carbon monoxide (CO), hydrogen (H2), carbon dioxide (CO2) 

nitrogen (N2) and methane (CH4) [27]. Oxygen is supplied at high temperatures of 

around 700­1000°C and oxidises the biomass carbohydrates [37­41]. To prevent 

complete combustion of the feedstock, the amount of oxygen is restricted, so 
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gasification can be regarded as incomplete combustion. This results in products which 

still contain energy and whose energy can be extracted in later processes – which 

means that they have become an energy carrier, or fuel. The main energy carriers of 

gasification, CO and H2, are in gaseous state, hence its name. 

The oxygen can be supplied as air, steam or pure oxygen, and different producer gas 

calorific values are the result. Using air as the gasification agent results in producer 

gas with a calorific value of around 5MJ/Nm3, whereas the use of pure oxygen or 

steam results in producer gas with a calorific value of 10­12MJ/Nm3 and 15­

20MJ/Nm3, respectively [27, 42]. This difference is mainly due to the inert nitrogen 

when using air instead of steam or pure oxygen. In comparison, natural gas with a 

methane content of normally more than 95% has a calorific value of around 

44MJ/Nm3 [43]. 

During the gasification process, a number of complicated reactions occur; however, 

three main steps are differentiated: first the particle drying process, where all water is 

evaporated; followed by the pyrolysis process, where the particle is broken up into 

volatiles and a char residue; finally the oxidation process, where the volatiles, which 

are a mixture of different organic and inorganic compounds, are oxidised by the 

gasification agent and part of the char is reduced by carbon dioxide and water into 

hydrogen and carbon monoxide [29]. Two main by­products are created during the 

gasification process and can constitute up to 10% of the intake mass: particulates, i.e. 

unconverted or partially converted biomass char and inert substances such as ash or 

other impurities of the biomass feedstock; and tars, i.e. long­chain organic compounds 

which were not or only partly oxidised [42]. 

As the oxygen needs to cleave the biomass macromolecules, a high surface area is 

favourable and therefore biomass needs to be provided in the form of chips or 

particles. Particle size requirements vary from one reactor design to another, but in 

general are between a few mm to 5cm; they can contain maximum moisture contents 

of up to 30­50%, however should in general be below 20% [29]. It should at this point 

be noted that a certain amount of water in the feedstock is favourable due to a water 

hydrogen shift reaction which results in a higher calorific value, a fact that is also 

employed in steam gasification. 
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Gasification technology is not a new technology, and therefore numerous gasifier 

designs exist and have been tested extensively [29, 42, 44]. Due to the chemical 

reactions that occur in the reactor and since considerable levels of heat need to be 

provided, most systems and especially all large scale gasifiers are designed and set up 

for continuous and steady operation. Although the feedstock input flow can be varied, 

a rather steady throughput and thus producer gas output should be aimed for. Start­up 

times for smaller gasifiers of around 10­20min were reported [45, 46]. 

Most gasifiers are operated under atmospheric pressure levels in order to keep the 

reactor design simple. However, due to producing a rather low­calorific gas, it has 

been investigated whether using pressurised equipment provides benefits by means of 

smaller equipment for the same throughput rates. In addition, using the producer gas 

in generation engines can require a certain minimum energy density, which may make 

gas compression mandatory. In this case, pressurised gasification may be 

advantageous as only the gasification agent needs to be compressed, whilst with 

atmospheric gasification a far higher volume of producer gas needs to be compressed, 

which can amount to a significant energy input [42, 47, 48]. Pressure ranges of 3­

10bar have been investigated, however the cost impacts of employing pressurised 

equipment outweigh its benefits, especially for smaller scales [49­51]. 

Although all gasification units operate on the same fundamental processes, a broad 

range of reactor designs has evolved in literature. In general, three main categories 

can be differentiated, depending on the velocity of the gasification agent in relation to 

the biomass particles: fixed­bed reactors, fluidised bed reactors and entrained flow 

reactors (e.g. [27, 29, 42, 52]). 

In ��;!�<=!� �!��� �	, the gasification agent velocity is relatively low, and it steadily 

flows through the biomass particles. This reactor design is comparably simple and 

cost­competitive. Besides, variable particle sizes and feedstock qualities can be 

handled, so this design is the preferred option for small scale applications. Co­current 

(downdraft) reactors employ the same flow direction for biomass particles and the 

gasification agent. In contrast to that, counter­current (updraft) reactors are operated 

by the counter­current flow principle, i.e. biomass particles flowing from top to 

bottom whereas the gasification agent flows from bottom to top. Figure 4­3 shows a 

schematic of the two different designs [44], and their main advantages and 

disadvantages are covered in Table 4­III. 
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•	 comparably clean producer gas due to • high amounts of tar in exiting gas due 
exiting at the bottom directly after to contact with entering biomass, 
conversion of biomass, therefore better therefore need for gas cleaning 
suited for small scales equipment 

•	 lower mixing intensity and problem of • intensive mixing of particles and agent 
clogging of biomass particles due to co­ due to counter­current flow, resulting in 
current flow, therefore requires steady higher conversion rate 
feeding of the particles	 • good heat transmission from the hot 

• high temperature of exiting gas (700°C),	 producer gas to the entering biomass 
possibility to employ heat in other particles, thus relatively cold exiting 
processes gas (100­200°C) 

�$5���	!�<=!� �!��� �	 employ a higher gasification agent velocity and a reactor bed 

consisting of biomass particles and inert material such as sand which facilitates the 

heat transmission. Advantages of fluidised­bed reactors are higher conversion rates 

due to the better mixing of agent and biomass, lower tar contents and better heat 

transmission from the bed material to the biomass feedstock. However, this design 

necessitates cyclones to separate bed material and unconverted particles from the 
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exiting producer gas system and reactor loops to re­cycle the bed material into the 

reactor. Fluidised­bed reactors are therefore limited to larger scales of >1MW [29]. 

�������!� �$ 7 �!��� �	 employ an even higher gasification agent velocity and result 

in an evenly distributed stream of particles and gasification agent throughout the 

reactor. They provide the highest mixing rates and therefore result in very high 

conversion rates and clean gas. However, since they employ a high velocity and only 

a very short retention time, a very small particle size of <20mm is necessary to 

facilitate conversion, which requires sophisticated particle pre­treatment. Even though 

their feasibility is already limited to scales above 2.5MW, the cost impact of this pre­

treatment and operational challenges have so far hindered the wide­spread application 

of these systems [29, 42, 53]. 

The schematic in Figure 4­4 [54] shows two types of fluidised­bed gasifiers 

(‘bubbling’ and ‘circulating’) and an entrained flow gasifier. 
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Irrespective of the type, design and size of the actual gasification reactor, the producer 

gas will always contain particulate and tar as by­products due to the very nature of 

gasification, as discussed above. Whilst the more complex fluidised­bed and entrained 

flow gasifiers in general will have a very low tar and particulate content, the simpler 

fixed bed gasifiers can contain significant amounts of particulate and tar. As a result, 
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treatment of the producer gas to clean it of these by­products may be necessary 

depending on particulate and tar limits of the technology that will be operated with the 

producer gas. Whilst particulate filtering can be achieved relatively easily even for 

small­scale gasifiers, tar contents have been a major obstacle that in history hampered 

the application of especially small fixed bed gasification systems [42, 44, 55­58]. 

Due to the intended plant size for this project, only fixed bed gasifiers are a viable 

option, therefore their typical particulate and tar contents were analysed and are 

shown in Table 4­IV for both downdraft and updraft designs [55]. Limits for 

employing producer gas in the two main fuel­based generation technologies 

���� �5����!	 and 6��!���$ � ��5	�� � ��'��!	 [53] (see section 4.3.2) are also 

shown in the table. 
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  7	�H)	 8 7	�H)	 8 

Producer gas from: 
Co­current Gasifiers 50­500 50­1,000 
Counter­current Gasifiers 100­3,000 10,000­150,000 

Limit for producer gas use in: 
Microturbines 30 50­100 
Internal Combustion Engines 50 50­100 

It can be seen that tar levels especially for counter­current gasifiers are significantly 

above the limit for application in generation equipment, which is due to the 

aforementioned contact between exiting producer gas and entering biomass for heat 

exchange reasons, see Table 4­III. This however means that producer gas from 

counter­current fixed bed gasifiers will not be viable for fuel­based generation 

purposes [42, 44]. 

In contrast to that, co­current fixed bed gasifiers can already provide tar and 

particulate levels that are within the limits for generation, which is largely due to the 

increased research and development activity towards tackling tars in gasification in 

the last years. Designs have improved significantly over the last decade and some co­

­ 47 ­




Technology Analysis and Comparison 

current gasifier designs can now produce gas which can be used in generation 

equipment without the need for cleaning equipment [44, 59]. In addition to these 

ongoing advances of gas cleaning and tar reduction, some newer gasifier designs have 

also achieved the production of virtually tar­free gas [37, 60­62], and further 

improvements in this area are to be expected in the near future. It can therefore be 

concluded that suitable co­current fixed bed gasification reactors without the need of 

extensive gas cleaning exist in a fitting scale for this project. 
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Pyrolysis is the conversion of solid or liquid biomass into a mixture of liquid, gaseous 

and solid intermediate fuels by means of heat energy in the absence of air [41]. 

Biomass particles are heated, and their water content is vaporised. Afterwards, the 

particle is broken up into char and a volatile compound, of which the latter is then 

partly cracked into gaseous products. The energy applied to the biomass feedstock 

cleaves the biomass macromolecules into volatiles, and since no air is provided, no 

oxidation processes occur, which means that the products of pyrolysis are un­oxidised 

volatiles and gases. The pyrolysis process can thus be described as incomplete 

gasification, since the final part­oxidation step of gasification is omitted [42]. 

The main product of pyrolysis is the liquid phase, a mixture of a complex range of 

organic and inorganic compounds diluted in water, which is called bio­oil. However, 

one of the main advantages of pyrolysis is the possibility to adjust the ratio of the 

three products (char, bio­oil, gases) by varying the process parameters. The gas phase 

yield can be increased by high temperatures and long residence times to intensify 

cracking processes. Moderate temperatures and short residence times result in a 

maximum amount of bio­oil by preventing the oil cracking. Finally, low temperatures 

and long residence times maximise the char residues [42, 63]. 

Based on these adjustment options, three different pyrolysis processes are classified in 

literature: � �:!��� ��$ �-� $-	�	 (or ���� ��	��� �) with low heating rates and 

temperatures and high particle retention times of up to several minutes; ��,�� or ��	� 

�-� $-	�	 with medium to high temperatures and heating rates and shorter retention 

times of several seconds; and �$�	� �-� $-	�	 with very high temperatures and heating 

rates and very short retention times. However, very high heating rates correspond with 

the need for smaller and very uniform feedstock particles to facilitate rapid heating, an 
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effect resulting in very high feedstock prerequisites and thus pre­processing costs [42, 

63­65]. 

Temperature levels for pyrolysis are significantly lower than gasification temperatures 

and vary around 300­500°C, depending on which pyrolysis process is employed [42, 

63, 66­68]. The heat energy necessary to pyrolyse the biomass needs to be supplied 

without introducing oxygen into the reactor, so most pyrolysis processes employ 

external combustion of the char residue and heat exchangers to heat the reactor [69­

72]. Some designs also include a separate combustion area within the pyrolyser where 

some combustion air is introduced for combusting the char [56, 73]. 

Numerous pyrolysis reactor designs have been introduced for both larger and smaller 

scales, however ��,��2 ��	� and �$�	� �-� $-	�	 are more viable for larger scales due 

to the high heating rates and the more intensive particle pre­treatment to achieve small 

particle sizes in the region of several millimetres. However, only very few pyrolysis 

reactor designs have reached commercial status [66, 67, 74], since oil and gas yields 

are comparably low. 

Other obstacles of pyrolysis which still need to be overcome are the water dilution of 

the bio­oil and its corrosivity. Since bio­oil is created under absence of oxygen, its 

main components tend to oxidise when getting in contact with air. This however 

means that the storage of bio­oil and its application in generation technology is 

limited, which has hindered the general development of pyrolysis processes [75]. 
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Liquefaction is the last conversion technology within the thermochemical group. 

Whilst gasification and pyrolysis mainly use reactions driven by heat energy to cleave 

the biomass macromolecules, liquefaction applies high levels of pressure and only 

moderate temperatures. During liquefaction, biomass particles are brought in contact 

with a suitable catalyst that, under high pressure, decomposes the long hydrocarbon 

chains into shorter reactive fragments, which then re­polymerise to form an oily 

substance [76]. 

Common process parameters are temperatures of around 200­400°C and pressure 

ranges of 50­200bar [41, 76­78]. The main product has a composition similar to 

pyrolysis bio­oil, however it has a higher calorific value and a lower oxygen content 

than bio­oil, which make it the higher­quality substance of the two [76]. Another 
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advantage of liquefaction when compared to pyrolysis is that drying of the feedstock 

is unnecessary [76]. The water contained in the biomass does not impact the energy 

input of the process, as liquid water has no influence on the application of pressure, 

and as only moderate temperatures are used in the liquefaction process. 

A considerable number of biomass feedstocks can be liquefied, such as wood, bark, 

bagasse, and husks and shells of coconut, oil­palm and rice. However, the oil yields 

that were achieved are around 20­50% of the feedstock mass, which is considerably 

below the respective pyrolysis values [79, 80]. This combined with the very high 

pressures of the liquefaction reactor and encompassing equipment and the need to 

employ catalysts have basically made this process economically infeasible, and 

although liquefaction was performed as early as in the 1970s, there are currently only 

very limited investigations to make liquefaction commercially available [76, 80]. 

Even less interest can be expected for small scale applications due to the further cost 

impact of pressurised equipment at this scale, so of all thermochemical conversion 

technologies, liquefaction is in the earliest stage of development for small scale 

applications and seems not feasible in the near future [41, 77]. 
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Highly diluted biomass such as manure and food or vegetable wastes cannot be 

treated economically in thermochemical conversion reactors due to the energy input 

necessary to heat the feedstock and to vaporise the water. Thus, for feedstock with 

significantly more than 50% moisture, biochemical treatment at comparatively low 

temperatures becomes a more economic solution. Two main processes can be 

differentiated: ���!� ��� ��'!	�� � (AD), where biomass is converted by bacteria, 

and �!��!����� �, where yeasts are used to convert biomass. Whereas AD is the 

standard process for treating very high dilution levels, fermentation can also be 

applied to lower water contents. 

Both processes are well­known technologies with a long history of application. 

Fermentation to convert sugars into drinkable ethanol has been applied for centuries; 

similarly, AD has been used for decades to treat manure for hygienic and odour 

control reasons, and to create fertiliser. Only relatively recently though have these 

processes become relevant from an energy extraction point of view [81­83]. 
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Anaerobic digestion is the bacteria­driven conversion of biomass in the absence of 

oxygen. The micro­organisms depolymerise the biomass macromolecules and deplete 

its oxygen content as they gain energy from the biomass [84]. During this bacterial 

growth process, they produce gases as an ‘unwanted’ side­product. This gas mixture, 

albeit unuseable by the micro­organisms, still contains energy stored in the chemical 

bonds of the gases and can be used as fuel. It is called biogas and is a mixture of 

around 45­75% of CH4 and the remainder of CO2 and some minor components. 

In general, around 30­60% of the digestible material, which mainly consists of the 

volatile organic solids, is converted into biogas. The processes of anaerobic digestion 

are very complex and a large number of chemical reactions occur during the bacterial 

growth processes, however Figure 4­5 shows the main consecutive steps of AD [14]. 
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Anaerobic digestion processes can be initiated by filling biomass into an air­tight 

reactor which already contains active bacteria strains, and by keeping the reactor at a 

certain temperature level. The bacteria strains require a constant temperature level for 

their growth processes, and three different bacteria strains can be categorised: 

psychrophilic (~15°C), mesophilic (~35°C) and thermophilic (~55°C) bacteria [34, 

85, 86]. All three AD temperature levels are comparably low and therefore the heat 
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energy demand is relatively easy to provide, for example by using exhaust heat from 

generation units or other plant processes. 

The bacterial growth processes do not occur instantaneously, but instead they happen 

comparably slowly and steadily; therefore, biomass needs to be kept in the reactor for 

between 15­25 days. However, to continuously provide new digestible material, part 

of the digester volume is regularly discharged and replaced by new feedstock, and the 

gas production is further enhanced by regular mixing or stirring of the reactor [84]. 

With regards to plant size, AD reactors can cover a wide range of scales: on the basis 

of their volume, ���$$ ���$!, ���� ���$! and 6��5	����$ ���$! digesters can be 

classified, with <100m3, 100­800m3, and >800m3, respectively [14]. Figure 4­6 [87] 

and Figure 4­7 [14] show examples of each scale. 
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Feedstock acceptability is high: all livestock slurry as well as organic farm wastes and 

even cellulose­containing material can be treated in AD plants to produce biogas. The 

by­products of AD, which are discharged from the reactor, are settled fibre useable for 

soil conditioning and liquid fertiliser which can be used on the farm without 
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