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Abstract 

Several waste incinerators in Iceland were closed down in 2011/2012 due to environmental 

problems and health concerns. To date no cost effective and environmentally acceptable 

replacement has been found for disposing of the waste that was combusted at these facilities 

up to 2012. As a result, large amounts of waste have been transported by ferry and road to 

be landfilled or incinerated hundreds of kilometers away (for example routes include from 

Vestmannaeyjar to Reykjavik or even in some cases Blönduós, with similar long journeys 

in other remote locations, for example Vestfirðir). The aim of this PhD project was to take 

steps towards adapting a greener solution developed elsewhere for waste disposal to Iceland. 

The process is called gasification which is a waste-to-energy technology. The challenges for 

waste gasification are its adaption to the Icelandic scale, using waste as feedstock and 

determining operational parameters. Downscaling must be done while still eliminating the 

pollution problems of incinerators and the cost constraints of small-scale plants. 

To overcome these challenges, the experimental and pilot work at the University in Iceland 

was conducted by modeling and simulation. Described in this thesis is the following 

modelling and simulation work: An integrated small-scale gasification system with power 

production unit was simulated by using ASPEN Plus. This model helps to understand under 

what conditions and in which ways the system can operate. The system’s model was used to 

analyze and assess the potential of adapting gasification-based waste to power systems for 

conditions in Iceland. The analysis and assessment includes techno-economic and 

environmental perspectives. 

The project’s contribution to the field of gasification is the knowledge regarding simulation 

of small-scale gasifiers as well as the assessment of their performance and various operating 

parameters.  This knowledge is valuable for developing gasification solutions for smaller 

communities that have similar waste streams and waste disposal challenges.  

The results indicate that electricity production from waste gasification could be technically 

feasible, environmentally, and economic acceptable option replacing incinerators and 

landfilling sites for waste disposal in Iceland. Among all the studied feedstock alternatives, 

timber and wood waste are the most beneficial when certain factors are considered. The 

production of 1 kWh electricity from timber gasification comes with the relatively low global 

warming potential of 0.07 kgCO2eq, acidification potential of 0.09 kgSO2eq, and 

eutrophication potential of 0.36 kgNO3eq. The results of techno-economic assessment show 

that the net present value is positive for a gasification system with the capability to generate 

greater than 45 kW. Discounted payback period (DPP) will be also lower than 2 years for a 

gasification with capacity higher than 75 kW. However, it could be lower than 6 months if 

gasification is applied in capacity greater than 200 kW.  

It is also worth to mention that, if cogeneration of heat and power (CHP) is used – instead 

of only power production – the DPP can be shortened even further (i.e., in cold locations 

where cheap geothermal hot water is not available) and that will make gasification even 

more feasible than shown in this thesis. 

  



Útdráttur 

Fjölmörgum sorpbrennslum á Íslandi var lokað 2011/2012 vegna dioxin/furan mengunar 

sem greindist í jarðvegi ásamt kjöt- og mjólkurafurðum. Í dag hefur engin hagkvæm og 

umhverfisvæn lausn komið í stað sorpbrennslanna. Vegna þessa er óhemju mikið af rusli 

flutt á hverju ári með ruslabílum langar leiðir eftir þjóðvegum landsins (til dæmis frá 

Vestmannaeyjum til Reykjavíkur eða jafnvel til Blönduóss) til urðunar eða brennslu. 

Markmið þessa doktorsverkefnis var að taka fyrstu skrefin í að aðlaga græna sjálfbæra lausn 

fyrir förgun lífræns úrgangs á Íslandi. Lausnin sem rannsökuð var í verkefninu nefnist gösun.  

Gösunarkerfi eru sjálfbær úrgangs-til-orku kerfi sem auk þess að umbreyta úrgangi í 

lífeldsneyti þá lágmarka þau losun mengandi efna.  Helstu áskoranir við gösun lífræns 

úrgangs á Íslandi eru magn- og stærðartakmarkanir, samsetning lífræna úrgangsins og 

rekstrarstillingar búnaðarins. Við útfærslu á litlum gösunareiningum þarf að huga að bæði 

rekstrarhagkvæmni og að viðhalda kostum gösunartækninnar framyfir brennslu og urðun 

t.a.m., minni loft- og grunnvatnsmengun 

Til að takast á við þessar áskoranir var útbúið ASPEN Plus líkan af litlu gösunarkerfi með 

samþættu raforkuvinnslukerfi og það hermt.  Líkanið hjálpar til við að skilja við hvaða 

aðstæður og hvernig reka má kerfið.  Kerfislíkanið var notað til að greina og meta kerfið út 

frá bæði tækni-hagfræðilegu og umhverfislegu sjónarhornum til að geta lagt fram 

ráðleggingar um hvernig aðlaga má sjálfbært úrgangs-til-orku kerfi að aðstæðum á Íslandi. 

Framlag þessa doktorsverkefnis til fræðasviðsins er aukin þekking á hermun smærri 

gösunarkerfa – ásamt mati á frammistöðu kerfanna og rekstrarbreyta þeirra – í samfélögum 

sem hafa svipaðar áskoranir í úrgangsmálum.  Niðurstöðurnar benda til þess að 

raforkuframleiðsla með gösun lífræns úrgangs gæti verið fýsilegur, umhverfislegur og 

efnahagslega ásættanlegur valkostur í stað brennslu og urðunar lífræns úrgangs á Íslandi.  Af 

þeim úrgangi sem var rannsakaður kom timbur og timburúrgangur best út þegar litið til 

ákveðinna þátta.  Framleiðsla á 1 kWst með gasgervingu timburs hefur hnatthlýnunarmátt 

uppá 0,07 kg koltvísýringsígildi, súrnunarmátt uppá 0,09 kg brennisteinsdíoxíðígildi og 

ofauðgismátt uppá 0,36 kg nítratígildi. Niðurstöður tækni-hagfræðilegs mats sýna að hreint 

núvirði er jákvætt fyrir gösunarkerfi sem hefur getu til að framleiða yfir 45 kW.  Núvirtur 

endurgreiðslutími gösunarkerfa með afkastagetu yfir 75 kW verður undir 2 árum og fyrir 

kerfi með afkastagetu yfir 200 kW verður tíminn undir 6 mánuðum.  

Þess er einnig vert að geta að með samþættri varma- og raforkuvinnslu (CHP) – í stað 

einungis raforkuvinnslu – þá er hægt að stytta núvirta endurgreiðslutímann enn frekar (þ.e. 

á köldum svæðum þar sem ekki er aðgangur að ódýru hitaveituvatni) og þar með verður 

gösun enn álitlegri kostur en sýnt er í þessari ritgerð. 
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1 Introduction  

1.1 Motivation 

Waste is a major problem that causes not only serious economic losses, but also significant 

environmental impacts. Better living standards, tourism activity and economic growth 

accelerate the waste generation in Iceland. Improper management of waste has led to 

increased public concerns about health and environmental impacts.  

The total amount of municipal solid waste (MSW) in Iceland in 2010 has been estimated to 

76 ± 6 thousand ton, based on data available from Sorpa, the waste management company 

in the Capital area. In other words, the annual amount of MSW per capita has been estimated 

to 222-257 kg [1]. The amount of MSW produced in 2030 is also estimated to approximately 

100 ± 7 thousand ton. Generally, 60% of this amount is organic material which 43, 41 and 

16% of that are paper mixed, timber and wood and garden wastes, respectively [1, 2]. 

Landfilling and incineration have been the only methods of disposal of solid wastes in 

Iceland, while most landfill sites have been open dumping areas, which pose serious 

environmental and social threats. In addition, an incinerator in Skutulsfjörður caused 

carcinogenic and toxic chemicals to be found in meat and milk [3]. Soil and incinerator-

emissions measurements at several sites, including Kirkjubaejarklaustur, had recorded 

emissions 85 times above the EU limit [4]. These problems resulted in the shut-down of 

several incinerators and the withdrawal of Icelandic meat and milk products [3, 5].  

It is worth mention that disposal of solid waste by using landfilling and incinerators is not 

conducted only in Iceland. In fact, it is an increasing problem in both developed and 

developing countries. Incineration is among the worst approaches that cities can take to 

achieve waste reduction goal. It is expensive, inefficient, creates environmental risks and 

has harmful impacts on human health [6]. Several studies of incinerators have found 

evidence of an adverse health effect like Kim et al [7] found adverse health effects like 

cancers in the vicinity of solid waste incinerators in Seoul; Gouveia and Ruscitto [8] 

investigated various cancers in Brazil; Vilavert et al [9] monitored the concentrations of 

polychlorinated dibenzo-p-dioxins and dibenzofurans in a region in Spain containing an 

incinerator; Elliott et al [10] studied cancer of the larynx and lung in Britain; Vinceti et al 

[11] focused on congenital abnormalities in Italy. All these maters show that this problem 

exists in numerous locations around the globe, and therefore the solutions are not just for 

Iceland but carry much broader value even if the case studied here is Iceland. 

All these problems demonstrated the need to find more environmentally with less adverse 

impacts on health alternatives than conventional incineration and landfilling [12, 13]. The 
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method must be environmentally friendly, low cost, energy efficient and must reduce land 

use and emissions. These advantages are all found in modern gasification technology. 

Gasification is an attractive alternative that has recently gained considerable attention, as it 

disposes of solid waste without landfilling or incineration problems [14-16].  

Recovering energy from biomass or organic solid waste requires biochemical and/or 

thermochemical processes [17]. During biochemical processes like fermentation, biomass is 

converted to biofuels through the digestive action of living organisms. However, in 

thermochemical processes, biomass is converted to biofuels, gases, and chemicals by 

applying heat and/or pressure. Gasification, also widely used to gasify coal and natural gas, 

is the most prominent thermochemical biomass-to-energy and waste-to-energy conversion 

processes gaining ever more research and commercial interest [18, 19].  

In addition to producing syngas from biomass for subsequent biofuel synthesis, gasification 

typically achieves superior efficiency for electricity generation compared to more 

conventional alternatives such as incineration (to generate steam for turbines). Electricity 

production by utilizing gasification recover more electricity per kilogram of biomass [20] or 

per kilogram of municipal waste [21-23] compared with alternatives such as incineration or 

biogas from digesters. Using gas engines, gas turbines or fuel cells, electricity can easily be 

generated from syngas with existing or marginally modified infrastructure. 

In certain situations, the superior energy recovery efficiency of gasification does result in 

the lowest cost (compared with conventional technologies) in per unit of energy produced 

from biomass [20, 24]. Hence, the thermochemical or gasification route between raw 

biomass and energy is significantly more flexible than the currently dominant biochemical 

route. Gasification can economically transform many more types of biomass compared to 

fermentation. Demonstrated feedstock include most types of organic waste, sea-weed and 

forestry waste. The syngas produced from any of these sources is readily processable into 

liquid fuels or can fire the efficient co-generation of heat and electricity.  It is on account of 

this superior flexibility of gasification, both on the feedstock end and energy generation end, 

that gasification will likely play an ever-increasing role in our future energy mix. 

In gasification, feedstocks such as paper, cardboard, wood is mixed with steam and limited 

oxygen at high temperature. Unlike the relatively uncontrolled combustion occurring in 

incineration, in gasification waste is converted to syngas comprising mainly carbon 

monoxide and hydrogen [25]. Syngas is combustible and can be used as a fuel of internal 

combustion engines to generate power and hot water or steam (Figure 1.1) [26-29]. In 

addition, various biofuels can be produced by applying syngas purification and conversion 

technologies that in this way energy value in the waste and contribution to a sustainable 

energy supply is increased. For instance, biomethane could be purified after passing of 

syngas from the methane recovery/capturing plant. Similarly, in another alternative, 

hydrogen could be purified after passing of syngas from the H2 recovery/capturing unit. 

Moreover, biowastes can be converted into bioethanol by passing of syngas from syngas 
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fermentation and product recovery units. Biodiesel can be also produced through the 

integrated gasification and the Fischer-Tropsch process. 

 

Figure 1-1. The gasification-process configuration 

Various researches mention that gasification is an emerging but promising technology, 

especially in comparison with commercially available technologies like incineration [30-

33]. Gasification plants also produce much lower levels of air pollutants [34, 35]. The 

process also reduces the environmental impact of waste disposal because it utilizes waste as 

a feedstock and uses less water in comparison with traditional coal-based power plants [34]. 

Additionally, the by-products of gasification are non-hazardous and readily marketable. 

Equally important, waste gasification can be implemented as a more reliable energy supply 

technology for cities or towns that are far from the central energy networks and need to have 

a district heat and power system [36]. 

The challenge for local waste gasification is its adaption to the Icelandic scale, feedstock and 

operational parameters. Downscaling must be done while still eliminating the pollution 

problems of incinerators and the cost constraints of small-scale plants. The key to develop 

this technology is to overcome the problems associated with technical and economic aspects 

of power production especially for small-scale plants as well as environmental acceptance. 

Gasification’s potential has been proved in medium-scale facilities turning waste into power, 

such as Averøy in Norway [37]. Only a few successful small-scale studies exist in the 

literature, but their results increase the probability of applying waste gasification in Iceland. 

The admissible range of feedstock properties is narrow for each gasifier design, because the 

chemistry and fluid dynamics of gasification are very sensitive to variations in feedstock 

composition, moisture, ash content and char [38]. Variation in properties has a major impact 

on the performance, cost and feasibility of a system [39]. Moreover, various operational 
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parameters, such as temperature, equivalence ratio, steam injection, air-flow rate and 

moisture content, have different effects on syngas composition and system efficiency. 

The global academic value of this project is that it has provided the detailed knowledge about 

the simulation modeling of the small-scale gasification, its performance under various 

conditions and its environmental and techno-economic assessment, to the world where there 

is after all many other smaller communities with similar waste streams and waste disposal 

challenges. In addition, as the practical value this project provides encouragement and the 

required information for implementation of biowaste gasification to the world especially to 

Iceland that can be used by SORPA or other waste-disposal companies outside Reykjavik, 

including smaller places such as Vestmannaeyjar and Vestfirðir. It provides a green solution 

for disposing of significant amounts of waste and for mixing diverse feedstocks, including 

painted and treated wood (about 40.000 tons per year), without the methane emissions and 

groundwater leaching of landfilling or the air pollution and toxic residues of incineration. It 

could lead to a sustainable waste-management system that preserves a relatively pristine 

environment in Iceland. Moreover, before this project no research has been done on 

environmental and techno-economic assessment of small-scale waste biomass gasification 

as well as its integration with power production unit. Beneficially, this project has a practical 

value that prove the production of electricity from waste biomass gasification linked with 

power unit could be a feasible, environmentally and economic acceptable option to be 

implemented instead of incinerators and landfilling sites for waste disposal in Iceland. It can 

be applied for energy supply in low populated regions in the world that are far from the 

central energy networks and need to have a district heat and power system. 

1.2 Research questions 

The aim of this research project was to investigate whether small-scale gasification 

technology could be made feasible, environmentally friendly and techno-economically 

viable option for waste treatment and energy production in Iceland. In this manner the author 

addressed the following set of research questions, which interweaved the conducted study:  

RQ1: What were the waste feedstocks that could be fed to the gasifier? 

Here, it was required to find what kind of organic wastes are produced in Iceland that 

could be feasibly disposed by gasification? 

RQ2: What was the best modelling approach? 

In order to accurately predict waste-gasifier performance as a function of feedstock 

composition, pre-treatment and gasifier settings, it was required to find the most 

effective method for modeling of the considered system. 
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RQ3: What were the optimal settings of operating parameters on the gasification 

technology? 

Various operating conditions such as temperature, equivalence ratio, moisture content 

and waste composition influence on the produced gas composition, overall system 

efficiency and system performance. Hence, to have a system with optimal performance 

it was required to evaluate, effects of these operating parameters on the system output 

trough several sensitivity analyses. 

RQ4: What were the effects of several inputs on the power output from the system? 

In this part, the effects of various feedstocks and operating conditions on electrical 

efficiency and net output power from the gasification system integrated with power 

production unit were evaluated to find the optimal conditions to have a maximum 

electricity generation. 

RQ5: Was the applied system environmentally satisfactory?  

In order to find the considered system is satisfied from environmental viewpoint, it 

was required to carry out an environmental assessment of the system as well as to find 

at what condition had the minimum environmental impact. 

RQ6: Could small-scale gasification be made techno-economically feasible? 

Here, it was required to find at what conditions (like system capacities and prices) 

implementation of gasifier could be economic with positive net present value. 

1.3 Contributions 

In this project, the potential of the gasification technology for energy production and 

municipal solid waste (MSW) treatment for small communities in Iceland is explored. The 

main contributions of this thesis are divided into five major categories that are responses to 

the above mentioned RQs. 

First, diverse types of MSWs are studied and then feedstocks in Iceland that can be feasibly 

disposed by gasification are identified (response to RQ1). Results of this part were brought 

as one part of paper I, published in Energies journal [5] and are covered in Section 3.2.2 

Case study. 

Second, all approaches for biowaste gasification modelling are studied to determine which 

are appropriate based on the type of gasifier, feedstock, operational parameters and tar 

formation. A detailed methodology characterization that includes consequential modelling 

choices is introduced and stoichiometric and nonstoichiometric models lead to identical 

predictions or not are addressed. Moreover, tar modelling in gasification models is studied 
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and classified in different ways in a given application. The results of this part (response to 

RQ2) were published in  papers II and III in the Renewable and Sustainable Energy Reviews 

journal [40, 41]. Everything about this part have been brought in Section 2.2 Biomass 

gasification models. 

Third, a primary simulation model for biowaste gasification is developed to predict its 

performance, fluid flow, heat transfer and process patterns and to understand whether, under 

what conditions and in which ways the system can operate. The results of this part (response 

to RQ3) were published in papers IV and V at the journal of Power and Energy Engineering 

[42] and also presented and published in the ASME 2019 International Mechanical 

Engineering Congress & Exposition [43]. Results about this part have been brought in 

Section 4.1 Primary model. 

Fourth, an upgraded simulation model is developed for integrated biowaste gasification with 

power production unit as an attractive method for high efficient electricity generation to 

assess performance of producing electricity from gasifying of various types of organic 

wastes in Iceland. The objectives are finding the optimal operating conditions (type of 

feedstock, gasifier temperature, equivalence ratio and moisture content in biomass) to make 

highest electrical efficiency. The results of this step (response to RQ4) were brought in 

published papers VI, VII and X at the Energy journal [29] and International Journal of 

Applied Power Engineering (IJAPE) [2, 16]. Results about this part have been brought in 

Section 4.2 Advanced model. 

Fifth, and the final, an environmental assessment and techno-economic analysis of energy 

recovery through the biowaste gasification are carried out. In this part, a comprehensive 

assessment of environmental and economic feasibility of the gasification facilities integrated 

with electricity generation unit are directed to propose a sustainable waste to power system 

adapted with conditions in Iceland. Moreover, the results of integrated biowaste gasification 

and power system is compared with waste incineration as a conventional and currently 

running system in Iceland. Results of environmental assessments (response to RQ5) were 

published in paper VI at the Energy journal [29] and results from techno-economic analysis 

(response to RQ6) were brought in papers VIII and IX at the journal of Biophysical 

Economics and Resource Quality [44] and Journal of Power and Energy Engineering [45]. 

Results about the environmental assessment have been brought in Section 4.3 Environmental 

assessment and results about the techno-economic assessment have been talked in Section 

4.4 Techno-economic assessment. An overview of the relation between the contributions 

and the publications can be found in Table 1.1. 
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Table 1-1. Relation matrix of publication contributions and research questions 

         Paper 

RQ 

I II III IV V VI VII VIII IX X 

RQ1 X          

RQ2  X X        

RQ3    X X      

RQ4      X X   X 

RQ5      X     

RQ6        X X  

1.4 Outline 

The following chapters will provide the thesis structure as follows. 

Chapter 1—Introduction presents the motivation and research methodology for answering 

the research questions posed in this thesis. 

Chapter 2—Background provides background on gasification process and technologies as 

well as a background on biomass gasification modelling approaches. 

Chapter 3— Material and methods presents assumptions, applied methods for simulation 

modeling of the system and description of the case study. This chapter also provides a detail 

description of the system boundaries, methodology and data required for environmental and 

techno-economic assessments of the system. 

Chapter 4— Results and discussions includes results of the developed simulation models 

for biowaste gasification integrated with power production unit as well as results of 

performance analysis of the system based on various inputs and conditions. Moreover, this 

chapter provides results and discussion about environmental and techno-economic 

assessments of the system through different sensitivity analyses. 

Chapter 5— Conclusions concludes the thesis and presents perspectives for future research 

opportunities as well as thesis limitations. 

Chapter 6— Papers includes the papers published through this PhD project. 
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2 Background 

In this chapter leads with a brief overview and introduction to gasification and the different 

technology options available. Moreover, various biomass gasification modelling approaches 

are studied and classified based on the type of gasifier, feedstock, operational parameters 

and tar formation. Several biomass gasification modelling approaches are reviewed, 

analysed and a new classification of the most important gasification modelling approaches 

are proposed. A detailed methodology characterization that includes consequential 

modelling choices is introduced and stoichiometric and nonstoichiometric models lead to 

identical predictions or not are addressed. Tar modelling in gasification models is also 

studied and classified in three ways in a given application. 

2.1 Gasification process and technologies 

2.1.1 Gasification process  

Gasification process consists of the following stages: drying, pyrolysis, oxidation 

(combustion), reduction (char gasification), and cracking (Figure 2.1) [46]. 

Typically, the moisture in the biomass feed ranges from 5–60% that during drying step, it is 

reduced to below 5%. In the pyrolysis step, the biomass is heated from 200 up to 700 °C 

with limited oxygen or air. Under these conditions the volatile components in the biomass 

are vaporized. The volatile vapor is a mixture of hydrogen, carbon monoxide, carbon 

dioxide, methane, tar (heavier hydrocarbon) gases, and water vapor [47]. Tar (a black, 

viscous, and potentially corrosive liquid at standard temperature and pressure that is 

predominantly composed of heavy organic and inorganic molecules) and char (a solid 

residue mainly containing carbon) are also produced during pyrolysis [48]. The oxygen 

supplied to the gasifier reacts with the combustible substances, producing CO2 and H2O. 

Some of this CO2 and H2O subsequently are reduced to CO and H2 upon contact with the 

char produced from pyrolysis [49]. Moreover, the hydrogen in the biomass can be oxidized, 

generating water. The reduction reactions occurring inside the gasifier are endothermic, and 

the energy required for these reactions is provided by the combustion of char and volatiles. 

Reduction of the biomass yields combustible gases such as hydrogen, carbon monoxide, and 

methane through a series of reactions; the main reactions in this category are as follows 

(Table 2.1) [48, 50]: 
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Figure 2-1. Gasification process steps (Reprinted from www.allpowerlabs.com, Copyright 

2018 All Power Labs, with permission from All Power Labs) 

Table 2-1. Main gasification reactions [48, 50] 

Heterogeneous reactions  

2 2 +394 kJ/molC O CO   Complete combustion R1 

20.5 +111 kJ/molC O CO   Partial combustion R2 

2 2 -172 kJ/molC CO CO   Boudouard R3 

2 2-131 kJ/molC H O CO H    Water-gas R4 

2 42 +75 kJ/molC H CH   Methanation R5 

Homogeneous reactions 

2 20.5 +283 kJ/molCO O CO   CO partial combustion R6 

2 2 20.5 +242 kJ/molH O H O   H2 combustion R7 

2 2 2+ +41 kJ/molCO H O CO H   Water-gas shift (WGS) R8 

4 2 2+3 -206 kJ/molCH H O CO H   Reforming R9 

H2S and NH3 formation reactions 

2 2H S H S   H2S formation R10 

2 2 33 2H N NH   NH3 formation R11 
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Moreover, the tar gases produced during the pyrolysis step undergo cracking in the 

gasification step, which produces a mixture of non-condensable gasses, light hydrocarbons, 

and unconverted tar. This process is represented by Equation (1), with γ showing the yield 

coefficients of the product gasses and unconverted tar. The values of the γ coefficients 

depend strongly on gasifier operating parameters and feedstock type. However, it is treated 

as a constant in some works [51]. The most important parameters determining the γ 

coefficients are temperature, pressure, gasifying medium, catalyst and additives, equivalence 

ratio (ER), and residence time. 

 
2 4 2( ) 2( ) 4( ) 2( ) inertCO g CO g CH g H g tar inerttar CO CO CH H tar          (1) 

An example of a relatively more detailed account of tar cracking, steam and dry reforming, 

and carbon formation was developed by Devi et al. [52]. Their model utilizes the following 

reactions: 

 2Cracking :  n x m ypC H qC H rH   (2) 

 2 2Steam reforming :  ( )
2n x

xC H nH O n H nCO     (3) 

 2 2Dry reforming :  ( ) 2
2n x

xC H nCO H nCO    (4) 

 2Carbon formation: ( )
2n x

xC H nC H   (5) 

Where CnHx represents tar and CmHy represents dehydrogenated hydrocarbons. 

Endothermic reactions decrease the temperature in the reduction zone and the temperature 

further falls downstream from the gasifier. As a result, most of the tar condenses out in these 

segments. The resulting tar deposits block and foul engines and turbines, downstream 

reactors, the syngas conditioning and filtration system. Several efficient methods have been 

employed to achieve tar removal from the outlet gas. Tar removal technologies can be 

divided into two approaches: hot gas cleaning after the gasifier (secondary methods) and 

treatments inside the gasifier (primary methods). Secondary techniques are conventionally 

used for the treatment of the hot product gas from the gasifier. Tar reduction can be achieved 

either chemically by using a catalyst or physically by using a cyclone, baffle filter, ceramic 

filter, fabric filter, rotating particle separator, electrostatic filter, or scrubber. In the primary 

treatment, the gasifier is optimized to produce a product gas with minimum tar concentration. 

The different primary treatment approaches are (a) the appropriate selection of operating 

parameters, (b) use of a bed additive or catalysts, and (c) gasifier modifications. The 

operating parameters such as temperature, gasifying agent (e.g., air, pure steam, or steam–

O2 mixtures), ER, and residence time play an important role in tar formation and 

decomposition. By using some active bed additives such as dolomite, olivine, or char inside 

the gasifier, it is possible to improve the gasifier’s performance.  
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As mentioned, in the pyrolysis step, heat provided by combustion heats the dry biomass to 

the point that it decomposes into solid char and volatiles (tar and gases). The sum of the 

tar and gases are equal to the volatile matter (VM), the amount of which is typically 

quantified using a proximate analysis [51]. The VM percent for different kinds of woody 

biomasses is high relative to coal, with biomass VM typically in the range of 70–90% by 

mass. Moreover, char is often modeled as consisting of carbon only, and its amount would 

be equal to the fixed carbon extracted from the proximate analysis [53]. The typical mass 

fraction division of the streams within the pyrolysis and gasification steps is depicted in 

Figure 2.2. The mass flow distribution in this illustrative example are based on the 

gasification of Olive Wood in a fixed bed downdraft gasifier with air as agent, as reported 

by Antonopoulos et al [54]. It can be seen that in this particular case, well more than 90% of 

a downdraft gasification input mass end up in the syngas product stream, while the final tar 

content in this example is about 0.1% (in general it ranges from 0 to 5%) of the inserted 

wood material. Hence, the tar amount can be almost negligible in many applications 

especially if pyrolysis tar is combusted, cracked and reduced.  

Pyrolysis of biomass and wood gasification produce about 10 to 30 wt% char and tar in (e.g. 

[55]). The 10 wt% char and 5 wt% tar produced from olive wood pyrolysis reported by 

Antonopoulos et al [54], which is shown in Figure 2.2, may be on the low end. The amount 

of tar that exits either with the product gas, or condenses out on downstream components, 

depends significantly on the gasifier type and operating conditions and even factors such as 

the amount of char present in the reduction zone (which can be catalytic for tar cracking and 

reduction [55-57]). For example, Baker et al. conducted an early survey that found tar yield 

up to 12 wt% for some updraft gasifiers and in the range of 4–15 wt% for fluidized bed 

gasifiers, with the higher end observed at lower temperatures (600 C) [57]. Downdraft 

gasifiers operating at a relatively higher temperature of 900 C tend to perform well in terms 

of final tar yield, with a final tar yield less than 1 wt% common [54, 57].  

 

Figure 2-2. A Sankey chart of mass flow distribution throughput biomass gasification 
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2.1.2 Gasification technologies for biomass 

Gasifiers can be divided into two principal types of fixed beds and fluidized beds. 

 Fixed-bed (updraft, downdraft, cross-draft): The fixed-bed gasifier category includes 

gasifiers with a bed filled by solid fuel particles where the gasifying media and gas 

either are rising (updraft), descending (downdraft), or flowing horizontally through 

the reactor (cross-draft) [50]. The gasifying media may be air, steam, oxygen, or a 

mixture of them. The two main practical advantages of fixed-bed gasifiers are that 

they are relatively more cost-effective for small-scale applications and tend to 

produce a clean product gas with low dust and low tar content when compared with 

fluidized bed alternatives [58]. The main disadvantage is that they can have poorer 

heat transfer and temperature inhomogeneity, and they do not scale up as well as 

fluidized bed gasifiers. Secondly, fixed-bed gasifiers typically require tighter feed 

specifications – for example a moisture level below 20% and a fairly uniform particle 

size distribution with few fines for the biomass (to prevent clogging and channeling) 

[59, 60].  

 The fluidized bed (bubbling, circulating): A typical fluidized bed is a cylindrical 

column that contains particles and through which fluid—either gaseous or liquid—

flows [61, 62]. The velocity of the fluid is sufficiently high enough to suspend the 

particles within the column, providing a large surface area for the fluid to make 

contact with, which is the chief advantage of fluidized beds. The main potential 

advantages of fluidized beds are their superior heat and material transfer between the 

gas and solid phases [63]. Thus, a fluidized bed maintains a homogeneous 

temperature field and is more flexible in the sense of wide variations in fuel quality. 

The main downside of fluidized bed gasifiers is that they tend to produce more dust 

and particulates in the product gas, which can present a significant problem for 

downstream equipment [64]. 

2.2 Biomass gasification models 

The performance of the gasification process can be influenced by many factors, including 

feedstock, process design, and the operating parameters [65]. As a result, gasifier reactors 

need to be designed either by experimental data and/or by using mathematical or simulation 

based modelling of the gasification process. The experimental option, though the most 

reliable, is best utilized in combination with modelling [66].  In practice modelling always 

play a key role both in applied gasification R&D work or in more fundamental research 

studies. When it comes to the applied work models that are validated through experiments 

do reliably predict gasifier performance as a function of feedstock and give qualitative and 

quantitative information for prospective practical operations.  Modelling is very effective in 

optimizing the operation of an existing gasifier, as well as in exploring operational limits 

and gaining insight into the relationship between operational parameters and in explaining 

trends in the data [49]. Simulations also serve as a low-cost method for exploring the 
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potential benefits, costs, and risks associated with the implementation of gasification given 

the fact that  time and budgets for experimentation and pilot data collection are always finite 

[66]. 

The main two categories of gasification models are equilibrium and kinetic models. The 

survey of gasification modelling choices found that roughly 66% biomass gasification 

simulations utilize some type of equilibrium model, and the remaining 34% utilize some 

type of kinetic model (Figure 2.3) [41]. Features and weakness of these methods are gathered 

in Table 2.2 [50, 66, 67]. 

 

Figure 2-3. A categorization of gasification model types 

Table 2-2. Features and weakness of gasification modelling approaches 

 Features Weakness 

   

Equilibrium 

modelling 

 Simple method 

 Not required to consider 

chemical reactions 

 Useful tool to evaluate a 

complex reacting system 

that is difficult or unsafe to 

produce experimentally or in 

commercial operation 

 Assumption that the 

components react in a fully 

mixed condition for an 

infinite time period  

 Assumption that the reactor 

is zero dimensional 

 Tars are not considered 

 Heat loss is neglected 
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 Predicts the maximum 

achievable yield of the 

products 

 Very useful in the predicting 

of downdraft gasifiers 

 Useful tool for a preliminary 

comparison of fuels and 

process parameters 

 Independent of gasifier 

design 

 Flexible for various 

feedstocks and process 

parameters 

 Good representation for high 

temperatures (750–1000 °C) 

 Can be improved by using 

the coefficients for 

equilibrium constants or 

yields distribution 

 Not fully attained for low 

operation temperatures 

 Limitation is for fluidized 

bed gasifiers 

 Cannot give highly 

accurate results for all 

cases 

Kinetics 

modelling 

 Consideration of finite time 

or finite volume 

 Accurate and detailed results 

 Good approximation at low 

temperatures 

 Includes both reactions 

kinetics and hydrodynamics 

inside the gasifier 

 Very useful tool for the 

evaluation of particle size 

impact 

 Proper for fluidized bed 

gasifiers 

 Able to predict the product 

composition at different 

positions along a reactor 

 Sensitive to the gas–solid 

contacting process 

 Computationally intensive 

 Limits their applicability to 

different plants 

2.2.1 Thermodynamic equilibrium models 

The thermodynamic equilibrium approach predicts the composition of the outlet gases based 

on the assumption that the components react in a fully mixed condition for an infinite period 

of time [67, 68]. Thermodynamic equilibrium calculations are simple compared with kinetic 

models and independent of the gasifier design, and in the simplest, most ideal case, general 

thermodynamic properties can be used for equilibrium modelling, while a larger set of hard-
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to-come-by and accurate kinetic parameters is needed for kinetic modelling. These 

considerations render equilibrium modelling the more convenient method with which to 

study the general relations between fuel and process parameters and limiting syngas 

composition and yield. However, thermodynamic equilibrium may not be achieved in certain 

gasifiers and under many operating conditions, especially for gasifiers with relatively low 

operating temperatures [20, 50, 68]. 

2.2.1.1. Stoichiometric vs Non-stoichiometric models 

In the stoichiometric case, the equilibrium of a preselected set of reactions are computed, 

while in the nonstoichiometric case, the equilibrium of a preselected set of chemical species 

are calculated. In both cases, thermodynamic property data is used to compute the predicted 

equilibrium composition that will exit the gasifier. 

The steps for the stoichiometric method are the following: 1) Select the reactions to be 

included in the simulation (in principle, the dominant reactions assumed sufficient to provide 

a useful estimate of the product gas compositions), 2) then calculate the equilibrium 

constants of these reactions at the reaction temperature, and 3), finally, compute the overall 

chemical equilibrium composition for a given feed composition (and pressure).  

The explicit steps for the nonstoichiometric method are as follows: 1) Select all the species 

to be included in the simulation (in principle, all the chemical species that the modeler deems 

might be in the gasifier effluent in non-negligible amounts) and 2) then compute the resulting 

minimum Gibbs energy distribution among these chemical species for a given feed 

composition (which can be specified simply as the elemental composition of the feed [68, 

69]) at the reaction temperature and pressure. 

At this point, a key question is the following: Which of the two methods will better predict 

the composition of gasifiers that conform to assumptions 1 to 3? Or, alternatively, will the 

two methods always predict the same identical equilibrium composition? To clarify this 

situation, and the roughly even split in the literature as to whether these two approaches 

necessarily lead to identical results or not, a mathematical proof [40] has been published that 

shows for the gas phase equilibrium the exact solutions to the stoichiometric and 

nonstoichiometric models are identical. Hence, if a stable and consistent numerical algorithm 

is used the equilibrium predicted by both methods (S and NS) will be identical.  

The choice between the stoichiometric or the nonstoichiometric method in modelling the 

basic gasification system is therefore purely a matter of expediency. These approaches are 

two different methods that converge to the exact same predicted composition. (The exception 

to this may be more complicated systems than those typically encountered in gasification 

modelling; systems where there is a subset of reactions that do approach equilibrium and a 

subset of reactions that do not and where this subset of non-equilibrium reactions limits the 

product yield.) 
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2.2.1.2 Eq-single vs Eq-separate models 

In addition to stoichiometric or nonstoichiometric, equilibrium models can be classified as 

Eq-sep (e.g. [54, 60-62, 70-75]) or Eq-sing (e.g. [17, 65, 76-90]) approaches. This 

classification is based on whether as in the Eq-sep case the char combustion is modeled as 

achieving a separate and distinct equilibrium independent of the reduction of the VM and 

un-combusted char, or alternatively (in the Eq-sing case) the combustion and reduction 

reactions achieve a single global equilibrium as one reactive chemical system. 

Schematics of the process flow within the algorithms for each type is shown in Figures 2.5 

and 2.6.  It can be seen that the Eq-sep approach assumes equilibrium only between the 

volatile components (produced in the pyrolysis step) and the char that is not combusted. 

Typically, either the fraction of char combusted, or reduction zone temperature is a model 

input parameter. The Eq-sep approach thus models char combustion as occurring separately 

in a second heterogeneous reactor with heat flow from the second exothermic combustion 

reactor into the first gas-phase reactor. With the Eq-sing approach, the combustion and 

gasification of both the char and volatile gasses are modeled in a single reactor where a 

single overall heterogeneous equilibrium is assumed between all the components and all the 

reactions (combustion reactions and reduction reactions).  

For both models the first step is modelling pyrolysis. The pyrolysis step is an extremely 

complex part of the gasification cycle, having a large number of chemical and physical 

phenomena occurring rapidly and simultaneously. Generally, when dried biomass is heated 

in across a temperature range of 200–500 ˚C during the pyrolysis step, the biomass 

decomposes into solid char and volatiles (tar and gases) as shown in Figure 2.4 [51]. For all 

model types the relative amounts of VM, char (also called fixed carbon) and ash (inert solid 

carbon) are typically computed based on empirically motivated input parameters. Within a 

stoichiometric model there needs to be a formula, or model, that determine not just the 

amount but also the molecular distribution of VM species produced by pyrolysis. The typical 

choice is to include H2O, H2, CO, CO2, CH4, N2. Sometimes minor or trace elements like 

Cl2, NH3, H2S and SO2 etc. is also included if modelling the fate of the relevant elements 

and species are of interest. In both models char is also specified as a fraction of inert carbon 

produced in pyrolysis. 

 

Figure 2-4. Decomposed outputs of biomass through the pyrolysis  
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The pyrolysis outputs are not separated from each other in Eq-sing simulations. All three 

types of outputs in Figure 2.4 enter the virtual gasifier (reactor in the model) together. The 

gasifier is a module that computes the global equilibrium of the gasification reactions based 

on the stoichiometric or nonstoichiometric approaches. A process flowchart of Eq-sing 

modelling is shown in Figure 2.5.  

Figure 2-5. Schematics of the process flow within the Eq-sing model 

In the Eq-sep model, char is typically subdivided into the fraction of char that will be 

combusted and the remainder. This fraction can either be specified or internally calculated 

if the gasifier temperature is specified. Hence the fraction of char to be combusted is 

separated from the volatile materials and sent to the char combustion reactor with air. Char 

combustion produces heat that supports most of endothermic gasification reactions, as well 

as the energy required by the drying and pyrolysis parts (i.e. any of these models include 

heat transfer from the combustion reactor to the pyrolysis and gasification reactors or 

computation blocks). The residual solid char (char not fed to the combustion reactor) is fed 

together the VM and remaining air to the relevant equilibrium reactor modelling gasification 

step (combustion and reduction zone). 

The gasifier equilibrium is computed based on the equilibrium constants (stoichiometric 

method) or minimization of Gibbs free energy (nonstoichiometric approach), and the 

combustor is modeled based on combustion equations (Table 2.1). The combustion is 

typically assumed to be complete. Finally, in most simulations, all unreacted char and ash is 

separated from gas components of the product stream(s) using a virtual cyclone(s). 

As can be seen in Figure 2.6 the Eq-sep model was likely developed to model dual bed 

gasifiers, where combustion indeed physically happens in a separate chamber than reduction. 
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But, subsequent researchers also started using the Eq-sep approach for single bed gasifiers 

where combustion and reduction happens in the same reactor.  

 

Figure 2-6. Schematics of the process flow within the Eq-sep modelling 

The Eq-sing and Eq-sep models each have their own advantages and disadvantages. Eq-sing 

models are simpler in formulation however they frequently fail to yield satisfactory 

predictions of experimental gasification outputs. This failure is often attributed to the 

possibility that complete thermo-chemical equilibrium between all solid carbon (char atoms) 

and all gas-phase species may not be a realistic assumption for any given real-world gasifier. 

The notion of incomplete heterogeneous (solid-gas) equilibrium does explanation under 

prediction of equilibrium simulations of the amount of the residual char (or ash) produced 

in experiments. That is, for typical gasifiers, all gas-phase reactions and the gas-solid 

reactions most likely do not approach a single, perfectly global heterogeneous equilibrium 

where all solid phase atoms are accessible to all reactions. However, equally common 

deviations between equilibrium simulations (in particular ideal Eq-sing simulations) and 

experiments are the under prediction of the amount of CH4 and/or CO2 produced and an over 

prediction of the amount of CO and H2 produced.   

2.2.2 Kinetic models 

To precisely predict the non-equilibrium product distributions, kinetic modelling is required. 

Kinetic models can also predict gas composition and temperature profiles throughout the 

various gasifier zones as well as the evolution of these variables in time during non-steady-

state operations and start-up. Because kinetic models have spatial resolution, they by 

necessity require detailed fluid dynamic modelling in addition to the kinetic model.  In 

general, kinetic modelling can include not only the reaction kinetics and transport but could 

also include a model of the particle size distribution (and its evolution through the gasifier), 
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micro-scale mass transport (e.g. diffusion into char particles) and mixing inside the gasifier. 

Notwithstanding this complexity that is potentially necessary to capture all the consequential 

physics.  

Kinetic models can be very accurate and detailed, but this accuracy is difficult to achieve in 

practice since these models attempt to describe very complex phenomena, such as gas-solid-

particulate fluid flows, gas–solid contacting process and microscopic evolution of particle 

distributions, which is hard to model reliably. There is however significant ongoing work 

aimed at developing the detailed kinetic and CFD models and rate laws required to accurately 

describe the reaction rates and transport of gasification. This work, by individual 

contributors or groups like for example the CRECK consortium or Reacting Gas Dynamics 

Laboratory [91, 92], span ab initio methods and experimental approaches [92-105].  

However, in the case of fluidized bed gasifiers complex solid–fluid contact patterns result in 

large deviations from ideal equilibrium compositions (and ideal mixing), and hence for 

fluidized bed gasifiers the detailed kinetics need to be combined with realistic hydrodynamic 

modelling; kinetic-hydrodynamic modelling therefore is a particularly common and 

necessary approach chosen for modelling fluidized bed gasifiers, as argued by several 

authors [51, 63, 106-112]. As suggested, kinetic models can be divided into Kin-semi (e.g. 

[51, 107, 108]), Kin-total (e.g. [109, 111-119]), and Ki/Eq (CRF) (e.g. [110, 120-124]) 

approaches.  

The Kin-semi approach assumes local equilibrium for some reactions and gasifier zones but 

computes kinetically controlled concentrations and temperatures for other zones and 

reactions. The Kin-semi approach separates char from volatile matter (Figure 2.7(a)) [51, 

63, 106, 125, 126]). In this typical type of model, the volatile matter generated in the 

pyrolysis step first enters a volatile reactions module where a homogenous gas-phase 

equilibrium is computed by equilibrium constants or the minimization of Gibbs free energy. 

This equilibrated gas mixture is then fed, together with air/oxygen and/or steam and the solid 

char, into a kinetic module (which can be CSTR or a PFR) where reaction rate kinetics are 

used to determine the final composition from the reduction zone and where char gasification 

occurs[51, 108, 127]). 

Within Kin-total models, reaction rate kinetics simultaneously model both the volatile and 

char gasification reaction rates and local temperature and composition as the simulation code 

step through the reactor (which can be of any type, with the CSTR or PFR being the most 

common). Kin-semi models require less kinetic rate laws and parameters than Kin-total 

models. As a result, Kin-semi models can be more accurate than Kin-total models if the 

reactor conditions are such that the gas phase is close to the chemical equilibrium. 

Conversely, Kin-total models with reliable rate laws and hydrodynamic models are, in 

principle, the only option that could accurately describe non-ideal reactors and operating 

conditions.  
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Figure 2-7. Schematics of the process flow within (a) Kin-semi model, (b) Kin-total model 

2.2.3 Kinetic/Equilibrium (CRF)  

One further modelling approach for biomass gasification is (Ki-CRF) that does not fit neatly 

into either of the equilibrium categories or kinetic model categories considered this far. 

Unlike the Kin-semi method, the Ki-CRF approach models the reduction zone kinetically 

(i.e., all reactions and species concentrations are computed with a PFR-style rate law-based 

reactor model). However, the rate equations used in the reduction are typically formulated 

as a relatively simple Arrhenius type reversible reaction that includes the equilibrium 

constants in the rate expressions to make all the equations thermodynamically consistent. 

Additionally, the pre-factors of these rate expressions for the reactions involving char are 

typically empirically adjusted by multiplying them with an adjustable parameter called the 

char reactivity factor (CRF). As such, this approach is a true hybrid of kinetic reactor 

modelling, thermodynamic equilibrium data, and empirical adjustments.  

Ki-CRF models are designed to model gasifiers where the chemical composition of the 

product gas is not equal to the equilibrium composition, as is, for example, common with 

fluidized bed gasifiers. Ki-CRF models furthermore acknowledge the reality that truly 

reliable rate laws for especially heterogeneous char gasification reactions may not be 

available and that it may be more expeditious to utilize general thermodynamic equilibrium 

data and empirical CRFs in relatively simple rate expressions. 

Generally, pyrolysis and cracking reactions are not considered in these models because the 

number of possible pyrolysis products with all the possible reactions and intermediate 
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products would make the model very complex. Moreover, Ki-CRF models start at the top of 

the reduction zone, so all the gasification calculations would be based on an empirical 

estimate of the initial feed into this section. Hence, the accuracy of the model is limited by 

the availability of data on the initial conditions at the top of the reduction zone. 

Finally, terms and conditions of employing different modelling approaches are shown in 

Table 2.3. As it shown, Equilibrium modelling methods can only be used to predict reliably 

fixed-bed gasifier performance as a function of feedstock and given information about 

operational conditions. Kinetic modelling approaches can also present good approximation 

for fluidized-bed gasifiers at low temperature. Ki-CRF models can be also applied when 

reliable rate laws for especially heterogeneous char gasification reactions are not available 

and that it may be more expeditious to utilize general thermodynamic equilibrium data and 

empirical CRFs in relatively simple rate expressions. Regarding to the above mentioned 

matters, the method has been used for simulation modeling of the downdraft biomass 

gasification in this project is equilibrium-based approaches that much more details about it 

have been explained in the next section. 
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Table 2-3. Terms and conditions of using different modelling approaches 

Modeling approaches Terms of use 

Eq-single 
 Using Fixed-bed gasifier 

 Feedstock with low Tar content 

 High operating temperature (750–

1000 °C) 

 Lack of information about chemical 

reactions 

Eq-separate 
 Using Fixed-bed gasifier 

 Feedstock with low Tar content 

 High operating temperature (750–

1000 °C) 

 Existence of information about 

chemical reactions 

Kin-semi 
 Using Fluidized-bed gasifier 

 Low to medium operating 

temperature 

 Lack of data about reactions kinetics 

and hydrodynamics for combustion, 

cracking, shift reactions and gas 

reactions 

Kin-total 
 Using Fluidized-bed gasifier 

 Low to medium operating 

temperature 

 Existence of data about reactions 

kinetics and hydrodynamics trough 

all parts of gasifier 

Kinetic/Equilibrium (CRF) 
 Using Fluidized-bed gasifier 

 Unavailability of truly reliable rate 

laws for especially heterogeneous 

char gasification reactions  

 Existence of empirical estimate of 

the initial feed into the gasifier 
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3 Material and methods 

3.1 Primary model 

In this part, the developed simulation model for waste biomass gasification to produce 

syngas is presented and all results of this part have been published in Papers IV and V [42, 

43]. The objective from developing the primary model is to evaluate effects of various 

operating conditions such as temperature, equivalence ratio, moisture content and waste 

composition on produced gas composition, overall system efficiency and system 

performance through several sensitivity analyses. Aa a main result of this part, the optimal 

range of operating conditions for each system with effective performance are gained. 

As a primary model, a new equilibrium model based on stoichiometric approach has been 

developed for the downdraft air gasifier of waste biomasses by using ASPEN Plus version 

10. The developed Aspen Plus model involves the following steps: specification of stream 

class, selection of property method, determination of the system component from databank, 

specification of the conventional and non-conventional components, specifying the process 

flowsheet by using  unit operation blocks and connecting material and energy streams, 

defining feed streams (flow rate, composition, and thermodynamic condition) and 

Specifying unit operation blocks (thermodynamic condition, chemical reactions, etc.). 

3.1.1 Assumptions 

The following assumptions are employed in the simulations of waste biomass gasification 

and they were also considered in other researches. 

(1) The model is a zero-dimension calculation at steady state, kinetic free and isothermal. 

(2) All gases are ideal gases, including hydrogen (H2), carbon monoxide (CO), carbon 

dioxide (CO2), steam (H2O), nitrogen (N2) and methane (CH4) [51, 59]. 

(3) Char contains only carbon and ash in solid phase [51]. 

(4) Tar and other heavy hydrocarbons are not considered due to the type of gasifier studied 

in this project [53, 54].  

(5) Operation at atmospheric pressure (~ 1 bar) [59, 60, 87]. 

(6) No heat and pressure losses occur in the gasifier [59, 60, 87]. 

(7) Simulation is based on stoichiometric approach and by considering the main reactions 

[73] of R1, R2, R4, R5 and R7 in Table 2.1. 
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3.1.2 Physical property method 

Penge Robinson equation of state with Boston-Mathias alpha function (PR-BM) has been 

used to estimate all physical properties of the conventional components in the gasification 

process. This method is suitable for the nonpolar or mildly polar mixtures such as 

hydrocarbons and light gases and the parameter alpha in this property package is a 

temperature dependent variable that could be helpful for the correlation of the pure 

component vapor pressure when temperature is quite high. Moreover, the enthalpy and 

density model selected for both biomass and ash which are non-conventional components 

are HCOALGEN and DCOALIGT. MCINCPSD stream containing three substreams 

comprising MIXED, CIPSD and NCPSD class, was also used to define the structure of 

simulation streams for the components of biomass and ash which are not available in the 

standard Aspen Plus component database. 

3.1.3 Model description 

Figure 3.1 shows the flow chart of waste biomass gasification simulation by using ASPEN 

Plus based on the stoichiometric approach and Table 3.1 gives the brief descriptions of the 

unit operations of the blocks used in the simulation. The BIOMSS stream was defined as a 

nonconventional stream and it was created by inputting of elemental and gross compositions 

of wastes feedstocks obtained from proximate and elemental analyses. In the next step, 

RYIELD, the ASPEN Plus yield reactor, was used to simulate the decomposition of the feed. 

In pyrolysis/decomposition stage, the feedstock was transformed from a non-conventional 

solid to volatile materials and char. The volatiles included carbon, hydrogen, oxygen and 

nitrogen and the char was converted into ash and carbon, by specifying the product 

distribution based on the proximate and ultimate analysis of the waste biomasses. The yield 

of volatiles was equal to the volatile content in the fuel according to the proximate analysis 

[63, 80, 128]. For stoichiometric equilibrium simulation of the combustion and gasification 

parts, REquil reactor was used in which homogeneous and heterogeneous reactions can be 

defined, simultaneously. However, due to the limitation of ASPEN Plus that each REquil 

can only contain one heterogeneous reaction, 4 REquil reactors (RE1-RE4) were considered 

for 4 heterogeneous reactions of R1, R2, R4, R5 (based on Table 1). Two FSplit blocks were 

used for dividing of volatiles and air streams among reactors of RE1, RE2 and RE3. Then 

two Mixer blocks were applied to mix outlet gasses and unburned carbons from the up and 

bottom of reactors, respectively; the product streams called OUTGAS and CARBON, 

respectively. Then, OUTGAS and CARBON streams with the rest of air stream were entered 

to RE4 for the heterogeneous reaction of R5 and homogenous reaction of R7. Eventually, 

the product gas called SYNGAS was exited from the up of RE4. 
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Figure 3-1. Flow chart of the primary simulation model developed by using Aspen Plus for 

biowaste gasification 

Table 3-1. Description of ASPEN Plus unit operation blocks used in model 

ASPEN Plus 

name 
Block name Description 

Ryield PYROL 

Decomposition of non-conventional 

biomass to conventional components 

according to its proximate and ultimate 

analyses. 

Requil 
RE1, RE2, 

RE3, RE4 

Rigorous equilibrium reactor based on 

stoichiometric approach. 

Sep SEPRATOR 
Gas separation from ash by specifying 

split fractions. 

FSplit S1, S2 

Dividing of gas stream and air stream 

based on split fractions by S1 and S2, 

respectively 

Mixer M1, M2 
Blending of gasses and carbons into one 

stream by M1 and M2, respectively 
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3.2 Advanced model 

3.2.1 Model description 

In this part, the developed advanced simulation model for waste biomass gasification 

integrated with power production unit to produce electricity as output of the system is 

presented and all results of this part have been published in Papers VI, VII and X. The 

objective from this part is to evaluate the effects of various feedstocks and operating 

conditions on electrical efficiency and net output power from the gasification system 

integrated with power production unit to find the optimal conditions to have a maximum 

electricity generation. 

In order to upgrade the primary model, several modifications and complementary 

technologies were added to the base model. The improved gasification system consists of 

drying, pyrolysis, combustion and gasification and it is integrated with power production 

unit as well as heat recovery system. Figure 3.2 shows the flow chart of the advanced waste 

biomass gasification simulation using ASPEN Plus. 

Generally, the moisture in biomass ranges from 5% to 60% that it is reduced to lower than 

5% during drying which occurs at a temperature of 150 °C. This step is directed by the 

stoichiometric reactor RSTOIC in Aspen Plus. This particular module is used to perform 

chemical reactions of known stoichiometry [128, 129]. The key operation for this step is 

performed by writing a FORTRAN statement in the calculator block. RSTOIC converts a 

part of feed to form water which requires the extent of reaction known as [77]: 

 20.0555084Feed H O  (6) 

In this step, the moisture of each feedstock is partially evaporated and then separated using 

a separator model, (model id: SEP1). After being stripped from moisture, RYIELD, the yield 

reactor is used to simulate the decomposition of the feed. In the pyrolysis step, the feedstock 

is converted to volatile materials (VM) and char. VM includes carbon, hydrogen, oxygen 

and nitrogen; Char is also converted into ash and carbon, by specifying the product 

distribution based on the proximate and ultimate analysis of the feedstock [42, 130-132]. 

Then RGibbs is used to simulate gasification of the biomass. The reactor calculates the 

syngas composition by minimizing the Gibbs free energy and assumes complete chemical 

equilibrium. The decomposed feed and air enter the RGibbs reactor where partial oxidation 

and gasification reactions occur. Another RGibbs reactor is also used in the combustion 

section with minimum air mixing. Principally, this process is also based on minimization of 

the Gibbs free energy. The combustion chamber is followed by a gas turbine [133-135]. The 

thermal content of the gas, obtained as the heat of combustion is removed and used to convert 

water to high pressure steam though a HEATER. The generated steam finally drives a steam 

turbine and produces additional power [136]. The solid lines in Figure 3.2 stand for the mass 

streams, whereas the dashed lines are for the heat streams. The system is assumed to be auto-

thermal so that a part of the biomass is combusted inside the gasifier in order to provide the 
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heat required in situ. Heat is also provided by the hot product gas, as well as the combustion 

chamber, and is utilized wherever needed.  

 

Figure 3-2. Flow chart of the advanced simulation model for gasification by using Aspen 

Plus 

3.2.2 Case study 

An overview of different Icelandic municipalities is shown in Figure 3.3. West (A), Suðurnes 

(B), South (C), Capital area (D), East (E), Northeast (F), Eyjafjörður (G), Northwest (H) and 

Westfjords (I), [1]. Western Iceland consists of 10 municipalities with a total of 15 thousand 

occupants in 2010. Suðurnes contains 5 municipalities with a total of 21 thousand inhabitants 

in 2010. The Capital Area covers 8 municipalities with 200 thousand residents. Southern 

Iceland consists of 14 municipalities with a total of 23 thousand inhabitants. East contains 9 

municipalities with a total of 12 thousand inhabitants. Northeast covers 6 municipalities with 

a total of 5 thousand occupants. Eyjafjörður includes 8 municipalities with 24 thousand 

residents. There are 8 municipalities in Northwest with a total population of 7500 and finally 

Westfjords contains 9 municipalities with 7 thousand inhabitants in 2010 [1]. 
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Figure 3-3. The overview of different Icelandic municipalities 

Organic waste from households, industry and services is a valuable source for biofuels 

production in Iceland. The Icelandic Environmental Agency set up a National plan to reduce 

the amount of organic wastes that are landfilled or incinerated over the years. A general 

estimation shows that approximately 60% of the total waste is organic material of which 

70% is obtained from industry and services and 30% is from the household sector [1].  

Categories of organic waste from household, industry and services are defined as, garden 

waste, timber and wood waste, mixed paper waste, fish waste, meat and slaughter waste, 

kitchen waste, and waste bio oil. Among these organic wastes, garden waste, timber and 

wood waste, and mixed paper waste are the main wastes that can be fed to a gasifier. The 

main sources of mixed paper waste that are suitable for gasification are newspapers, 

magazines and packaging waste. In addition, the main sources of timber waste are timber 

from construction, demolition work, packaging waste and pallets. Garden waste can be also 

defined as grass, branches and other garden waste.  

Figure 4.8 shows the total amount of these kinds of organic waste for various Icelandic parts 

in 2020. As is shown in Figure 3.4, the Capital area is the dominant region in all waste 

production with more than 60% of the Iceland population in this area. However, the Capital 

area occupies just 1% of total area. This is because of the lack of development and 

urbanization in this location, lack/ shortage of proper climate and geographical conditions in 

other places and transportation issues [5]. Moreover, the total amount of paper, timber and 

garden wastes in Iceland in 2015 have been calculated as approximately 37, 40 and 16 

thousand tons, respectively, and they have been estimated to increase to about 47, 49 and 20 

thousand tons by 2030 assuming 0.8%, 0.6% and 0.6% growth rate per capita, respectively. 
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Figure 3-4. The amount of various wastes production in different Icelandic municipalities in 

2020 

3.3 Environmental assessment 

It is totally true that collecting and disposal of wastes have so many advantageous for human 

health and well-being, environmental preservation and sustainability that can be said these 

benefits are the main/direct impacts of waste disposal. However, improper management of 

wastes poses serious threats and damage to environment and human health. Landfilling and 

incineration have been the only methods of disposal of solid wastes in many countries like 

Iceland, while most landfill sites have been open dumping areas, which pose serious 

environmental and social threats and incinerators release much pollutions to the atmosphere 

that these losses can be considered as the alternative/indirect impacts of waste disposal. 

Therefore, it is really important to apply technologies for waste disposal that have the 

minimum environmental (indirect) impacts. 

In this part an environmental assessment from the integrated waste biomass gasification with 

power unit is carried out to find that the considered system could be satisfied from 

environmental viewpoint and then the results of integrated waste gasification and power 

system is compared with waste incineration as a conventional and currently running system 

in Iceland to find how much reduction in pollution will be happened when gasification is 

used for waste disposal. The results of this part have been published in Paper VI and X.  

The system boundary considered for environmental assessment includes all the process steps 

from the initial resources to the end products (Figure 3.5).  
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Figure 3-5. System boundaries, considered for environmental assessment (technologies and 

associated inputs, energy and material) 

In the resource step, organic wastes are the main input resources. Energy and water are also 

considered as accessory inputs. Diesel fuel used by trucks for transportation and electricity 

consumed for driving force and heat generation in process units are also considered. The 

electricity production in Iceland is derived from geothermal and hydropower making the 

main source of clean energy. Waste is transferred from the waste fields to pre-processing 

units that are located next to gasification and power production plants. The gasification 

process consists of drying, pyrolysis, combustion and gasification [137]. The produced 

syngas from the gasifier enters a combustion chamber followed by a gas turbine. The 

combination of these two modules represents the behavior of a combustion engine where the 

reaction with air occurs. The thermal content of the gas is obtained as the heat of combustion 

is removed and used to convert boiler feed water to high pressure steam. The generated steam 

finally drives a steam turbine, producing additional power. Key assumptions regarding inputs 

for each process are listed in Table 3.2 [5, 34, 133, 134, 138, 139]. Environmental assessment 

can be defined as identifying and estimating of the environmental impacts of existing and 

proposed systems to mitigate the relevant negative effects prior to making decisions [140]. 

The impact categories in this work are global warming (GWP), acidification (AP) and 

eutrophication (EP) potentials; these impact categories were selected because they are the 

main indictors that cover most important indirect environmental impacts of gasifier used for 

waste disposal [34, 141]. GWP concentrates on greenhouse gas emissions (GHG) and their 

impact on global warming. GHGs are atmospheric gas compounds (CO2, CH4 and NO2) that 

trap heat through emitting radiation in the atmosphere. The increase in the amount of these 

gases results in keeping the surface of the earth warmer by absorption of the sun light that 

passes through the atmosphere freely [138, 140]. Moreover, both of acidification and 

eutrophication accelerate climate change, acidification reduces the carbon uptake of water 

bodies, and eutrophication darkens water bodies and leads to less reflectivity, and reduces 

the carbon storages in the bottom sediments. Acidification is also an environmental problem 

caused by acidified rivers/streams and soil due to anthropogenic air pollutants of SO2, NH3, 

H2SO4, H2S, HCL, SO3 and NOx. These kinds of emissions come down to the ground as acid 

rain or snow to be absorbed into lakes, rivers, and soil. As a result, surface water, ground 

water and soil are acidified in ways that cause devastation of forests and many shelled 

animals. Eutrophication is also a phenomenon in which inland waters are heavily loaded 

with excess nutrients due to chemical fertilizers or discharged wastewater, triggering rapid 
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algal growth and red tides. The major substances with impacts on eutrophication were found 

to be NOx, NH3, N2, and NO3 in the case of air [6].  

Table 3-2. List of some assumption for environmental assessment regarding inputs for each 

step 

Step Unit Amount Comment Ref 

Resources     

Waste input ton 1   

Transport     

Distance 

km 100 

Distance from 

fields to energy 

conversion plants 

 

Diesel fuel  L/km.ton 0,06  [5, 138, 139] 

Preparation     

Electricity for pressing & 

cutting 
kWh/ton 5,48 

 

[34] 

Conversion 1     

Unit Fuel oil L/ton 0,2 

It is for start-up of 

the gasifier 

[34] 

Unit Electricity kWh/ton 83  [34] 

Conversion 2     

Isentropic efficiency of 

compressor 
% 90 

 

[34, 134] 

Mechanical efficiency of 

compressor 
% 99 

 

[34, 134] 

Isentropic efficiency of gas 

turbine 
% 90 

 

[34, 133] 

Isentropic efficiency of steam 

turbine 
% 92 

  

[34, 133] 

 

The impact assessment methods employed in this work are based on IPCC 2007 and other 

research works in this field [34, 141]. The GWP, AP and EP factors for key input in to the 

system and their factors for different emitted substances are summarized in Table 3.3 [5, 34, 

139] and Table 3.4 [142], respectively. 

Table 3-3. GWP, AP and EP factors for different inputs 

Input Unit 

GWP factor 

(kgCO2eq/unit) 

AP factor 

(gSO2eq/unit) 

EP factor 

(gNO3eq/unit) 

Electricity generated 

from geothermal kWh 0.058 [5] 

 

1.95 [5] 

 

2.8 [5] 

Transport by truck ton.km 0.3 [5, 139] 2.1 [34] 4.2 [34] 

Liquid fuel used in 

gasifier lit 2.76 [34] 

 

10.5 [34] 

 

21[34] 
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Table 3-4. GWP, AP and EP factors for different emitted substances 

 

GWP factor 

(kgCO2eq/kgsubstance) 

AP factor 

(kgSO2eq/ 

kgsubstance) 

EP factor 

(kgNO3eq/ 

kgsubstance) 

CO2 1   

CH4 25   

N2   0.042 

O2    

S    

SO2  1  

NH3  1.88 3.64 

NO  1.07 0.02 

N2O 298   

CL2    

HCL  0.88  

NO2  0.7 0.013 

H2SO4  0.65  

NO3     1 

3.4 Techno-economic assessment 

In this part a techno-economic assessment from the integrated waste biomass gasification 

with power unit is carried out to find that the considered system could be satisfied from 

economic viewpoint and then the results of this part have been published in Paper VIII and 

IX. 

The studied system for techno-economic assessment includes the process steps from 

resources to the end product (Figure 3.6). 

 

Figure 3-6. System boundaries, technologies, energy and material streams for techno-

economic assessment 

As mentioned in the Section of environmental assessment, the organic waste is the 

significant resource entering to the system, liquid fuel and electricity are also the accessory 

inputs. Biowastes is transferred from the waste fields to pre-treatment part that is next to 
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gasification and electricity generation unit. Then the product syngas enters in internal 

combustion engine that is modelled as a combustion chamber followed by a gas turbine. The 

combination of these two modules represents the behaviour of a combustion engine where 

the reaction with air occurs [133, 143]. The inputs values and key assumptions are shown in 

Table 3.5, the main values of the downdraft gasifiers characteristics, operational parameters 

and the flue gas composition derived from the waste biomass gasification simulation model 

[29] have also listed in Table 3.5. 

Table 3-5. Input values, assumptions, gasifier characteristics, operational parameters and 

flue gas composition 

Step Unit Amount Comment 

Transport    

Distance km 100 

Distance from 

fields to energy 

conversion plants 

Diesel fuel  
L/km. 

tonT&WW 
0,06 

 

Preparation    

Electricity for pressing & 

cutting 

kWh/ 

tonT&WW 
5,48 

 

Conversion 1    

Type of gasifier  
 

Downdraft fixed 

bed (autothermal) 

Gasification agent   air 

Gasification pressure kPa 101.3  

Gasification temperature ˚C 800  

Equivalence Ratio (ER) - 0,25  

Specific air mass flow rate 

consumption 
kg/kgT&WW 1,8  

Unit Fuel oil consumption L/ tonT&WW 0,2 

It is for start-up of 

the gasifier. 

tonT&WW refers to 

ampunt of T&WW 

that enters to 

gasifier after pre-

process step 

Unit Electricity 

consumption 
kWh/tonT&WW 83 

tonT&WW refers to 

ampunt of T&WW 

that enters to 

gasifier after pre-

process step  

Conversion 2    

Isentropic efficiency of 

compressor 
% 90 

 

Mechanical efficiency of 

compressor 
% 99 
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Net produced power  kWh/yr 
2820,8 MT&WW 

(kg/hr) + 2293,3 

as functional of 

mass flow rate of 

biomass 

Specific mass flow rate of 

flue gas exited from gas 

turbine 

kg/kgT&WW 

  

CO  0,226  

CO2  1,62  

H2  0,00247  

H2O  0,645  

CH4  0  

N2  5,316  

O2  0,082  

S  0  

SO2  0,0013  

H2S  0  

NH3  0  

NO  0,049  

N2O  0  

CL2  0  

HCL  0  

NO2  0,000037  

H2SO4  0  

NO3   0   

 

In this economic analysis, all prices are expressed in K€ (kilo-euro). Three scenarios were 

considered based on different interest rates: 8% in Scenario 1, 10% in Scenario 2 and 13% 

in Scenario 3. These are based on interest rates considered for European energy projects 

[144, 145]. A computer program has been developed to investigate these scenarios for 

specific case study. The model is able to evaluate the economic performance of each one. 

Cash flow analysis, total cost, Net Present Value (NPV) and Discounted Payback Period 

(DPP) are standardized financial indicators to assess the profitability of projects. A project 

is an economically attractive while it has the lowest DPP and the NPV higher than zero. 

NPV is the difference between the present value of cash inflows and the present value of 

cash outflows over a period of time and it is calculated based on Equation (7) [44, 45, 113]: 

 

1
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n
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  (7) 

where nCF  is the annual cash flow, being the difference between Revenues ( R ) and 

Expenditures ( E ), Operation and Maintenance Costs ( &O MC ), r  is the discount rate (8%, 

10% and 13% for Scenario 1, 2 and 3, respectively), cC  is the total capital costs of 

investment and t  is the lifetime of the investment (15 years). DPP gives the number of years 
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to break even from undertaking the initial expenditure, by discounting future cash flows and 

recognizing the time value of money and it is calculated according to Equation (8) [44, 45]: 
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The periodic cash flow, with all the revenues and expenditures, is calculated by considering 

the incomes from the generated electricity, and the credits for the Waste Treatment Bill 

(WTB) [146]. The expenditures also include the cC  and &O MC . cC  is divided into three 

categories: hardware price ( gC ), installation cost (25% of gC ) and engineering costs, the 

engineering costs includes engineering and design (13% of gC ), purchasing & construction 

(14% of gC ), fuel handling/preparation (9% of gC ) and electrical/balance of plant (6% of 

gC ) [144, 145]. gC  is the price of a gasifier system on the basis of various capacities. In this 

work, we considered 0.75, 1.5, 2, 5, 10, 20, 50, 100, 200, 300, 400 and 500 kW for the small-

scale existing gasifiers capacities and extracted their prices from various companies (Figure 

3.7) [147-152].  

 

Figure 3-7. The small-scale existing gasifiers capacities and extracted their prices from 

various companies 

The whole yearly &O MC  can be determined by the sum of the costs for the maintenance cost 

(2% of cC ), insurance and tax (2% of cC ), waste disposal (15% of cC ), electricity cost, 

liquid fuel cost and personnel cost. Electricity costs are calculated based on electricity 

consumers and liquid fuel costs are estimated for fuel consumers with 7000 hr/year of plant 

availability [144, 145]. The unitary cost of electrical and fuel energies supplied in Iceland 
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are equal to 0.03 $/kWh and 1.08 $/lit (0.91 €/$ as conversion rate) [5]. Personnel cost 

includes annual labour, cost. A total of two employees were assumed for plant operation 

management (1 person/shift and 2 shifts/day), with a yearly cost of 60,000 €/year per person 

in Iceland. 

In relation to revenues, the selling price of electricity to normal households and small 

businesses in Iceland is about 124.69 $/MWh [153]. Hence, the sale price of the generated 

electricity based on waste gasification was considered at 109.89 $/MWh (100 €/MWh) in 

our work. Moreover, The Icelandic municipalities pay a fee (WTB) by weight, to the private 

companies, for the collection and disposal the MSW in sanitary landfills. The WTB for 

collection and disposal of the MSW varies from 90-170 €/ton through over Iceland. The 

highest amount is related to Vestmannaeyjar, an archipelago off Iceland’s south coast with 

111 km distance from Reykjavik (the Capital of Iceland). All produced waste in 

Vestmannaeyjar need to be collected and transferred to other Icelandic municipalities for 

disposal. Hence, WTB for this area is in the top due to geographical conditions and expensive 

transportation. In this work a mean value of 130 €/ton is used. 
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4 Results and discussions 

This Chapter includes 4 sections containing results for primary model, advanced model, 

environmental assessment and techno-economic assessment. Responses to RQ3, RQ4, RQ5 

and RQ6 can be found in Sections of 4.1, 4.2, 4.3 and 4.4, respectively. Response to RQ1 

has been also brought in Section 3.2.2 Case study. It is worth to say that response to RQ2 

was presented in Section 2.2 Biomass gasification models. 

4.1 Primary model 

4.1.1 Validation 

For validating the primary model, the syngas composition obtained from ASPEN 

simulations were compared with the experimental results of Jayah et al [154]. In their work, 

rubber wood was used as feedstock in a down draft gasifier operated at atmospheric pressure 

and gasification temperature of 900 ˚C. Six different air to fuel mass flow rate ratios (AFRs) 

were considered and the comparisons of CO, H2, CO2 and N2 concentrations are shown in 

Figure 4.1. The deviation of the model results from experimental values is quantified by 

using statistical parameter RMS. RMS measures how much error there is between two data 

sets (experimental data and modeling values). Its value close to zero indicates lower error 

and more reliable model in prediction of results. The maximum RMS error of 1.8 is gained 

when six sets of experimental data are compared with the corresponding model values for 

syngas composition. The obtained RMS in this work is good and acceptable because it is not 

far from zero and also lower than other works in this field. For example the latest developed 

model by Rupesh et al. [82] has RMS of 2.8 in comparison with experimental data for 

product gas compositions. 

 

Figure 4-1. Comparison of CO, H2, CO2 and N2 concentrations between the developed 

model (M) and experimental measurements (E) 
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4.1.2 Performance analysis 

In this part, the developed model for waste biomass gasification has been used to investigate 

the gasification performance of three different waste feedstocks: sawdust, wood chips and 

mixed paper waste. The biomass characteristics used to describe the feedstocks are given in 

Table 4.1. The effect of gasifier temperature and equivalence ration (ER) on syngas 

composition, syngas yield, lower heating value (LHV) of produced gas and cold gas 

efficiency (CGE) has been investigated. Syngas yield in this model is the volume of total 

product gas from the gasification per unit weight of fuel in normal conditions (Nm3 kg fuel-

1). The lower heating value of product gas is calculated as [80, 155]: 

 
2 4

3( ) 4.2 (30 25.7 85.4 )syngas CO H CH

kj
LHV y y y

Nm
        (9) 

where y is the mole fraction of gas pieces in the syngas (dry basis). 

The CGE is also calculated by using Equation (10) [80, 156]: 

 (%) 100
P syngas

fuel

G LHV
CGE

HHV


   (10) 

where GP is the syngas yield that is the volume of total product gas from the gasification per 

unit weight of fuel in normal conditions (Nm3 kg fuel-1). HHVfuel is the higher heating value 

of fuel (MJ kg fuel-1) [157]. 

 ( ) 0.312 ( ) 0.1534 ( )fuel

Mj
HHV FC VM

kg
     (11) 

According to Equation (11), heating value is a function of weight fractions of fixed carbon 

and volatile matter in the dry and ash-free conditions. 
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Table 4-1. Ultimate and proximate analysis feedstocks 

Feedstocks 
Sawdust 

Wood 

chip 

Mixed paper 

waste 

Proximate analysis    

Proximate analysis 

(wt%)    

Moisture 7 20 8.8 

Volatile matter (VM) 81.72 80 84.2 

Fixed carbon (FC) 17.2 18.84 7.5 

Ash 1.08 1.16 8.3 

Ultimate analysis    

Elemental analysis 

(wt%- dry basis) 
   

C 46.46 51.19 47.96 

H 5.82 6.08 6.60 

N 0.19 0.2 0.18 

O  46.45  41.37  36.96 

4.1.2.1 Effect of temperature on syngas composition 

The effect of gasifier temperature on syngas mole fractions for three feedstocks was 

examined in the window of 500-1500 ˚C, while all the remaining operating conditions were 

fixed. As shown in Figure 4.2, at very low temperature of 500 ˚C the existing carbon in the 

biomass is not used completely, so the syngas production would not be in a good rate. In 

such a low temperature, unburned carbon and methane will remain in syngas while by 

increasing temperature more carbon is oxidized and converted to carbon monoxide in 

accordance with partial combustion reaction (R2). Methane is also transferred into hydrogen 

by reverse methanation reaction (R5). Moreover, at high temperature, water gas reaction 

(R4) goes toward the production of both carbon monoxide and hydrogen. Hence, increasing 

the gasifier temperature favors hydrogen and carbon monoxide production, leads to the 

improvement of heating value of syngas (based on Equation (9)). However, at a specific 

temperature, yield of H2 and CO reach to an approximately fixed points that this point can 

be the optimum gasifier temperature for each waste. The optimum operating temperature of 

the down draft gasifier for sawdust, wood chips and paper wastes are 900, 1000 and 1000 

˚C, respectively. Methane production also decreases sharply at temperatures above 600 ˚C 
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for three wastes. For both sawdust and wood chips wastes, mole fraction of CO is higher 

than H2 mole fraction but general behavior is not the same for paper waste. According to the 

elemental analysis of feedstocks, mixed paper waste has the highest hydrogen and the lowest 

oxygen among the others, consequently the product gas from paper gasification includes 

lower CO but higher H2 in comparison other wastes. 
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Figure 4-2. Effect of temperature on syngas mole fraction (dry basis) 

4.1.2.2 Effect of ER on syngas composition 

Equivalence Ratio (ER) is an important index for showing the role of oxidizing agent and it 

is defined as the ratio of the amount of actual air supplied to the gasifier to the stoichiometric 

air. At low ER, biomass reactions will approach to the pyrolysis, whereas at a high ER the 

excess amount of oxygen oxidizes the fuel completely and causes biomass combustion; then 

the production of syngas declines. Hence, it is important to find the appropriate range of ER 

for biomass gasification that has been studied in this work. In this case, the ER in the gasifier 

was varied from 0.1-0.7 and its influence on the syngas compositions were shown in Figure 

4.3 for three wastes. The H2 mole fraction decreases with increasing ER, regardless of which 

biomass is used as the feedstock. Similar to H2 formation, the mole fraction of CO also 

decreases with increasing ER but an opposite trend for CO2 is exhibited. This is due to when 

ER rises, more oxygen is supplied for biomass reactions, so fuel goes toward the full 

combustion. Sawdust has highest mole fraction of carbon monoxide and hydrogen in syngas 

(0.28 and 0.38, respectively). Conversely, the gasification of mixed paper waste gives the 

lowest mole fraction of CO (0.22). Finally, as shown in Figure 4.3 the optimum ER lies 

between 0.2-0.35 for three wastes (till mole fractions of carbon monoxide and hydrogen are 

higher than 20%). 
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Figure 4-3. Effect of ER on syngas mole fraction (dry basis) 
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4.1.2.3 Effect of temperature and ER on syngas yield 

The effect of the gasifier temperature on the syngas yield is illustrated on Figure 4.4(a). 

When the operating temperature of gasifier is increased from 500-900 ˚C, the syngas yield 

is increased 4.6% for sawdust and wood chips and 5.4% for mixed paper waste and then 

reach to approximately fixed points. It can be explained by increasing gasifier temperature, 

the unburned carbon is converted into carbon monoxide and through the reverse methanation 

reaction, methane is converted into hydrogen. Finally, mole fractions of components attain 

to the constant amounts that cause nearly constant values for syngas yield. Figure 4.4(a) 

depicts that the syngas yield for wood chips gasification is higher than other wastes, because 

syngas production from gasification of wood chips waste has highest carbon monoxide and 

hydrogen due to high percentage of carbon and hydrogen in wood chips biomass (as shown 

in Table 4.2). 

 

Figure 4-4. (a), Effect of temperature on syngas yield, (b), Effect of ER on syngas yield 

The variation of syngas yield for three wastes by varying ER is shown in Figure 4.4(b). The 

syngas yield from the gasification of paper waste is higher than that of wood chip and 

sawdust wastes averagely 7.3%. As ER increases from 0.1 to 0.7, syngas yield continuously 

increases because more oxygen is available for biomass reactions at high ER but so high 

syngas yield does not mean high gasification performance. Because as it was explained in 

section 4.2, with access to more oxygen, the fuel is oxidized completely and causes biomass 

combustion; then the production of CO and H2 decline and CO2 production increases. In the 

optimum range of ER, syngas yield values for sawdust, wood chips and paper wastes are in 

the span of 2.08-3.00 Nm3 kg fuel-1. 

4.1.2.4 Effect of temperature and ER on LHV 

Figure 4.5(a) shows the lower heating value of syngas as a function of temperature. The 

increase in temperature of the gasification zone at fixed AFR of 2.03 results in an increase 

in the LHV of the syngas till a specific temperature that is called optimum temperature. LHV 

values for sawdust, wood chips and mixed paper wastes at optimum temperatures (900, 1000 

and 1100 ˚C, respectively) are about 4.09, 3.79 and 4.06 MJ Nm-3, respectively. Wood chip 
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shows lowest heating value among the three wastes due to relatively lower dry basis mole 

fraction of carbon monoxide and hydrogen in the syngas. The production of carbon 

monoxide and hydrogen is dependent on the biomass composition and it is clear from the 

composition of feedstocks provided in Table 4.3 that although wood chip has highest 

percentage of carbon, it includes so high amount of moisture. Moisture content indirectly 

effects on LHV of syngas. Increasing moisture content strongly degrades the syngas LHV. 

As a consequence of much higher moisture content in the fuel, the percentage of carbon and 

hydrogen in wet basis decrease then leads to lower production of carbon monoxide and 

hydrogen in the syngas. 

 

Figure 4-5. (a) Effect of temperature on syngas LHV, (b), Effect of ER on syngas LHV 

The sensitivity of ER over the LHV of the product syngas at the fixed gasifier temperature 

of 900 ˚C for three waste biomasses are shown in Figure 4.5(b). By increasing ER, the 

production of carbon monoxide and hydrogen in syngas decrease due to complete 

combustion of fuel, so the heating value of the syngas decreases. As a whole, the LHV of 

the product gas depends strongly on ER and it is in the range of 4.15 and 6.147 MJ Nm-3 In 

the optimum range of ER. On the other hand, the effect of feedstock on LHV is slight. 

4.1.2.5 Effect of temperature and ER on CGE 

Cold gas efficiency is the most crucial parameter that practically indicates the economic 

efficiency of the gasifier. Accordance to equation (2), CGE is dependent on different 

parameters of syngas yield, HHV of fuel and LHV of syngas, but it eventually depends on 

the amount of carbon monoxide, hydrogen and methane in the product syngas. The 

composition of syngas is also controlled by temperature and ER hence they are the important 

parameters for evaluating of CGE. In our model temperature has been varied from 500-1500 

˚C and the corresponding CGE is calculated. The results have been depicted in Figure 4.6(a). 

Mixed paper waste shows highest CGE (70.6%) at temperature of 1000 ̊ C while for sawdust 

CGE is maximum around 65,8% and wood chips shows lowest CGE (60%) among the three 

wastes. Figure 4.6(b) shows that increasing ER reduces the value of CGE, stemming from 

the reduction of LHV (Figure 4.5(b)).  For the three waste biomasses, the amount of CGE is 

under 60% as long as ER is more than 0.4. It follows that ER should be controlled below 

0.4. 
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Figure 4-6. (a), Effect of temperature on CGE, (b), Effect of ER on CGE 

4.2 Advanced model 

The main objective of this part is to analyze the performance of the biomass gasification 

integrated with the power production unit based on the simulation model developed by using 

ASPEN Plus. The case study assesses power production in Iceland from 1ton of 3 different 

Icelandic organic wastes: garden waste, timber and wood waste, and paper mixed waste [5], 

as it was mentioned in Section 3.2.2. The elemental and gross compositions of these 

feedstocks were gathered in Table 4.2 [158, 159]. Then, as a sensitivity analysis, we examine 

the effect of operating parameters like temperature and equivalence ratio (ER) to know 

where the overall system is optimal to reach the maximum electrical efficiency.  

As it mentioned above, in this part, the developed model for waste biomass gasification has 

been used to investigate the gasification performance of garden, timber and wood, and paper 

mixed wastes in Iceland. The goal is to find the optimal operating conditions in order to 

produce the highest power efficiency. The important operating variables that affect power 

performance are the gasifier temperature and the equivalence ratio (ER). The effect of 

temperature and ER on power efficiency of the gasifier system is shown in Figures 4.9 and 

4.10, respectively. The power efficiency is the index of the power generated from the system 

compared to the original energy contained in the biomass feed and is defined by [128]: 

 
  gas turbine steam turbine compressor

power

biomass biomass

W W W

M LHV


 



 (12) 

The sensitivity results in Figures 4.9 and 4.10 are studied at standard conditions of 1 ton 

input of feedstock, a 2.5 air to biomass ratio and a gasifier temperature in the window of 

500-1500 ˚C. As seen in Fig. 5, all wastes show a similar increasing behavior as the 

temperature rises. As it mentioned in Section 4.1.2.1, since the gasifier temperature 

increases, H2 and CO flow rates increase, too. However, CO2 and CH4 flow rates decrease 

with the increase in the temperature. Growing of CO and H2 flow rates in the range of 500  
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Table 4-2. Ultimate and proximate analysis of feedstocks that are used in simulation of 

feedstocks in ASPEN Plus 

 Garden 

waste 

Timber 

& wood 

waste 

Paper mixed 

waste 

Proximate analysis    

Proximate analysis 

(wt%)    

Moisture 50 5.01 10.24 

Volatile matter (VM) 84.5 93.06 84.60 

Fixed carbon (FC) 14.5 6.38 9.40 

Ash 1 0.56 6 

Ultimate analysis    

Elemental analysis 

(wt%- dry basis) 
   

C 50.12 56,8 43,41 

H 6.40 7,28 5,82 

N 0.14 0,18 0,25 

Cl 0 0,82 0 

S 0.08 0,07 0,2 

O  42.26 34,29 44,32 

 

to 700 °C is because of the combined effect of boudouard, steam methane reforming and 

water-gas reaction. These are endothermic reactions in nature, hence they are favored with 

higher temperature. Moreover, reduction in CO2 and CH4 flow rates with increasing 

temperature is due to the exothermic nature of water gas shift and methanation reaction, 

making them unfavorable at higher temperatures.  

By increasing the gasification temperature, water gas and steam methane reforming reactions 

contributed majorly to H2 production, but steam methane reforming reaction is limited due 

to the absence of CH4 as the main reactant at a higher temperature. As a whole, it can be 

concluded that water gas shift reaction mainly controls the H2 production. In addition, the 

reduction in CO2 flow rate by increasing the temperature can be associated with the 

boudouard reaction which utilizes CO2 to produce CO and being endothermic in nature that 

is favored at higher temperatures. Hence, increasing the gasifier temperature favors 

hydrogen and carbon monoxide production, leading to high LHV syngas enter to the 

combustion chamber and resulting high temperature gases entering the turbine. Raising the 

turbine inlet temperature increases output power from the gas turbine, as well as the steam 

turbine, because more steam is produced through the heat recovery from the high 

temperature flue gas. However, at a specific range of temperature, power efficiency increases 

in a gradual way such that this span can be the optimum gasifier temperature for each waste. 

The optimum operating temperature of the down draft gasifier for the three studied wastes 

was 900-1000 ˚C. 
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Moreover, Figure 4.9 shows timber and wood waste has dominant statues for power 

efficiency among the three wastes due to relatively higher net power production through the 

system. The amount of power production is dependent on the biomass composition and it is 

clear from the composition of feedstocks provided in Table 4.2 shows timber and wood has 

the highest percentage of carbon and hydrogen and lowest amount of moisture. Hence, this 

kind of waste would be the best option to be fed to a gasifier and power production plant. 

However, garden waste with the highest moisture content of 50% has the lowest potential 

for power production. Moisture content indirectly effects output power as a higher moisture 

content in the fuel leads to a decrease in the percentage of carbon and hydrogen in a wet 

basis leading to a lower production of carbon monoxide and hydrogen as well as lower LHV. 

 

Figure 4-7. Effect of temperature on power efficiency output from the biowaste gasification 

(1 ton input of feedstock and 2.5 air to biomass ratio) 

At the next step, the effect of air equivalence ratio (ER) on power efficiency of the system is 

evaluated. As it explained in Section 4.1.2.2, H2 and CO flow rates decrease with an increase 

in ER, while CO2 and CH4 flow rates increase with an increase in ER. Increased oxygen 

supply enhances carbon and hydrogen oxidation reaction. These two reactions utilize carbon 

and hydrogen to produce CO2 and H2O; then the syngas production and consequently power 

generation decline. Hence, it is important to find the appropriate range of ER for biomass 

gasification. In this case, the ER in the gasifier was varied from 0.2-0.65 and its influence on 

the power efficiency are shown in Figure 4.10 for the three wastes. As shown in Figure 4.10 

the optimum ER lies between 0.25-0.3, 0.4-0.5 and 0.35-0.45 for timber and wood, paper 

mixed and garden wastes, respectively. At optimum span of ER, the power efficiency from 

gasification of timber and wood waste is higher than that of paper mixed and garden wastes 

averaging 42% and 63%, respectively.  
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Figure 4-8. Effect of ER on power efficiency output from the biowaste gasification (1 ton 

input of feedstock and 2.5 air to biomass ratio) 

4.3 Environmental assessment 

The environmental impact assessment of the integrated gasification with power production 

unit has been analyzed with the three categories of global warming, acidification and 

eutrophication potentials. This assessment was directed based on a functional unit of 1 ton 

of input feedstock and under the optimum operating conditions obtained in Section 4.2.2 for 

each waste. Discussion in relation to each impact category is presented in the following.  

4.3.1 Global warming potential 

The GWP comparison of gasification integrated with power unit for the studied wastes with 

the direct combustion of them and their GWP contributions through the gasifying are shown 

in Figures 4.11 and 4.12, respectively. Garden waste with GWP of 56 kgCO2eq per ton has 

the highest GHG emissions. This is due to garden waste having the highest moisture content 

(50%) and requiring more energy for drying leading to higher GHG emissions releasing to 

the atmosphere. The largest contribution for all wastes is made by transport through 

consumption of diesel fuel following with cutting, handling and drying in preparation 

process. Of the process chain, conversion 2 including the combustion chamber, gas and 

steam turbines makes up the smallest share of GWP contributions because when biomass is 

burnt, carbon dioxide releases back to the atmosphere but this biogenic CO2 is not counted 

as a contributor to global warming. As seen in Figure 4.11, on a per ton of raw feedstock 

basis, the degree of reduction in global warming if gasification is used instead of direct 

combustion is around 90%. Obviously, the production of electricity from waste based on 

gasification technology appears to be more environmentally friendly than waste direct 

0,0

5,0

10,0

15,0

20,0

25,0

30,0

35,0

40,0

45,0

50,0

0,2 0,25 0,3 0,35 0,4 0,45 0,5 0,55 0,6 0,65

El
e

ct
ri

ca
l e

ff
ic

ie
n

cy
 %

ER

Garden wastes Timber and wood waste Paper mixed waste



50 

combustion if GWP is evaluated. This is because gasification technology has a lower level 

of exhaust emissions of significant air pollutants and a higher amount of carbon retained in 

the ash. 

 

Figure 4-9. GWP of waste gasification for electricity production versus waste direct 

combustion 

 

 

Figure 4-10. GWP contributions for 3 wastes gasification: (a), garden (b), timber & wood 

(c), paper mixed 

4.3.2 Acidification potential 

The comparison of electricity production from waste relying on gasification versus direct 

combustion in relation to acidification potential impact is presented in Figure 4.13. 

Regarding this index, the production of electricity from garden, timber and paper wastes 

gasification create 16, 54 and 12 kgSO2eq per ton of raw feedstock, respectively. The 

emissions of acidic gases from the combustion process in the conversion 2 sector accounts 

for a major share of the impact, leaving a relatively minor share to the other processes. As 
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seen in Figure 4.13, CHP gasification of timber and wood waste has the worst AP impact. 

This is because the highest amount of acidic gasses like NO, NO2, SO2 and HCL are released 

to the atmosphere. However, it is still much more environmentally friendly in comparison to 

direct combustion. 

 

Figure 4-11. AP of waste gasification for electricity production versus waste direct 

combustion 

4.3.3 Eutrophication potential 

In Figure 4.14, the eutrophication impact is compared for CHP gasification of three different 

wastes versus wastes combusted directly. Production of electricity from consumption of 1 

ton of garden, timber and wood wastes in gasification releases 98, 225 and 141 kgNO3eq, 

respectively.  The most important contribution to this impact is made by the emissions of 

particulate matters, N2, NO3, NO and NH3 from the combustion process, whereas the 

contribution made by the other processes, preparation, transport and gasification is relatively 

minor. 
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Figure 4-12. EP of waste gasification for electricity production versus waste direct 

combustion 

To have a more accurate comparison of different feedstocks, the environmental impacts per 

kWh electricity produced in the three studied waste-gasification process is displayed in 

Figure 4.15. As seen in Figs. 21, 22 and 27, timber and wood waste is the most beneficial 

from the performance and environmental perspectives. At various temperatures and 

equivalence ratios, the system based on timber and wood waste has the highest statues in 

electrical efficiency, as well as lowest levels of in pollutant gas emissions among the other 

systems. This can be explained by the fact that this kind of waste contains high level of 

carbon and hydrogen which leads to high power production and also includes a fair amount 

of moisture which causes it to require lower energy for drying in the preparation sector 

leading to slight GHG emissions releasing to the atmosphere.  

 

Figure 4-13. GWP, AP and EP of waste gasification per 1 kWh net power production 
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4.4 Techno-economic assessment 

4.4.1 Case study 

In this part, the techno-economic assessment of timber and wood waste (T&WW) 

gasification for energy production in small communities in Iceland is carried out. T&WW 

has been selected for evaluation because as it has been shown in Section 4.3, this kind of 

waste is the most beneficial from the performance and availability perspectives among the 

different gasification systems based on various wastes in Iceland.  

Timber waste is generally defined as unpainted and painted timber and is produced from 

construction/demolition work, packaging waste and pallets.  The total amount of timber 

waste in Iceland in 2010 has been estimated to around 37 ± 11 thousand ton and it has been 

projected to reach approximately 49 ± 15 thousand ton in 2030. Wood waste is also available 

from forestry, and it has been estimated to nearly 8,260 ton/year. Totally, timber and wood 

waste mainly consist of softwood, with a composition of 45% cellulose, 22% hemicellulose 

and 28% lignin as well as extractives, acids, salts and minerals. Hence, all produced T&WW 

can be considered as potential for syngas production [1]. 

There are 72 municipalities in Iceland that their population varies from 43 inhabitants in the 

smallest ones, to more than 126,000 in the biggest. About 55% of Icelandic municipalities 

have lower than 1,000 residents and 70% of them occupies lower than 2,000 populations. In 

these kinds of regions where wide grid is not feasible, small-scale gasification integrated 

with power generation offers a viable option for meeting the electricity needs of the local 

population [5]. 

In order to have a wide evaluation of the economic feasibility of the installation of 

gasification facilities for all disparate Icelandic zones, 35 subgroups based on various 

number of households/inhabitants (Table 4.3) were established. In each subgroup, the study 

was conducted over hypothetical cases, according to the number of households as each 

household includes 5 persons. 

4.4.2 Technical performance  

The calculations performed in this paper show that it is beneficial technically and 

energetically to produce electrical power from the waste biomass downdraft gasification 

integrated with power generation. Whether this technology can be successfully applied for 

the purpose of electricity distribution in small municipalities geographically isolated 

depends on economic and environmental considerations.  

The yearly electricity consumption per capita in the household sector in Iceland is around 

2.5 MWh per capita. Based on this data, Iceland occupies the forth place in electricity 

consumption in the world (Norway, Sweden and Finland have the first, second and third 

statues, respectively) [160]. By using this data, the yearly electricity consumption and power 
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demand for each subgroup was calculated and shown in Figure 4.16. Obviously, as the 

population grows, energy demand also increases. Power demand varies form 14,3 kW for 

the first subgroup with 50 persons (10 households) to 499,4 kW for the last one with 1750 

persons (350 households). 

Table 4-3. The considered subgroups with the number of household and population 

Subgroups household persons Subgroups household persons 

1 10 50 19 190 950 

2 20 100 20 200 1000 

3 30 150 21 210 1050 

4 40 200 22 220 1100 

5 50 250 23 230 1150 

6 60 300 24 240 1200 

7 70 350 25 250 1250 

8 80 400 26 260 1300 

9 90 450 27 270 1350 

10 100 500 28 280 1400 

11 110 550 29 290 1450 

12 120 600 30 300 1500 

13 130 650 31 310 1550 

14 140 700 32 320 1600 

15 150 750 33 330 1650 

16 160 800 34 340 1700 

17 170 850 35 350 1750 

18 180 900       

 

 

Figure 4-14. Electrical energy and power demand for each subgroup 
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By considering the demanded power for each subgroup and existing gasifiers capacities 

(Section 3.4), the required gasifiers capacities which need to be installed for each case have 

been extracted and depicted in Figure 4.17. As a constraint, more than two gasifiers have not 

been taking in account for each subgroup. For example, one gasifier with 20 kW capacity 

has been selected to satisfy 14,3 kW as the requested power for the first subgroup. However, 

for the second subgroup, two gasifiers with 5 and 25 kW need to be installed to supply 28,5 

kW demanded. Analyzing the subgroups 9 and 10 shows that, it is possible that both have 

the same installed power (150 kW), equally two gasifiers with 100 and 50 kW were 

considered for both with the requested power of 128,4 and 142,7 kW, respectively. The same 

happens for the cases of 6 and 7 (100 kW), 11 to 14 (200 kW), 16 and 17 (250 kW), 18 to 

21 (300 kW), 22 to 24 (350 kW), 25 to 28 (400 kW), 29 to 31 (450 kW) and 32 to 35 (500 

kW). 

Figure 4.17 also shows the relation between the installed power and the amount of T&WW 

that is fed to the system for treatment and power production. Clearly, the installed power 

does not increase in the same proportion that the input waste, due to different capacity used 

for each system. For some cases, the installed gasification capacities are oversized, so the 

required investments of the capital costs and O&M costs need to be considered dependent 

upon the components size.  

 

Figure 4-15. Input T&WW and installed power for subgroups 

4.4.3 Economic assessment 

4.4.3.1 Costs and revenues 

The total cost of the generation plant for each population subgroup for the basic scenario 

(scenario 1), is shown together with the corresponding installed power in Figure 4.18. The 
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and 7 present relatively lower cost in comparison to the former subgroup. It can be explained 

that the requested power of these subgroups (100 kW) are met only by using one gasifier. 

This is also similar for the subgroups of 11-14 (200 kW), 18-21 (300 kW), 25-28 (400 kW), 

and 32-35 (500 kW). 

 

Figure 4-16. Total costs on the basis of the installed power for scenario 1 

Percentage shares depicted in Figure 4.19 are contributions of hardware, installation, 

engineering and annual O&M costs in total cost for basic scenario. The yearly O&M costs 

occupies more than 70% of total cost for the first subgroup, it has also the dominant statue 

among different kinds of costs for subgroups 1-8. However, the highest share is related to 

gasification system price for subgroups 9-35.  

Figure 4.20 presents the specific cost for the implantation of new facilities for power 

production by using T&WW gasification, per ton of waste treated. It has been pointed out 

that the specific cost per ton of T&WW is inversely proportional to the installed capacity, at 

higher installed capacity lower the specific costs. Figure 4.20 also shows the specific costs 

per capita, indicating that for lower population, higher cost per inhabitant is required. 

If decision makers want to implement the gasification technology in Icelandic cities, a viable 

solution for the subgroups 1-5 to reduce the specific costs could be to make connection 

between neighbour municipalities by making commons investments for bigger gasification 

facilities, where the T&WW of two or three municipalities could be gasified together.  
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Figure 4-17. Percentage shares of total cost for scenario 1 

 

 

Figure 4-18. Specific cost of T&WW gasification per input waste and per capita 
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of treated T&WW varies from 304.5 ton/year (subgroup 1) to 10,851.5 ton/year (subgroup 

35). 

Selling of electricity varies from 12.5 k€ (subgroup 1) to 437.5 k€ (subgroup 35) and the 

gains because of WTB fees for the T&WW treatment, range from 39.6 k€ (subgroup 1) to 

1,410.7 k€ (subgroup 35). It is worth mention that for all subgroups the incomes obtained 

with the WTB fee is equivalent to more than 70% of total revenues. 

Table 4-4. The annual revenue based on sale of electricity and waste treated 

Subgroup 

Income with 

sale of 

electricity 

(k€/year) 

Income 

with 

WTB 

(k€/year) 

Total 

income 

(k€/year) 

Subgroup 

Income 

with sale of 

electricity 

(k€/year) 

Income 

with 

WTB 

(k€/year) 

Total 

income 

(k€/year) 

1 12,50 39,59 52,09 19 237,50 765,47 1002,97 

2 25,00 79,91 104,91 20 250,00 805,79 1055,79 

3 37,50 120,24 157,74 21 262,50 846,12 1108,62 

4 50,00 160,57 210,57 22 275,00 886,44 1161,44 

5 62,50 200,89 263,39 23 287,50 926,77 1214,27 

6 75,00 241,22 316,22 24 300,00 967,10 1267,10 

7 87,50 281,55 369,05 25 312,50 1007,42 1319,92 

8 100,00 321,87 421,87 26 325,00 1047,75 1372,75 

9 112,50 362,20 474,70 27 337,50 1088,08 1425,58 

10 125,00 402,53 527,53 28 350,00 1128,40 1478,40 

11 137,50 442,85 580,35 29 362,50 1168,73 1531,23 

12 150,00 483,18 633,18 30 375,00 1209,06 1584,06 

13 162,50 523,51 686,01 31 387,50 1249,38 1636,88 

14 175,00 563,83 738,83 32 400,00 1289,71 1689,71 

15 187,50 604,16 791,66 33 412,50 1330,04 1742,54 

16 200,00 644,49 844,49 34 425,00 1370,36 1795,36 

17 212,50 684,81 897,31 35 437,50 1410,69 1848,19 

18 225,00 725,14 950,14         

 

4.4.3.2 Economic assessment of three scenarios 

To have a comparison between different scenarios, the total cost required for power 

generation based on T&WW gasification, during the period of analysis, for each subgroup 

are shown together in Figure 4.21. Higher interest rates tend to reduce total cost during 15 

years of operation. The total costs, with the interest rate of 8% for Scenario 1 range of 1100 

k€ (subgroup 1) to 2050 k€ (subgroup 35), the costs with interest rate of 10% for Scenario 2 

range of 983 k€ (subgroup 1) to 1882 k€ (subgroup 35), and total costs with interest rate of 

13% for Scenario 3 range of 842 k€ (subgroup 1) to 1680 k€ (subgroup 35). In fact, for the 

higher interest rate, the smaller present investment is required to achieve the revenue 

required for the project to succeed. However, the costs alone do not reflect economic-
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effectiveness of the project. The costs, revenues and their effects together on NPV need to 

be investigated to demonstrate which project is the most beneficial from the economic 

perspectives. 

 

Figure 4-19. Total cost required for power generation based on T&WW gasification for 

different scenarios based on different interest rates: 8% in Scenario 1, 10% in Scenario 2 

and 13% in Scenario 3 

The economic assessments, based on the indexes of NPV and DPP for scenarios 1, 2 and 3, 

are shown in Figures 4.22, 4.23 and 4.24, respectively. Different from the discount rate, 

NPVs for three scenarios are positive in 94% of the subgroups (3–35) and negative in the 

remaining 6% (1 and 2). In the other words, implementation of T&WW gasification 

integrated with power generation unit in Iceland could be economic beneficial projects for 

places with more than 150 inhabitants or for installed capacities higher than 45 kW. It is 

worth noting that, in scenario 1 with the interest rate of 8%, NPV is averagely 11% and 25% 

greater than scenarios 2 and 3, respectively. 

In addition, changing the interest rate does not have significant impact on DPP for all studied 

scenarios; it is lower than 2 years in 88% of the subgroups (5–35) and attractively it is lower 

than 6 months from subgroup 13 reducing to 4 months for subgroup 35. These all show that 

employing small scale T&WW gasification could be an economic alternative in Icelandic 

municipalities. 
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Figure 4-20. Economic analysis for scenario 1 with interest rate of 8%  

 

 

Figure 4-21. Economic analysis for scenario 2 with interest rate of 10% 
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Figure 4-22. Economic analysis for scenario 3 with interest rate of 13% 

The subgroups that do not show economic feasibility for these scenarios, could have the 
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looking after the possibility of a higher amount of waste and making viable to install a 

treatment facility. Another way is to establish a minimum value for the fee of waste 
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Table 4-5. Minimum WTB for treatment of T&WW to get a NPV more than zero 

  Minimum WTB (k€/ton) 

Subgroup Scenario 1 Scenario 2 Scenario 3 

1 0,381 0,384 0,387 

2 0,186 0,188 0,192 

3 0,115 0,117 0,120 

4 0,082 0,084 0,087 

5 0,063 0,065 0,069 

6 0,043 0,045 0,047 

7 0,032 0,033 0,035 

8 0,026 0,027 0,029 

9 0,025 0,026 0,029 

10 0,018 0,020 0,022 

11 0,010 0,011 0,013 

12 0,006 0,007 0,008 

13 0,003 0,003 0,005 

14 
from 14-

35 is zero 0,001 0,002 

15  
from 15-35 

is zero 0,001 

16   0,003 

17     
from 17-35 

is zero 
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5 Conclusions  

In this project the problem of a sustainable solution for waste disposal in Iceland was 

addressed. The process considered is sustainable green gasification technology which is a 

waste-to-energy system that not only involves wastes as fuel but also helps results in a net 

reduction of released pollutants. Gasification’s potential has been studied in medium-scale 

facilities by several researchers but only a few successful small-scale studies exist in the 

literature and also before this project no research has been directed on environmental and 

techno-economic assessment of small-scale gasification. Hence, the challenges for local 

waste gasification are its adaption to the Icelandic scale, feedstock and operational 

parameters. Downscaling must be done while still eliminating the pollution problems of 

incinerators and the cost constraints of small-scale plants. The key to develop this technology 

is to overcome the problems associated with technical and economic aspects of power 

production especially for small-scale plants as well as environmental acceptance. 

The global academic value of this project is that it brings the detailed knowledge about the 

simulation modeling of the small-scale gasification, its performance under various 

conditions and its environmental and techno-economic assessment, to the world where there 

is after all many other smaller communities with similar waste streams and waste disposal 

challenges. In Iceland the results of this study can be used by SORPA or other waste-disposal 

companies outside Reykjavik, including smaller places such as Vestmannaeyjar and 

Vestfirðir. It provides a green solution for disposing of significant amounts of waste and for 

mixing diverse feedstocks, including painted and treated wood (about 40.000 tons per year), 

without the methane emissions and groundwater leaching of landfilling or the air pollution 

and toxic residues of incineration. It could lead to a sustainable waste-management system 

that preserves a relatively pristine environment in Iceland. Moreover, before this project no 

research has been done on environmental and techno-economic assessment of small-scale 

biowaste gasification as well as its integration with power production unit. Beneficially, this 

project has a practical value that prove the production of electricity from biowaste 

gasification linked with power unit could be a feasible, environmentally and economic 

acceptable option to be implemented instead of incinerators and landfilling sites for waste 

disposal in Iceland. Small scale gasification can meaningfully contribute to energy supply in 

low populated regions in the world that are far from the central energy networks and need to 

have a district heat and power system. 

Therefore, in this work by using ASPEN Plus simulator, a simulation model was developed 

for waste biomass gasification integrated with power production unit as an attractive method 

for high efficiency electricity generation in low populated areas. The model was applied for 

optimization of the gasifier performance, evaluation of effect of operating parameters and 

different feedstocks on the syngas composition, the system performance and the overall 

electrical efficiency. Finally, to propose a sustainable waste to power system adapted with 

conditions in Iceland, a comprehensive assessment of environmental and economic 

feasibility of these systems were carried out. 
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5.1 Answers to the research questions 

When going back to the original research questions, one can see that they have been 

answered in various sections. In this part, the research questions and their brief responses 

based on their contributions in the papers are brought cohesively as following: 

RQ1: What are the waste feedstocks that can be fed to the gasifier? 

One part of Paper I, a potential evaluation of organic wastes which are produced in Iceland 

and can be used for biofuel production, tackles the first research question. This part was also 

presented in Section 3.2.2 Case study. Organic waste from households, industry and services 

is a valuable source for biofuels production in Iceland. The Icelandic Environmental Agency 

set up a national plan to reduce the amount of organic wastes that are landfilled or incinerated 

over the years. A general estimation shows that approximately 60% of the total waste is 

organic material of which 70% is obtained from industry and services and 30% is from the 

household sector. Categories of organic waste from household, industry and services are 

defined as, garden waste, timber and wood waste, mixed paper waste, fish waste, meat and 

slaughter waste, kitchen waste, and waste bio oil. Among these organic wastes, garden 

waste, timber and wood waste, and mixed paper waste are the main wastes that can be fed 

to a gasifier. Moreover, the total amount of paper, timber and garden wastes in Iceland in 

2015 have been calculated as approximately 37, 40 and 16 thousand tons, respectively, and 

they have been estimated to increase to about 47, 49 and 20 thousand tons by 2030 assuming 

0.8%, 0.6% and 0.6% growth rate per capita, respectively. 

RQ2: What is the best modelling approach? 

Papers II and III investigate on the response of RQ2. Various approaches for biowaste 

gasification modelling were studied in Paper II to determine which are appropriate based on 

the type of gasifier, feedstock, operational parameters and tar formation. Moreover, tar 

modelling in gasification models was studied in Paper II and classified in different ways in 

a given application. A detailed methodology characterization that includes consequential 

modelling choices was also introduced and stoichiometric and nonstoichiometric models 

lead to identical predictions or not were addressed in Paper III. Complete details about the 

responses of RQ2 has been brought in Section 2.2 Biomass gasification models. Briefly 

speaking, the equilibrium modelling method has been used to predict reliably downdraft 

fixed-bed gasifier performance as a function of feedstock and given information about 

operational conditions. 

RQ3: What are the optimal settings of operating parameters on the gasification technology? 

Papers of IV and V study on the responses of the RQ3. This part was also presented in 

Section 4.1 Primary model. In these papers a primary simulation model for biowaste 

gasification has been developed to predict the system performance, fluid flow, heat transfer 

and process patterns and to evaluate the effects of various operating conditions such as 
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temperature, equivalence ratio, moisture content and waste composition influence on the 

produced gas composition, overall system efficiency and system performance. In summary, 

raise in temperature improves the gasifier performance, it increases the production of CO 

and H2 which leads to higher syngas yield, LHV and CGE. However, Increasing ER lessens 

the production of CO and H2 which results in reduction of gasification performance. The 

optimal values of CO and H2 mole fraction and CGE of several feedstocks like sawdust, 

wood chips and mixed paper wastes are located at 900, 1000 and 1000 ˚C, respectively and 

ER range is between 0.20-0.35 regardless of the kind of biomass which is used as the feed-

stock. Among the studied wastes, while wood chips waste has the highest carbon percent 

among the other wastes, it has slight carbon yield, low CO mole fraction as well as lowest 

LHV. It is due to it includes so high amount of moisture and moisture content indirectly 

effects on LHV of syngas, increasing moisture content strongly degrades the syngas LHV. 

Moreover, mixed paper waste shows the highest CGE (70.6%) at temperature of 1000 ˚C 

because of much higher hydrogen content and less HHV of its feedstock while wood chips 

show lowest CGE, around 60%. 

RQ4: What are the effects of several inputs on the power output from the system? 

To tackle the RQ4, an upgraded simulation model was developed for integrated biowaste 

gasification with power production unit to assess performance of producing electricity from 

gasifying of various types of organic wastes in Iceland. The objectives are finding the 

optimal operating conditions (type of feedstock, gasifier temperature, equivalence ratio and 

moisture content in biomass) to make highest electrical efficiency. The results of these part 

have been published in papers of VI, VII and X and also presented in Section 4.2 Advanced 

model. Simulation results indicate that optimal operating conditions for producing the 

highest power efficiency are gasifier temperatures of 900-1000 ̊ C for the studied wastes and 

an equivalence ratio between 0.2-0.3, 0.4-0.5 and 0.35-0.45 for timber and wood, paper 

mixed and garden wastes, respectively. At the optimum range of temperature and ER, the 

power efficiency from gasification is 45, 26 and 16% for timber and wood, paper mixed and 

garden wastes, respectively. 

RQ5: Is small-scale gasification an environmentally sound solution? 

In order to solve the RQ5, an environmental assessment of energy recovery through the 

biowaste gasification integrated with power production unit was carried out and results 

reveal that the considered appears to be more environmentally friendly than waste 

incineration in all impact categories considered. This can be explained by the fact that 

gasification technology has a lower level of exhaust emissions of significant air pollutants 

and a higher amount of carbon retained in the ash. Among the systems, timber and wood 

waste is the most beneficial from the performance and environmental perspectives. The 

production of 1 kWh of electricity from timber through gasification would lead to a GWP of 

0.07 kg CO2eq, AP of 0.09 kg SO2eq, and EP potential of 0.36 kg NO3eq. Of the processes 

in the chain, the largest contribution for all wastes is made by transport through consumption 

of diesel fuel following by cutting, handling and drying in the preparation process. Whereas 
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the second conversion containing the combustion chamber, gas turbine occupies the smallest 

share in environmental contributions. Results of environmental assessments (response to 

RQ5) were published in paper VI and also discussed in Section 4.3 Environmental 

assessment. 

RQ6: Can small-scale gasification be made techno-economically feasible? 

To answer the RQ6, a comprehensive assessment of techno-economic feasibility adapted 

with conditions in Iceland for the gasification facilities integrated with electricity generation 

unit was directed. The technical assessment focused mainly on input waste, installed power, 

and electrical power generation. The economic assessment was conducted relied on the 

economic indicators of total cost, specific costs, revenues, net present value (NPV) and 

discounted payback period (DPP), bringing together different economic scenarios, with 

different interest rates. Additionally, a sensitivity analysis was carried out, to investigate the 

effects of the fee paid by the Icelandic municipalities for collection and disposal of wastes 

(WTB).  

The results of techno-economic assessment show that changing the interest rate does not 

have significant impact on NPV and DPP for all studied scenarios. the NPV is positive for a 

gasification system with the capability to generate greater than 45 kW. The NPV in scenario 

1 (8% for interest rate), is averagely 11% and 25% higher than scenarios 2 and 3, 

respectively. Discounted payback period (DPP) will be also lower than 2 years for a 

gasification with capacity higher than 75 kW. However, it could be lower than 6 months if 

gasification is applied in capacity greater than 200 kW. The results from techno-economic 

analysis (response to RQ6) were brought in papers VIII and IX and also discussed in Section 

4.4 Techno-economic assessment 

5.2 Future work 

A highly desirable next step is that the simulation model developed in this work is validated 

by the experimental data which will be generated at the biowaste pilot gasifier recently 

commissioned at the University of Iceland. Currently, this pilot-scale gasifier is the only 

operational gasifier in Iceland. The gasifier and CHP system has been commissioned early 

2020 and currently the gas composition and tar sampling systems are being installed and 

calibrated. In fact, validation of the model with the experimental data obtained from this UI 

gasifier would identify model strengths and failures and confirm how accurate and reliable 

the predictions of each step in the model developed here is. Refinement based on 

experimental input could lead to a model that is sufficiently complete and correct to support 

the system development and optimization. 

Additional recommended future work is the introduction of downstream technology to 

further process the syngas and for example produce value added products like biofuels. 

Syngas purification and conversion technologies help enable biofuel extraction and 
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increased value from the energy in waste and contribution to a sustainable energy supply. 

With these addition gasification systems could produce different biofuels such as 

biohydrogen, biomethane, bioethanol and biodiesel. Biomethane could be purified after 

passing of syngas from the methane recovery/capturing plant. Similarly, in another 

alternative, hydrogen could be purified after passing of syngas from the H2 

recovery/capturing unit. Moreover, biowastes can be converted into bioethanol by passing 

of syngas from syngas fermentation and product recovery units. Biodiesel can be also 

produced through the integrated gasification and the Fischer-Tropsch process.  

At the next step, a simulation tool needs to be used to model all the alternative systems to 

evaluate the effects of several feedstocks and operational parameters on maximum output. 

Development of a simulation model as a main step speeds up the process of finding optimal 

conditions, as it is impractical to test every condition and material in experiments. Then, a 

sustainability assessment of energy recovery from the waste through the different alternative 

systems need to be carried out to rank different system based on different sustainability 

perspectives and to propose a sustainable waste to energy system adapted with conditions in 

Iceland. 

5.3 Thesis limitations 

It is important to mention that the simulation model developed in this work models 

downdraft gasification and it cannot be employed for other types of gasifiers like fluidized 

bed and updraft gasifiers. Because the objective of this project was using gasification in at 

small-scale/low capacity, downdraft gasification was selected that since it is currently the 

most widely gasifier type used on small scale and arguably the most economical and suitable 

among all gasifier types for small-scale operations. Hence, if the gasification used for waste 

disposal is in medium or large scale, it is required to also consider fluidized bed gasification. 

A sufficiently reliable model of fluidized bed gasification to be practically useful likely 

would have to simulate both fluid-dynamic and reaction kinetics simultaneously. In fact, a 

drawback of using equilibrium modelling utilized for downdraft gasifier is its inability to 

evaluate the hydrodynamic parameters of biomass gasification, so a prediction of 

hydrodynamic phenomena in the fluidized bed gasifier (moving to a kinetic approach) would 

be helpful. For this kind of gasifier, a kinetic model needs to be developed to learn more 

about the effects of particle size, density, carbon conversion, electricity production and the 

reactivity of the syngas. 

Moreover, in this project the integration of just electrical power production with gasification 

has been considered. However, if cogeneration of heat and power (CHP) is linked to the 

main system, the discounted payback period (DPP) could be much lower (in locations where 

heat or hot water have a premium, too) and gasification could be even more feasible than 

shown here due to both power and hot water adding revenue. 
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Despite the above-described limitations, this study has proposed a sustainable waste-

management system that preserves a relatively pristine environment in small communities 

like Iceland. Moreover, before this project no research has been done on environmental and 

techno-economic assessment of small-scale waste biomass gasification as well as its 

integration with power production unit. Beneficially, this project has a practical value that 

prove the production of electricity from waste biomass gasification linked with power unit 

could be a feasible, environmentally and economic acceptable option to be implemented 

instead of incinerators and landfilling sites for waste disposal. It can be applied for energy 

supply in low populated regions in the world that are far from the central energy networks 

and need to have a district heat and power system. 
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