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Abstract

Several waste incinerators in Iceland were closed down in 2011/2012 due to environmental
problems and health concerns. To datecost 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 incineated hundreds of kilometers away (for example routes include from
Vestmannaeyjar to Reykjavik or even in some cases Blonduds, with similar long journeys
in other remote locations, for example Vestfirdir). The aim of this PhD project was to take
steps towads adapting a greener solution developed elsewhere for waste disposal to Iceland.
The process is called gasification which is a wastenergy technology. The challenges for
waste gasification are its adaption to the Icelandic scale, using waste dsdeeuxl
determining operational parameters. Downscaling must be done while still eliminating the
pollution problems of incinerators and the cost constraints of scalk plants.

To overcome these challenges, the experimental and pilot work at the gitgivretceland

was conducted by modeling and simulation. Described in this thesis is the following
modelling and simulation work: An integrated srredhle gasification system with power
production unit was simulated by using ASPEN Plus. This model telpsderstand under

what conditions and in which ways the syste
analyze and assess the potential of adapting gasifidaéised waste to power systems for
conditions in Iceland. The analysis and assessment dieglitechngeconomic and
environmental perspectives.

The projectds contribution to the field of
of smallscale gasifiers as well as the assessment of their performance and various operating
parameters. Thiknowledge is valuable for developing gasification solutions for smaller
communities that have similar waste streams and waste disposal challenges.

The results indicate that electricity prodtdt
feasible, enwonmentally, 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 kgCOZ2eq, acidification potential of 0.09 kgSOZ2eq, and
eutrophication potential of 0.36 kgNO3eq. The results of teelmooomic assessmesitow

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 cdaddower 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) i$ ussigad

of only power productiofi the DPP can be shortened even further (i.e., in loalations
where cheap geothermal hot water is not available) and that will make gasification even
more feasible than shown in this thesis.



Pt dr 8ttur

Fj6lmdrgum sorpbrennslum & islandi var lokad 2011/2012 vegna dioxin/furan mengunar
sem greindist i jardwg asamt kjot og mjolkurafurdum. | dag hefur engin hagkveem og
umhverfisveen lausn komid i stad sorpbrennslanna. Vegna pessa er 6hemju mikid af rusli
flutt & hverju ari med ruslabilum langar leidir eftir pjodvegum landsins (til deemis fra
Vestmannaeyjum tiReykjavikur eda jafnvel til Blondudss) til urdunar eda brennslu.
Markmid pessa doktorsverkefnis var ad taka fyrstu skrefin i ad adlaga greena sjélfbaera lausn
fyrir férgun lifreens Grgangs & islandi. Lausnin sem rannsokud var i verkefninu nefnist gésun.
Goswarkerfi eru sjalfbeer argandg-orku kerfi sem auk pess ad umbreyta drgangi i
lifeldsneyti pa lagmarka pau losun mengandi efna. Helstu askoranir vid gosun lifreens
Urgangs a islandi eru magog steerdartakmarkanir, samsetning lifraena Grgangsins og
rekstarstillingar bunadarins. Vid utfeerslu a litltum gdésunareiningum parf ad huga ad baedi
rekstrarhagkveemni og ad vidhalda kostum gdsunarteekninnar framyfir brennslu og urdun
t.a.m., minni loft og grunnvatnsmengun

Til ad takast & vio pessar askoranir var UtbAEPEN Plus likan af litlu gdésunarkerfi med
sampeettu raforkuvinnslukerfi og pad hermt. Likanid hjalpar til vid ad skilja vid hvada
adstaedur og hvernig reka ma kerfid. Kerfislikanid var notad til ad greina og meta kerfio at
fra baedi teeknmhagfreedilegu og mhverfislegu sjonarhornum til ad geta lagt fram
rédleggingar um hvernig adlaga ma sjalfbaert Grgdihgsku kerfi ad adsteedum a islandi.

Framlag pessa doktorsverkefnis til freedasvidsins er aukin pekking a hermun smaerri
gosunarkerfd dsamt mati a frammiddu kerfanna og rekstrarbreyta peirrasamfélégum

sem hafa svipadar askoranir i dargangsmalum. Nidurstédurnar benda til pess ad
raforkuframleidsla med gosun lifreens drgangs geeti verid fysilegur, umhverfislegur og
efnahagslega 4saettanlegur valkostuad strennslu og urdunar lifreens Grgangs & islandi. Af
pbeim Grgangi sem var rannsakadur kom timbur og timburdrgangur best Gt pegar litid til
akvedinna patta. Framleidsla a 1 kWst med gasgervingu timburs hefur hnatthlynunarmétt
uppé 0,07 kg koltvisyringsilgii, strnunarmatt uppa 0,09 kg brennisteinsdioxidigildi og
ofaudgismatt uppa 0,36 kg nitratigildi. Nidurstddur tadlamgfraedilegs mats syna ad hreint
navirdi er jakveett fyrir gdsunarkerfi sem hefur getu til ad framleida yfir 45 kW. Ndavirtur
endurgreidslimi gésunarkerfa med afkastagetu yfir 75 kW verdur undir 2 arum og fyrir
kerfi med afkastagetu yfir 200 kW verdur timinn undir 6 manudum.

Pess er einnig vert ad geta ad med sampeettri vasgaaforkuvinnslu (CHP) i stad
einungis raforkuvinnslii pa erhaegt ad stytta navirta endurgreidslutimann enn frekar (p.e.

a koldum sveedum par sem ekki er adgangur ad 6dyru hitaveituvatni) og par med verour
gosun enn alitlegri kostur en synt er i pessari ritgerd.
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1 Il ntroducti on

1.1 Moti vati on

Waste is a major problem that causes not only serious economic losses, but also significant
environmental impactsBetter living standards, touns activity and economic growth
accelerate the waste generation in Iceland. Improper management of waste has
increased public concerns about health and environmental impacts

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

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 222257 kg[1]. The amount of MSWnpduced in 2030 is also estimated to approximately

100 = 7 thousand ton. GeneralB0% of this amount is organmaterial which 43, 41 and

16% of that are paper mixed, timber and wood and garden wastes, respgLti2ely

Landfilling and incineration have been the only methods of disposal of sofitbsvan
Iceland, while most landfill sites have been open dumping areas, which pose serious
environmental and social threats. In addition, an incinerator in Skutulsfjorour caused
carcinogenic and toxic chemicals to be found in meat and [B1ilkSoil and inanerator
emissions measurements at several sites, including Kirkjubaejarklabatuirrecorded
emissions 85 times above the EU lifdl. These problems resulted in thleutdown of
several incinerators and the withdrawal of Icelandic meat and milk prd@ué&is

It is worth mention that disposal of solid waste by udaglfilling and incinerators is not
conducted only in Iceland. In fact, it is an increasprgblem in both developed and
developing countries. Incineration is among the worst approdbhésities can take to
achieve waste reductiggoal It is expensive, inefficient, creates environmental reskg
has harmful impacts on human heal@}. Several studies of incinerators have found
evidence of an adverse health effeke Kim et al[7] found adverse health effedike
cancersin the vicinty of solid waste incineratorgn Seouj Gouveia and Ruscitt8]
investigated various cancers in Brazil; Vilavert e{®l monitored the concentrations of
polychlorinated dibenzp-dioxins and ddenzofurans in a region in Spain containing an
incinerator; Elliott et a[10] studied cancer of the larynx and lung in Britain; Vinceti et al
[11] focused on congenital abnormalgien 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 demonstratdietneed to find morenvironmentallywith less adverse
impacts on healthlternatives than conventional incineration and landfil[h®, 13] The



method must be environmentally friendly, low gastergy efficient and must reduce land

use and emissions. These advantages are all found in modern gasification technology.
Gasification is an attractive alternative that hasndly gained considerable attention, as it
disposes of solid waste without landfilling or incineration problEMsl6].

Recovering energy from biomass or organic solid waste requires biochemical and/or
thermochemical processgs]. 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, amchlshbs
applying heat and/or pressure. Gasification, also widely used to gasify coal and natural gas,
Is the most prominent thermochemical biomtsenergy and wast®-energy conversion
processes gaining ever more research and commercial inf&e$9]

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 turiieesjcity
production by utilizing gasification recover more electricity per kilogram of biof2@®r

per kilogram of municipal was{@1-23] compared with alternatives such as incineration or
biogas from digesters.dihg 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 cosfcompared with conventional technologies) in per unit of energy produced
from biomass[20, 24] Hence, the thernobemical 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 feedstacklude most types of organic waste, -seed and
forestry waste. The syngas produced from any of these sources is readily processable into
liquid fuels or can fire the efficient egeneration of heat and electricity. It is on account of

this superior flgibility of gasification, both on the feedstock end and energy generation end,
that gasification will likelyplay an eveiincreasing role in our future energy mix

In gasification feedstocksuch 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 fgngas comprising mainly carbon
monoxide and hydrogel25]. Syngas is combustible and can be used as a fuel of internal
combustion engineto generate power and hot water or steam (Figure [26t29]. In
addition,various biofuels can be producky applyingsyngas purification and conversion
technologies that in this way energy value in the waste and contribution to a sustainable
energy supply is increased. Hostance,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 thestbvery/capturing unit.
Moreover, biowastes can be convertetb bioethanol by passing of syngas from syngas



fermentation and product recovery units. Biodiesel can be also produced through the
integrated gasification and the Fiscfi@opsch process.
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Figure 1-1. The gasificatiorprocess configuration

Various researches mention that gasiycatio
especially in comparison with commercially available technologies like inciner@sn

33]. Gasification plants also produce much lower levels of air polluf@dts35] The

process also reduces the environmental impact of waste disposal because it utilizes waste as
afeedstock and uses less water in comparisontwéttitional coalbased power plan{84].

Additionally, the byproducts of gasification are ndrazardous 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 networkeaddmhave

a district heat and power systéa®].

The challenge for local waste gasification is its adaption to the Icelandic scale, feedstock and
operational parapters. Downscaling must be done while still eliminating the pollution
problems of incinerators and the cost constraints of ssoalk plants. The key to develop

this technology is to overcome the problems associated with technical and economic aspects
of power production especially for smaltale plants as well as environmental acceptance.

Gasi ficationb6s pot en t-scaelfaciltiessurningwasie inbpopavere d i n
such as Avergy in Norwal87]. Only a few successful smaltale 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 gassign,deecause the
chemistry and puid dynamics of gasiycation
composition, moisture, ash content and ¢B8t. Variation in poperties has a major impact

on the performance, cost and feasibility of a sysig@j). Moreover, various operational



parameters, such as temperature, equivalence ratio, steam injectifbow aiate and
moisture cotent, have different effects on syngas composition and system efficiency.

The global academic value of tiumject is that ihas providedhe detailed knowledgabout

the simulation modelingf the smaltscale gasification its performance under various
conditions and its environmental and teclaoonomic assessmetu,the world where there

is after all many other smaller communities with similar waste streams and waste disposal
challengesin addition, as the practicahlue thisprojectprovidesencouagement and the
required information for implementation of biowaggsification tathe world especially to
Iceland that can be used by SORPA or other waisigosal companies outside Reykjavik,
including smaller places such as Vestmannaeyjar and Vestfirgiovides 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 @ollution and toxic residues of incineration. It

could lead to a sustainable wastanagement system that preserves a relatively pristine
environment in IcelandMoreover, before this project no research has been done on
environmental and techreconome assessment of smaltale waste biomass gasification

as well as its integration with power production uBéneficially, this project has practical

value that provethpr oducti on of electricity from wast
power unit cald 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 forenergy 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 projeetas to investigate whether smaitale gasification
technologycould be made feasible, environmentally friendly ared¢hneeconomically

viable option for waste treatment and energy production in Iceland. In this manner the author
addresseéthe following set of research questions, which interweé#ve conducted styd

RQL: Whatwerethe waste feedstocks thaiuldbe fed to the gasifiér

Here it wasrequired to find what kind of organic wastes are produced in Iceland that
couldbe feasibly disposed by gasification?

RQ2: Whatwasthe best modelling approazh

In orderto accurately predict wastgasifier performance asfanction of feedstock
composition, prdreatment and gasifier setting$ was required to find the most
effective method for modeling of the considered system



RQ3: What were the optimal settings of operating parameters the gasification
technology

Various operating conditiorich as temperature, equivalence ratio, moisture content
and waste compositiomfluence onthe producedgas composition, overall system
efficiency and system performané¢ence, to have a system with optimal performance
it wasrequired to evaluateffectsof these operating parameters on the system output
trough several sensitivity analyses.

RQ4: Whatwerethe effectf severainputs onthe poweroutput from the systetn

In this part the effects ofvarious feedstocks and operating conditionstaetrical
efficiency and net output power from the gasification system integrated with power
production unitwere evaluated to find the optimal conditions to have a maximum
electricity generation.

RQ5: Wasthe applied system environmentadigtisfactory

In order to find the considered system is satisfied from environmental viewpoint, it
wasrequired to carry out an environmental assessment of the system as well as to find
at what conditiorhadthe minimumenvironmental impact.

RQ6: Couldsmaltscale gasification be made teckhexpnomically feasible?

Here, itwasrequired to find awhat conditionslike system capacitieand pricey
implementation of gaier could be economic with positive net present ealu

13Contributions

In this project, the potential ahe gasificationtechnologyfor energy production and
municipal solid wast¢€MSW) treatment for small communities in Iceland is explofguke
main contributions of this thesis are divided into fimajor categoriethat are resptses to
the above mentioned RQs.

First, diverse types of MSWarestuded andthen £edstocks in Iceland that can be feasibly
disposed by gasificatioareidentified (response t&RQ1). Results of this part were brought
as onepart of paper Ipublished inEnergies journal5] and are covereth Section 3.2.2
Case study

Second all approache$or biowaste gasification modelling aseudiedto determine which

are appropriate based on the type of gasifier, feedstock, operational parameters and tar
formation.A detailed methodology characterization that includes consequential modelling
choicesis introduced andstoichiometric and nonstoichiometrmodels lead to identical
predictions or noareaddressed. Moreovemlar modelling in gasification modeis studied



andclassified indifferentways in a given applicatioffhe resultof this part (response to
RQ2) were published in papers Il andihltheRenewable and Sustainable Energy Reviews
journal [40, 41] Everything about this part have been broughBecttion 2.2Biomass
gasification models

Third, a primary simulation model foiowaste gasifications developedto predict its
performance, fluid flow, heat transfer and process patterns and to underks&thdr, under
what conditions and in which ways the system can opd@raggesults of this partrésponse

to RQ3) were published ipapers IV and V ahe journal oPower and Energy Engineering
[42] and also presented and published in &@&ME 2019 International Mechanical
Engineering Congress & [pwsition [43]. Results about this part have been brought in
Section 41 Primary model.

Fourth an upgraded simulation modsdevelopedor integratediowaste gasification with

power production unit as an attractive method for high efficient electricity generation to
assess performance of producing electricity from gegfyf various types of organic
wastes in Iceland. The objectivese finding the optimal operating conditions (type of
feedstock, gasifier temperature, equivalence ratio and moisture content in biomass) to make
highest electrical efficiency. The results this step fesponse tQR(Q4) werebroughtin
publishedpapers VI,VII and X at theEnergyjournal [29] and International Journal of
Applied Power Engineering (IJAPE2, 16]. Results about this part have been brought in
Section 4.2 Adanced model.

Fifth, and the finglan environmental assessment and teeboonomic analysis of energy
recoverythrough thebiowa s t e g aaseicayriedadutilnothis part, a comprehensive
assessment of environmental and economic fea
with electricity generation unéredirected to propose a sustainable waste to power system
adapted with conditions in Iceland dx&over, the results of integrateidwaste gasification

and power system is compared with waste incineration as a conventional and currently
running system in IcelandResultsof environmental assessmeiitesponse t&RQ5) were
published in paper VI at #Energyjournal [29] and results from techreconomic analysis
(response tdRQ6) were brought in papers VIII and IX at the journal Bibphysical
Economics and Resource Quali#y] andJournal of Power and Energy Engineerifp].

Results about the environmental assessment have been brought in Section 4.3 Environmental
assessment and results about the tegmomomic asssment have been talked in Section

4.4 Techneeconomic assessmemrtn overview of the relation between the contributions

and the publications can be found in Table 1.1.




Tablel-1. Relation matrix of publidéon contributions and research questions

Paper [l 1] v V VI VII VIII IX X

RQ

RQ1 X

RQ2 X X

RQ3 X X

RQ4 X X X

RQ5 X

RQ6 X X

1.4 OQOutline

The fdlowing chapters will provide the thesis structasefollows.

Chapter 196 Introduction presents the motivation and research methodology for answering
the research questions posed in this thesis.

Chapter 20 Background provides background on gasification process and technologies as
well as a background on biomass gasification modeapproaches

Chapter 30 Material and methodspresents assumptions, applied methods for simulation
modeling of the system and descriptiontta case study. This chapter also provides a detail
description of the system boundaries, methodology and data required for environmental and
techneeconomic asssments of the system.

Chapter 40 Results and discussiongcludes results of the developed simulation models
for biowaste gasification integrated with power production @asitwell as results of
performance analysis of the system based on various iapdtesonditions. Moreover, this
chapter provides results and discussion about environmental and teebaonomic
assessments of the system through different sensitivity analyses.

Chapter 56 Conclusionsconcludes the thesis and presents perspectives foe fesgarch
opportunities as well as thesis limitations.

Chapter 60 Papersincludes the papers published through this PhD project






2 Background

In this chaptefeads with a briebverview and introduction tgasification andhe different
technoloy optionsavailable Moreover, various biomass gasification modelling approaches
are studied and classified based on the type of gasifier, feedstock, operational parameters
and tar formaon. 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 chotes 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. Gasification proltmeaelso@inegs tec

2.1.1 Gasification process

Gasification process consists of the following stages: drying, pyrolysis, oxidation
(combustion), reduction (char gasification), and cracking (Figurg4%6].)

Typically, the moisture in the biomass feed ranges fro60% 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 volatdmponents in the biomass

are vaporized. The volatile vapor is a mixture of hydrogen, carbon monoxide, carbon
dioxide, methane, tar (heavier hydrocarbon) gases, and water Mapoirar (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 containg carbon) are also produced during pyrolyg®]. The oxygen
supplied to the gasifier aets with the combustible substances, producing &@ HO.

Some of this C@and HO subsequently are reduced to CO andupbn contact with the

char produced from pyrolysj49]. 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 othe 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, 50t
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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)

Table2-1. Main gasification reaction§48, 50|

Heterogeneous reactions

C+Q, - COQ+394 kd/mo Complete combustion R1
C+0.50, - CO+111 kd/mc Partial combustion R2
C+CQ, - 2C0172 kJ/mo Boudouard R3
C+H,0 - CO +H,-131kJ/mo  Watergas R4
C+2H, - CH,+75 kd/mo Methanation R5

Homogeneous reactions
CO+0.50, - CQ+283 kJ/mc CO partial combustion R6

H,+0.80, - H,0+242 kJ/mc H2 combustion R7
CO+H,0 - CQ+H,+41klJ/imo  Watergas shift (WGS) R8
CH,+H,O - CO+3H,-206 kJ/mc Reforming R9
H2S and NHs formation reactions

H,+S - H,S H2S formation R10
3H,+N, - 2NH, NHs 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 of4sondensable gasses, light hydrocarbons,

and unconverted tar. This process heyeldr epr es
coefficients of the product gasses and wunc
depend strongly on gasifier operating parameters and feedstock type. However, it is treated

as a constant in some worksl]. The most i mportant par ame
coefficients are temperature, pressure, gasifying medium, catalyst and additives, equivalence
ratio (ER),and residence time.

tar- goCOy+ &COy *+ogCHy Hlhy &, Whe (1)

An example of a relatively more detailed account of tar cracking, steam and dry reforming,
and carbon formation was developed by Devi €f5d]. Their model utilizes the following
reactions:

Cracking:pC H, - qG H, + rH, (2)

Steam reforming C.H, +nH,O - 1 % H, fmCC (3)
Dry reforming:C H, + nCQ - €§é)l—|2 +2nCC 4)
Carbon formationC H, - nC+ %2 H, (5)

WhereCqHyx represents tar and«Ely 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 efficethbds 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). SecondargiteEs 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 particleseparator, 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 steamj or steam
O. mixtures), ER, and residence time play an important role in tar formation and
decompsition. By using some active bed additives such as dolomite, olivine, or char inside
the gasifier, i1t is possible to improve the
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As mentioned, in the pyrolysis step, heat provided by combustion heats the dry biomass to
the point bat it decomposes into solid char and volatiles (tar and gaddes)sum of the
tarand gases are equal to the volatile matter (VM), the amount of which is typically
qguantified using a proximate analy$tl]. The VM percent for different kinds of woody
biomasses is high relative to coal, with biomass VM typically in the rangei 8070 by

mass. Moreover, char is often modeled as consisting of carbon only, antbiisit would

be equal to the fixed carbon extracted from the proximate an@haisThe typical mass
fraction division of the streasnwithin 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 Antonopoulosetal [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 stredentheHinal tar
content inthis 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
Antonopouloset al[54], which is shownn 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 prest 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 ©b 4% for fluidized bed
gasifiers, with the higher end observed at lower temperatures ®0[B7]. Downdraft
gasifiers operating at a relatively higher temperature of @d@nd to perform well in tars

of final tar yield, with a final tar yield less than 1 wt% comnfiod, 57]

Air ~ 50% g
'ﬁ Syngas ~ 96%

-

=

il 1%

- ®

Biomass E‘* o
100% o
=
a

Inert tar~ 0.12%

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.

1 Fixedbed (updraft, downdraft, crosiatft): The fixedbed gasifier category includes
gasifiers with a bed filled by solid fuel particles where gasifying media and gas
either are rising (updraft), descending (downdraft), or flowing horizontally through
the reactor (crosdraft) [50]. The gasifying media may be air, steam, oxygen, or a
mixture of them. The two main practical adtages of fixeebed gasifiers are that
they are relatively more cosffective for smaliscale applications and tend to
produce a clean product gas with low dust and low tar content when compared with
fluidized bed alternatives8]. The main disadvantage is that they can have poorer
heat transfer and temperature inhomogenaeityl they do not scale up as well as
fluidized bed gasifiers. Secondly, fixéed gasifiers typically require tighter feed
specificationg for example a moisture level below 20% and a fairly uniform particle
size distribution with few fines for the biomg$s prevent clogging and channeling)

[59, 60]

1 The fluidized bed (bubbling, circulating): A typical fluidized bed is a cylindrical
column that contains particles and through which 8uaither 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 phase®3]. Thus, a fluidized bed maintains a homogeneous
temperature field and is more fible 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 equipmeft4].

2. Biomass gasification model s

The performance ahe gasification process can be influenced by many factors, including
feedstock, process design, and the operating paranf@bér\s 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 comation with modelling66]. 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 performaneas 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 ingjht into the relationship between operational parameters and in explaining
trends in the dat§49]. Simulations also serve as a lowast method for exploring the
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potential benefits, cts, 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% utilime so
type of kinetic model (Figure 2.831]. Features and weakness of these methods are gathered
in Table 2.250, 66, 67]

- =

I 66% Equilibrium

A

Figure 2-3. A categorization of gasification model types

‘ Gasification Model ‘
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Table2-2. Features and weaknessgafsification modelling approaches

Features

Weakness

1 Simple method

Equilibrium i .
1 Not required to conside

modelling

T

14

chemical reactions

Useful tool to evaluate .
complex reacting syster
that is difficult or unsafe tc
produce experimentally or i
commercial operation

Assumption  that  the
components react in a full
mixed condition for ar
infinite time period
Assumption that the reactc
is zero dimensional

Tars are not considered
Heat loss is neglected



Kinetics
modelling

Predicts the maximun
achievable vyield of the
products

Very useful in the predicting
of downdr aft
Useful tool for a preliminary
comparison of fuels an
process parameters
Independent of gasifie
design

Flexible for various
feedstocks and proce:
parameters

Good representation for hig
temperatures (752000 °C)
Can be improved by usin
the coefficients for
equilibrium constants o
yields distribution
Consideration of finite time
or finite volume

Accurate and detailed resul
Good approximation at lov
temperatures

Includes both reaction
kinetics and hydrodynamic
inside the gasifier

Very useful tool for the
evaluation of particlesize
impact

Proper for fluidized bec
gasifiers

Able to predict the produc
composition at differen
positions along a reactor

Not fully attained for low
operation temperatures
Limitation is for fluidized
bed gasifiers

Cannot give highly
accurate results for a
cases

Sensitive to the gasolid
contacting process
Computationally intensive
Limits their applicability to
different plants

2.2.1 Ther modynamic 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, mbsagkageneral
thermodynamic properties can be used for equilibrium modelling, while a larger set-of hard
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to-comeby and accurate kinetic parameters is needed for kinetic modelling. These
considerations render equilibrium modelling the more conveniertadewith 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 faiegaswvith relatively low
operating temperatur¢20, 50, 68]

2.2.1.1. Stoichiometr ic 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, thergm@mic 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 riesnst 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 &agn 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 #fient in nonnegligible 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 thH&8eed

69]) at the reaction temperature and pressure.

At this point, a key question is the following: Which of the two methods wilebettedict

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 tahehnghese two approaches
necessarily lead to identical results or not, a mathematical [@g@dias 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 methodan(&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 methds that converge to the exaeme 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 noavhere this subset of naguilibrium 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
Egsep (e.g.[54, 6062, 7075]) or Egsing (e.g.[17, 65, 7690]) approaches. This
classification is based on whether as in thesgp case the char combustion is modeled as
achieving a separate and distinct equilibrium independent of the reduction of the VM and
un-combusted cha or alternatively (in the Eging 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 Fidures 2.
and 26. It can be seen that the Egp 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 Esep 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 gaghase reactor. With the Egng approach, the combustiamd
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 modls 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 ZD@W 0 e C during the pyrolys
decomposes into solid char and volatiles (tar and gases) as shown in Figaié. Zdr all

model types the relative amounts of Véhar (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 moldandistribution of VM species produced by pyrolysis. The typical
choice is to include ¥D, Hz, CO, CQ, CHs, N2. Sometimes minor or trace elements like

Cl2, NHs, H>S and SQetc. is also included if modelling the fate of the relevant elements
and specieare of interest. In both models char is also specified as a fraction of inert carbon
produced in pyrolysis.

Gas
Volatile
| matter
Biomass Tar
Fixed
Char | carbon

Figure 2-4. Decomposed outputs of biomass through ghrelpsis
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The pyrolysis outputs are neeparated from each other in-Eigg simulations. All three
types of outputs in Figure 2.4 enter the virtual gasifier (reactor in thel)riodether. The
gasifier is anodule that computes the global equilibrium of the gasification reactions based
on the stoichiometric or nonstoichiometric approaches. A process flowchart -sinigq
modelling is shown in Figure 2.5.

H20
—>

Separator

Dry Biomass

Biomass
Pyrolysis

Gasification

Product gas

Separator

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

In the Egsep model, chais 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 &m 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 moligls i

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 reawbolelling 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 modeledased 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 inigure 2.6 the Egep 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 tsefEgpproach for single bed gasifiers
wherecombustion and reduction happens in the same reactor.

Biomass

Product gas

Drying VM, Tar, Char & Ash . . .
Gasification Solid
Airland/orsteam [N ===

Decomposition Char Char ®
(Pyrolysis) Separator Combustion Flue gas %
If single |
bed '
Or [ Fiue ga:.as

Ifduaﬁbed

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

The Egsing and Eegep models each have their own advantages and disadvakiggesy
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 thermxzhemical equilibrium between all sokdrbon (char atoms)

and all gagphase species may not be a realistic assumption for any givemagglgasifier.

The notion of incomplete heterogeneous (sgbd) equilibrium does explanation under
prediction of equilibrium simulations of the amounttloé residual char (or ash) produced

in experiments. That is, for typical gasifiers, all -gémse reactions and the gamid
reactions most likely do not approach a single, perfectly global heterogeneous equilibrium
where all solid phase atoms are acd#ssto all reactions. However, equally common
deviations between equilibrium simulations (in particular ideakiBg simulations) and
experiments are the under prediction of the amount afs@H/or CQ produced and an over
prediction of the amount of Cé&nd B produced.

2.2.2 Kinetic models

To precisely predict the neequilibrium 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 variablesainitirmg norsteady

state operations and stay. 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 readtinatics 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 completi 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, sucblad gas
particulate fluid flows, gasolid 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 ratesiguvsed 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 approa¢B2<05].
However, n the case of fluidized bed gasifiers complex $dlidd contact patterns result in
large deviations from ideal equilibrium compositions (and ideal mixing), and hence for
fluidized bed gasifiers the detailed kinetics need to be combined with realistidgdmic
modelling; kinetiehydrodynamic modelling therefore is a particularly common and
necessary approach chosen for modelling fluidized bed gasifiers, as argued by several
authorg51, 63, 106112]. As suggested, kinetic models can be divided into$émi (e.qg.

[51, 107, 108}, Kin-total (e.g.[109, 111119]), and Ki/Eq (CRF) (e.g[110, 120124)
approaches.

The Kin-semi approach assumes local equilibrium for some reactions and gasifier zones but
computes Kkinetically controlled concentrations and temperatures for other zones and
reactions. The Kiksemi approach separates char from volatile matter (Figure)2[3{a

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 homogencpbagas
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 resatekinetics are

used to determine the final composition from the reduction zone and where char gasification
occur$s1, 108, 127).

Within Kin-total models, reaction rate kinetics simultaneously model both the volatile and
char gasification reaction rates and local temperature and compositiorsastttaion code

step through the reactor (which can be of any type, with the CSTR or PFR being the most
common). Kinsemi models require less kinetic rate laws and parameters thaiot#lin
models. As a result, Kisemi models can be more accurate thantiial models if the
reactor conditions are such that the gas phase is close to the chemical equilibrium.
Conversely, Kirtotal models with reliable rate laws and hydrodynamic models are, in
principle, the only option that could accurately describe-ideal reactors and operating
conditions.
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Figure 2-7. Schematics of the process flow witfa) Kin-semi model, (b) Kitotal model

2.2.3 Kinetic/Equilibrium (CRF)

One further modelling approach for biomass gasification iJRF) that does not fit neatly

into either of the equilibrium categories or kinetic model categories considered this far.
Unlike the Kinsemi method, the KCRF approach models the reduction edmnetically

(i.e., all reactions and species concentrations are computed with-sty€Rate lanwbased
reactor model). However, the rate equations used in the reduction are typically formulated
as a relatively simple Arrhenius type reversible reactimat includes the equilibrium
constants in the rate expressions to make all the equations thermodynamically consistent.
Additionally, the prefactors of these rate expressions for the reactions involving char are
typically empirically adjusted by multiplgg 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 gasifierer&tthe chemical composition of the
product gas is not equal to the equilibrium composition, as is, for example, common with
fluidized bed gasifiers. KCRF models furthermore acknowledge the reality that truly
reliable rate laws for especially heterogameahar 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 coresiderthese 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. MoreoveC RF models start at the top of
the reduction zone, so all the gasification caltohs would be based on an empirical
estimate of the initial feed into this secti¢tence, 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 empglng 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. Kinetimodelling approaches can also present good approximation
for fluidized-bed gasifiers at low temperature.-€RF models can be also applied when
reliable rate laws for especially heterogeneous char gasification reactions are not available
and that it maye more expeditious to utilize general thermodynamic equilibrium data and
empirical CRFs in relatively simple rate expressidRegarding to the above mentioned
matters, the method has been used for simulation modeling of the downdraft biomass
gasificationin this project is equilibriurbbased approaches that much more details about it
have been explained in the next section.
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Table2-3. Terms and conditions of using different modelling approaches

Modeling approaches

Terms of use

Egsingle

Eg-separate

Kin-semi

Kin-total

Kinetic/Equilibrium (CRF)

= =4 = =4 = =4 = = =4 =

= =4

Using Fixedbed gasifier
Feedstock with low Tar content
High operating temperature (75(
1000 °C)

Lack of information about chemic:
reactions

Using Fixedbed gasifier
Feedstock with low Tar content
High operating temperature (756(
1000 °C)

Existence of information abot
chemical reactions

Using Fluidizedbed gasifier

Low to medium  operating
temperature

Lack of data about reactions kineti
and hydrodynamics for combustio
cracking, shift reactions and ga
reactions

Using Fluidizedbed gasifier

Low to medium  operating
temperature

Existence of data about reactio
kinetics and hydrodynamics troug
all parts of gasifier

Using Fluidizedbed gasifier
Unavailability of truly reliable rate
laws for especially heterogeneo
char gasification reactions
Existence of empirical estimate
the initial feed into the gasifier
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3 Materi al and met hods

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 IM2and V
43]. The objective from developing the primary model isst@luate effects ofarious
operating conditions such as temperature, equivalence ratio, moisture content and waste
composition on producedyas composition, overall system efficiency and system
performance through several sensitivity analyses. Aa a resuit rof this partthe optimal

range ofoperating conditionfor eachsystem witheffectiveperformancere gained

As a primary model, a new equilibrium model based on stoichiometric approach has been
devel oped for the down dsees bytusing ASPENRIus vegsier o f v
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 @émonconventional componentspeacifying 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 blockthermodynamic condition, chemical reactions, etc.).

3.1.1 Assumptions

The foll owing assumptions are employyed in t}
and they were also considered in other researches.

(1) The model is zeredimension calculatioat stedy state, kinetic free and isothermal.

(2) All gases are ideal gases, including hydroges), (Earbon monoxide (CO), carbon

dioxide (CQ), steam (K0), nitrogen (N) and methane (ChHi[51, 59]

(3) Char contains only carbon and ash in solid pfze

(4) Tar and other heavy hydrocarbons are not considiredo the type of gasifier studied

in this projec{53, 54]

(5) Operation at atmosphericgssure (~ 1 bafp9, 60, 87]

(6) No heat and pressp9 e,8/lJlosses occur in the

(7) Simulation is based on stoichiometric approach and by considbangainreactions
[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 vBibstonrMathias alpha function (RBM) has been

used to estimate al/l physi cal properties of
process. This method is suitable for the nonpolar or mildly polar mixtures such as
hydrocarbons and light gases arie tparameter 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 biormamnd ash which are n@onventional components

are HCOALGEN and DCOALIGT. MCINCPSD stream containing three substreams
comprising MIXED, ClPSD and NCPSD <cl ass, W
simulation streams for the components of biomass andvhaslh are not available in the

standard Aspen Plus component database.

3.1.3 Model description

Figure3.1s hows the pow chart of waste biomass g
Plus based on the stoichiometric approach®atale 3.1gives the brief descrippns 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 elementalisasalin 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@neentional

solid to volatile materials and char. The volatilesluded 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 corttémthe fuel according to the proximate analysis
[63,80,128) For stoichiometric equilibrium si mul
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
canonly contain one heterogeneous reaction, 4 REquil reactorsiIEE)L were considered

for 4 heterogeneous reactions of R1, R2, R4, R5 (bas€&dhia ). Two FSplit blocks were

used for dividing of volatiles and air streams among reactors of RE1, RE2 &nd R

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 streamnienede

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 ofthe primary simulation model developed by using Aspen Plus for
biowastegasi ycati on

Table3-1. Description of ASPEN Plus unit operation blocks used in model

ASPEN Plus

Block name Description
name
Decomposition of nofonventional
Ryield PYROL blomas_s to _convenfuonal compo_ne:
according to its proximate and ultime
analyses.
Reqil REL, REZ2, Rigorous equilibrium reactor based
9 RE3, RE4 stoichiometric approach.
Sep SEPRATOR Ga_s separation from ash Ispecifying
split fractions.
Dividing of gas stream and air stre:
FSplit S1, S2 based on split fractions by S1 and .
respectively
Mixer M1 M2 Blending of gasses and carbons into

stream by M1 and M2, respectively
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32 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 produglectricity as output of the systers
presented and all results of this part have been published in Réparfl and X. The
objective from this part is to evaluathe effects ofvarious feedstocks and operating
conditions on electrical efficiency and net output power from the gasification system
integrated with power production unit to find the optimal coondgito 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 gasificet and it is integrated with power production

unit as well as heat recovery system. Figur
biomass gasification simulation using ASPEN Plus.

Generally, the moisture in biomass ranges from 5% to 60% thaedised 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 stoichiomef{iy28, 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 knoyivjas

Feed- 0.0555084H, C (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 thecdmposition 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 othe proximate and ultimate analysis of the feedsfd&k 130132].

Then RGibbs is used to simulate gasificatanthe 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. Ahet 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 {R8E35]. The

thermal content of the gas, obtained as the heat of combustion is ceamavesed to convert

water to high pressure steam though a HEATE
turbine and produces additional poWE36]. The solid lines in Figure 3.2 stand for the mass
streams, whereas the dashed lines are for the heat streams. The system is assumes to be auto
thermal so that a part of the bi omidstse i s coc
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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.
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Figure 3-2. Flow chart ofthe advanced simulation model fgra s i y byausirigAspen
Plus

3.2.2 Case study

An overview of different Icelandic municipalities is shown in FigRiBe West (A), Sudurnes

(B), South (C), Capital area (D), East (E), Northeast (F), Eyjafjorour (G), Northwest (H) and
Westfjords (I)[1]. Western Iceland consists of 10 municipalities with a total of 15 thousand
occupantsn 2010. Sudurnes 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 inhabitantz.da#ains 9
municipalities with a total of 12 thousand inhabitants. Northeast covers 6 municipalities with
a total of 5 thousand occupants. Eyjafjorour includes 8 municipalities with 24 thousand
residents. There are 8 municipalities in Northwest with & pofaulation of 7500 and finally
Westfjords contains 9 municipalities with 7 thousand inhabitants in 2010
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Figure 3-3. The werview ofdifferent 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 Aegeseral
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 Eector

Categories of organic waste fromusehold, 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 papsaste arelte mainwastesthat can be fed to a gasifidrhe

main sources ofmixed paperwastethat are suitable fogasification 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 48 shows the total amount of these kinds of organic waste for various Icelandic parts
in 2020. As is shown in Figurg4, the Capital area is the dominant region in all waste
production with more than 60% of the Iceland population in this area. Howev&apital

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 issfigdsMoreover, 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 2030sasning 0.8%, 0.6% and 0.6% growth rate per capita, respectively.
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Figure 3-4. The amount of variousastes productionin different Icelandic municipalities in
2020

3.3 Environment al assessment

It is totally true that collecting and disposal of wastes have so many advantagdnusdar

health and welbeing, environmental preservation and sustainability that can be said these
benefits are the main/direct impacts of waste disposal. However,pampmeanagement of
wastes poses serious threats and damage to environment and humahdredfithng and
incineration have been the only methods of disposal of solid wastes in many countries like
Iceland, while most landfill sites have been open dumgirgns, 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 texhoges for waste disposal thdtave the
minimum environmental (indirect) impacts.

In this part an environmental assessment from the integrated waste biomass gasification with
power unit is carried outo find that the considered system could be satisfieth
environmental viewpoint anthenthe results of integrated waste gasification and power
system is compared with waste incineration as a conventional and currently running system
in Iceland tofind how much reduction in pollution will be happened wigasification is

used for waste disposalh@& 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 (Figusg 3.
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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 unit¢sareamsidered. The
electricity production in Iceland is derived from geothermal and hydropower making the
main source of clean energy. Waste is transferred from the waste fieldspm@essing

units that are located next to gasification and power mtaziu plants. The gasification
process consists of drying, pyrolysis, combustion and gasificfti®n]. 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 obtamthe heat of combustion

is removed and used to convert boiler feed water to high pressure steam. The generated steam
ynally drives a steam turbine, producing ad
for each process are listed in Table[3,234, 13, 134, 138, 139Environmental 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 degdid@ns

The impact categories in this work are global wagn{®&WP), acidification (AP) and
eutrophication (EP) potentialthese impact categories were selected because they are the
main indictorghat cover most important indirect environmental impacts of gasifier used for
waste disposdl34, 141] GWP concentrates on greenhouse gas emissions (GHG) and their
impact on global warming. GHGs are atmospheric gas compoundsQEand NQ) that

trap heat through emitting radiation in the atmosphere. The increase in the amount of these
gasegesults in keeping the surface of the earth warmer by absorption of the sun light that
passes through the atmosphere frddl$8, 140] Moreover, bth 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 sedimétilification is also an environmental problem
caused by acidified rivers/streams and soil due to anthropogenic air pollutants biFgO

H.SQy, HoS, HCL, SQ and NQ. These kind of emissions come down to the ground as acid

rain or snow to be absorbeuto 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 nutents 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 NQ, NHs, N2, and NQ in the case of ai6].

Table3-2. List of some assumption for environmental assessment regarding inputs for each
step

Step Unit Amount Comment Ref
Resources
Waste input ton 1
Transport
Distance from

km 100 yel ds t o«
Distance conversion plants
Diesel fuel L/km.ton 0,06 [5, 138, 139]

Preparation

Electricity for pressing &
cutting

Conversion 1

KWhiton 5,48 [34]

It is for startup of [34]
Unit Fuel oll L/ton 0,2 t he gasi
Unit Electricity kWh/ton 83 [34]
Conversion 2

Isentropic  efficiency o % 90 [34, 134]
compressor

Mechanical efficiency o % 99 [34, 134]
compressor

Isentropic efficiency of ga [34, 133]
turbine % 90

Isentropic efficiency of steal % 92 [34, 133]
turbine

The impact assessment methods employed in this work are based on IPCC 2007 and other
research works in this fiel@4, 141] The GWP, AP and EP factors for key input in to the
system and their factors for different emitted substances are summarized in TEhI848,.3
139]and Table 3.4142], respectively.

Table3-3. GWP, AP and EP factors for different inputs

GWP factor AP factor EP factor
Input Unit  (KgCOzedunit) (gSQzequnit)  (gNOsedunit)
Electricity generated
from geothermal kwWh 0.058[5] 1.95[5] 2.8[9]
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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Table3-4. GWP, AP and EP factors for different emitted substances

AP factor EP factor

(kggg\zl;&ag:z?;ama (kgSQred  (kgNOseq
KQsubstancd KQsubstancd
CO 1
CHa 25
N2 0.042
02
S
SO 1
NH3 1.88 3.64
NO 1.07 0.02
N20 298
CL>
HCL 0.88
NO2 0.7 0.013
HSOy 0.65
NOs 1

3.4 Tecdhaomnomi ¢c assessment

In this part a techneconomic assessment from the integrated waste biomass gasification
with power unit is carried oub find that the considered system could be satisfied from
economic viewpoint and theheresults of this part have been published apét VIl and

IX.

The studied system for techhegonomic assessment includes the process steps from
resources to the end product (Figur@) 3.

| Resources | | Transport | | Pretreatment | | Conversion 1 | | Convrsion 2 |

i i Flue gas
. Prfessmg, Cuft.lng.& ... |Syngas Internal 45’
Organic wastes —> Truck —> Drying, (Densification —» Downdraft Gasifier ——»

& Milling)

T “ T

combustion engine Power
=

Liquid fuel

Electricity

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

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 tarpeament 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 th@weur of a combustion engine where

the reaction with air occufd33, 143] Theinputs values and key assumptions are shown in

Table 3.5, the main valuesoftieo wndr aft gasi yers characteri st
and the flue gas composition derived fromweeste biomass gasification simulation model

[29] havealso listed in Table 3.5.

Table3-5. Input values, assumptions, gasifier characteristics, operational parameters and
flue gas composition

Step Unit Amount Comment
Transport

Distance from
Distance km 100 yel ds t o«
conversion plants

L/km.

Diesel fuel 0,06
tonraww
Preparation
Electricity for pressing & kWh/
: 5,48
cutting tonraww
Conversion 1
Type of gas Downdr af
bed (autothermal)
Gasiycation air
Gas i y prassureo n kPa 101.3
GasiycationeC 800
Equivalence Ratio (ER) - 0,25

Speciyc air K
. g/kgT&va 1,8
consumption

It is for startup of
t he g
tonreww refers to
Unit Fuel oil consumptior L/ tonreww 0,2 ampunt of T&RWW
that enters t
gasifier after pre

process step
tonreww refers to
Electricity ampunt of T&WW
kWh/tonreww 83 that enters
gasifier after pre

process step

Unit
consumption

Conversion 2
Isentropic efficiency o

% 90
compressor
Mechanical efficiency 0, 99
compressor
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as functional o
mass flow rate o
biomass

2820,8 MT&WW

Net produced power kwWh/yr (kg/hr) + 2293,3

Specific mass flow rate
flue gas exited from ge kg/kgreww

turbine

CoO 0,226
CO2 1,62

H2 0,00247
H20 0,645
CH4 0

N2 5,316
02 0,082

S 0

SO2 0,0013
H2S 0

NH3 0

NO 0,049
N20 0

CL2 0

HCL 0

NO2 0,000037
H2S04 0

NO3 0

I n this economic anal ysi sseur®. [THreespenarics wese ar e
considered based on different interest rates: 8% in Scenario 1, 10% in Scenario 2 and 13%

in Scenario 3These 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 modslable to evaluate the economic performance of each one.
Cash pow analysi s, tot al cost, Net Present
(DPP) are standardized ynanci al i ndicators
is an economicallyttractive 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 Equatjdd,(4p, 113]

. CF
NPV = L - 7
Ly )
whereCF, i s the annual cash pow, bei Ryand he di

Expenditures E), Operation and Maintenance Cos€.{,,),r is the discount rate (8%,

10% and 13% for Scenario 1, 2 and 3, respectively),is the total capital costs of
investment and 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 tle time value of money and it is calculated according to Equatiga43835}

1
cer
ppp=— CF 8)
LN@+r)
The periodic cash pow, with all the revenues

the incomes from the generated electricity, and the credits for the Waste Treatment Bill
(WTB) [146]. The expenditures also include tke and C,,,. C, is divided into three

categories: hardware pric€(), installation cost (25% o€, ) and engineering costs, the
engineering costs includes engineering and design (13%))ofpurchasing & construction
(14% of C,), fuel handling/preparation (9% @&, ) and electrical/balance of plant (6% of
C,) [144, 145] C, is the price ok gasifier system on the basis of various capacities. In this

work, we considered 0.75, 1.5, 2, 5, 10, 20, 50, 100, 2@) 48® and 500 kW for the small
scale existing gasifiers capacities and extracted their prices from various companies (Figure
3.7) [147-152].

350

300

250

200

150

100

Gasification price (k€)

50

0

0,75 1,5 2 5 10 20 25 50 100 200 300 400 500

Output power (kW)

Figure 3-7. The smaliscale existing gasifiers capacities and extracted their prices from
various companies
The whole yearlyC,,,, can be determined by the sum of the costs for the maintenance cost

(2% of C.), insurance and tax (2% &), waste disposal (15% dE,), electricity cost,

liquid fuel cost and persoeh 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 [5] Bessonfiel dostt ( O.
includes annual labour, cost. A total of two employees were asistong@lant operation
management (1 person/shift and 2 shifts/ day
in Iceland.

In relation to revenues, theelling price of electricityto normal households and small
businesses in Iceland is about 124.@4\Wh [153]. Hence, the sale price of the generated
electricity based on waste gasification was considered at 109.89 $/MWIi/(A@¢h) in

our work. Moreover, The Icelandic municipalities pay a(i&#@B) by weight, to the private

compani es, for the collection and disposal
collection and disposal of the MSW varies from2{ U/ton through over Iceland. The
highest amont is related tovestmannaeyjar,aar c hi pel ago off 1l cel and

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 due to geographical conditions and expensive
transportation. I n this work a mean value o
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4 Results and discussi ons

This Chapterincludes 4sectionscontaining results for primary model, advanced model,
environmental assessment dadhneeconomic assessmeResponses 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 Sect@@.2 Case study. It is worth to say that response to RQ2
was presenteith Seciton 2.2Biomass gasification models.

4. 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 Jayafi#alin their work,

rubber wood was used as feedstock in a down
and gasiycation temper ad ufrieelofmad@9dd [EdLCw rSd txe d
were considered and the comparisons of C§& G4, and N concentrations are shown in
Figure 4. 1. The deviation of the model resu
using statistical parameter RMS. RMS measums imuch 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 datie 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 dl. [82] has RMS of 2.8 in comparison with experimental data for

product gas compositions

70

o (E)
uCo (M)
40 - H2 (E)
30 - H2 (M)

co2 ()

1 coz (m)
10 4 N2 (E)
. N2 (M)

1,86 1,96 2,03 2,12 2,29 236
AFR

Figure 4-1. Comparison of CO, H2, GCand N concentrations between the developed
model (M) and experimental measurements (E)

38



4.1.2 Performance analysis

In this part, the developed model for waste biomass gasification has been useditaisves

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 gasi(gR on syngasp er at
composition, syngas vyield, lower heating value (LHV) of produced gas and cold gas
efyciency (CGE) has been investigated. Syn
product gas from the gasiyc andiioosyNnpkgfuetuni t w
1. The lower heating value of product gas is calculatd8®sl55]

k. — -
LHV e Y1) =42 330 Joo 267 Y3 854y, © 9)

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

The CGE is also calculated by using Equation [80) 156}

G, 3 LHV.,
CGE(%) = — syngas 31 9Q (10)
HHVfueI
wherei s the syngas yield that is the vol ume

unit weight of fuel in normal conditions (Ntkg fuek1). HHVier is the higher heating value
of fuel (MJ kg fuell) [157].

HHv,,, (M () =0-312°FC) ©.1534 M (11)

According to Equation (11), heating valueaigunction of weight fractions of fixed carbon
and volatile matter in the dry and alsbe conditions.
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Table4-1. Ultimate and proximate analysis feedstocks

Feedstocks Wood Mixed paper

Sawdust  chip waste
Proximate analysis
Proximate analysi:
(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 analysi
(Wt%- dry basis)
C 46.46 51.19 47.96
H 5.82 6.08 6.60
N 0.19 0.2 0.18
@) 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 560500 e C, whi | e al Iconditiores weree mai ni n
yxed. As shown in Figure 4.2, at very low te
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 wmidlimein 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 heghpéerature, 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 amafton (9)). However, at a specific
temperature, yield of Hand 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, wbohips and paper wastes are 900, 1000 and 1000

e C, respectivel y. Met hane production al so de
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for three wastes. For both sawdust and wood chips wastes, mole fraction of CO is higher
than H mole fraction but genal 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 lgher B in comparison other wastes.
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D 14| |
o
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Mixed paper waste
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o
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Gasifier temperature (C)

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 indexgbowing the role of oxidizing agent and it

iI's defined as the ratio of the amount of
air. At low ER, biomass reactions will approach to the pyrolysis, whereas at a high ER the
excess amount of oxygexidizes the fuel completely and causes biomass combustion; then
the production of syngas declines. Hence, it is important to find the appropriate range of ER

act

for biomass gasiycation that has been studie

was varied from 0-D.7 and its influence on the syngas compositions were shown in Figure
4.3 for three wastes. The Hhole fraction decreases with increasing ER, regardless of which
biomass is used as the feedstock. Similar iddsfmation, the mole fragin of CO also
decreases with increasing ER but an opposite trend forsg3hibited. 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 mimaxid hydrogen in syngas
(0.28 and 0. 38, respectively). Conversel
lowest mole fraction of CO (0.22). Finally, as shown in Figure 4.3 the optimum ER lies
between 0.2.35 for three wastes (till mole fract®of carbon monoxide and hydrogen are
higher than 20%).
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Sawdust
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Figure 4-3. Effect of ER on syngas mole fraction (dry basis)

43



4.1.2.3 Effect of temperature and ER on syngas yield

The effect of the gasifielemperature on the syngas yield is illustrated on Figure 4.4(a).

When the operating temperature of gasifier is increased frol@3@ e C, t he synga

Is increased 4.6% for sawdust and wood chips and 5.4% for mixed paper waste and then
reach to approxmnately 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 attai

to the constant amounts that cause nearly constant values for syngas vyield. 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 higidsircmonoxide and
hydrogen due to high percentage of carbon and hydrogen in wood chips biomass (as shown
in Table 4.2).

2 . sawdust

&~
o

Sawdust

yield (Nm3/kg-fue
™~
co

Syngas yield (Nm3/kg-fuel)
ot

| /5 i
az,?s wood chip \ wood chip
c 276 | paper
& 2,74 ‘ paper 05
2,72 0
500 700 900 1100 1300 1500 61 02 03 04 05 0,6 0,7 0,8
Gasifier temperature (°C) (a) ER (b)

Figure 4-4. (a), Effect of temperature on syngas yield, (b), Effect of ER on syiedfhs

The variation of syngas yield for three wastes by varying ER is shown in Figure 4.4(b). The

syngas yield from the gasiycation of paper

sawdust wastes averagely 7.3%. As ER increases from 0.1 to 0.7, sghdyasitinuously
increases because more oxygen is available for biomass reactions at high ER but so high
syngas Yyield does not mean high gasification performance. Because as it was explained in
section 4.2, with access to more oxygen, the fuel is oxidiaatpletely and causes biomass
combustion; then the production of CO andddcline and C@production increases. In the
optimum range of ER, syngas yield values for sawdust, wood chips and paper wastes are in
the span of 2.08.00 Nnt kg fuef™.

4.1.2.4 E ffect of temperature and ER on LHV

Figure 4.5(a) shows the lower heating value of syngas as a function of temperature. The

i ncrease in temperature of the gasiycation

in the LHV of the syngas till a specifiernperature that is called optimum temperature. LHV
values for sawdust, wood chips and mixed paper wastes at optimum temperatures (900, 1000

and 1100 eC, respectivel NN espectivayb\Waod chig . 09,
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shows lowest heating valwmong 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 feedstockprovided 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 ofuch 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.

4500 ‘ 9000
o 1000 | = 8000 |
E 3500 | £ 7000 sawdust
-.-Z.., 3000 E 5000 wood chip
7 =
= 2500 = 5000 paper
w“i
o
‘D:Il 2000 Eﬂ 4000
> 1500 Sawdust = 3000
;‘ 1000 wood chip < 2000
= 500 paper T 1000
0 0
500 700 900 1100 1300 1500 0,1 0,2 0,3 04 0,5 0,6 0,7
- o b
Gasifier temperature ("C) Q) ER (k)

Figure 4-5. (a) Effectof 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

o f 900 eC for three waste biomasses are st
production of cason 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

the optimum rage 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 efyciency is the most <cruci al par
efyciency of t he gasi yeC€GE isAddeperalentd anrdiffezentt o e «
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 temperatudeEdR hence they are the important
parameters for evaluating of CGE. In our model temperature has been varied fra 50800

eC and the corresponding CGE is calcul ated.
Mixed paper waste shows highest CGE(%) at temperature of 100
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)}or 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), EffecER on CGE

4. 2 Advanced model

The main objective of this part I's to analy
integrated with the power production unit based on the simulation model developed by using
ASPEN Plus. The case study assesses ppreeuction in Iceland from 1ton of 3 different

Icelandic organic wastes: garden waste, timber and wood waste, and paper mix¢sl] waste

as it wasmentionedin Section 3.2.2 The elemental and gross compositions of these
feedstocks were gathered in Table[428, 159] Then, as a sensitivity analysis, we examine

the effect ofoperating parameters like temperature and equivalence ratio (ER) to know
where the overall system is optimal to reach

As it mentioned above, in this part, the developed model for waste biomass gasification has

been useditinvestigate 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 affest p
performance are the gasiyer temperature and
temperature and ER on power efficiency of the gasifier system is shown in Figures 4.9 and
4.10, respectively. The power drbnytoeisystency i s t

compared to the original energy ¢l@8tained in
W as urbine+ Ws eam turbine -W compress
hpower: e ; t : (12)
M LHV

biomass biomass

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
5001500 eC. As seen i n Fi gincredsing behhvior amwthe t es s
temperature rises. As it mentioned in Section 4.1.2.1, dsiheegasifier temperature

increases, kHand CO flow rates increase, too. However,,@@d CH flow rates decrease

with the increase in the temperature. Growing of C@Hnflow 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

Timber

Garden & wood Paper mixed

waste  waste waste
Proximate analysis
Proximate analysi:
(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 analysi
(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 AC is because of the combi

ned

effec

watergas reaction. These are endothermic reactions in nature, hence they are favored with

higher temperature. Moreover, reduction in &@d CH 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 gasificatidemperature, water gas and steam methane reforming reactions
contributed majorly to Eproduction, but steam methane reforming reaction is limited due
to the absence of Gths the main reactant at a higher temperature. As a whole, it can be

concluded thatvater gas shift reaction mainly controls thegrbduction. In addition, the

reduction in CQ flow rate by increasing the temperature can be associated with the
boudouard reaction which utilizes €® produce CO and being endothermic in nature that

is fawred at higher temperatureblence, 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 efficiensemcrea

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

was9061 0 0 0 e C.
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Moreover, Figure 4.9 shows timber and wood waste d@asinant 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 pr@ddn 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 hagt 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 @Wwer production of carbon monoxide and hydrogen as well as lower LHV.

60,0
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40,0

30,0

Electrical efficiency %

20,0

10,0 -

Garden wastes Timber and wood waste

0,0

Paper mixed waste

500 700 900 1100

Gasifier temperature ¢C)

1300

1500

Figure 4-7. Effect of temperature on power efficiemeitput from the biowaste gasification

(1 ton input of feedstock and 2.5 air to biomass ratio)

At the next step, the

effect

of

ai

r

equi val e

evaluated. As it explained in Section 4.1.H2and CO flow rate decrease with an increase

in ER, while CQ and CH 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 @@nd HO; then the syngaproduction and consequently power
generation decline. Hence, it is important to find the appropriate range of ER for biomass

gasiycation. I n this case

-0.6band EsRnfluemce dn h e

gas

the power efficiency are shown kiigure 4.10 for the three wastes. As shown in Figure 4.10
the optimum ER lies between 0:253, 0.40.5 and 0.3%.45 for timber and wood, paper
mixed and garden wastes, respectively. At optimum span of ER, the power efficiency from
gasification of timbeand 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 efficienoytput from the biowaste gasification (1 ton
input of feedstock and 2.5 air to biomass ratio)

4. 3 Environment al assessment

The environmental impact assessment of the integrated gasification with power production
unit has been analyzed with the three catieg 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 inagbn to each impact category is presented in the following.

4.3.1 Global warming potential

The GWP comparison of gasificatiortegrated with power unfor the studied wastes with
thedirect combustion of them and their GWP contributions througbdbk#ying are shown

in Figures 4.11 and 4.12, respectively. Garden waste with GWP of 56.kgé&Dton has

the highest GHG emissions. This is due to garden waste having the highest moisture content
(50%) and requiring more energy for drying leading tdnargGHG 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 incluthegcombustion 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 biogenig @Dcounted

as a contributor to global warming. As seerFigure 4.11, on a per ton of raw feedstock
basi s, the degree of reduction in global W
combustion is around 90%. Obviously, the production of electricity from waste based on
gasiycation t e chemoré engipnmentally driendlg than avaste direct
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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.

2000 -
B Gasification

m Direct combustion

1500 +

1000 +

GWP (kg CQ//ton)

500 -

Garden waste Timber & wood waste Paper mixed waste

Figure 4-9. GWP of waste gasiycation for el ectri
combustion

5% 2%

\

(a)

W Preparation W Transport =« Conversion 1 Conversion 2

Figure 4-10. GWP contributions for 3 wastes gasification: (a), gardeyn timber & wood
(c), paper mixed

4.3.2 Acidification potential

The comparison of electricity production frc
combustion in relation to acidification potential impact is presented in Figure 4.13.
Regarding thisndex, the production of electricity from garden, timber and paper wastes
gasiycation cr eato.gpedldtén of raw feedstock, rdspectively. Il

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 N£3Iand HCL areeleased
to the atmosphere. However, it is still much more environmentally friendly in comparison to

direct combustion.
100 -+
O Gasification

Direct combustion
80 -

60

40 4

AP (kg SQton)

20 A

Garden waste Timber & wood waste Paper mixed waste

Figure 4-11. AP of waste gasiycation for el ectr
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 woadastes in gasification releases 98, 225 and 141 kgiNO
respectively. The most important contribution to this impact is made by the emissions of
particulate matters, )N NOz, NO and NH from the combustion process, whereas the
contribution made by the logér processes, preparation, transport and gasification is relatively

minor.
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To have a more accurate comparisbuifferent feedstocks, the environmental impacts per

kWh electricity produced in the three studied wagsification 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 performanceand 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. Thigan 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.
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Figure4-13. GWP, AP and EP of waste gasification fideWWh net power production
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4. 4 Tecehaoomnomi c assessment

4.4.1 Case study

In this part, the techneeconomic 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 becasgski laas been shown in Section 4tBis kind of
waste is the st 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 tdraarizeén
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%ilosle, 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 produftjon

There are 72 municipalities in Iceland thait 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 poplations.
these kinds of regions wrewide grid is not feasible, smatale 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 econofeisibility of the installation of
gasiycation facilities for al | di spar ate |
number of households/inhabitants (Table 4.3) were established. In each subgroup, the study
was conducted over hypothetical casespating 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 dowridt gasi ycal
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 yarly electricity consumption per capita in the household sector in Iceland is around
2.5 MWh per capitaBased on this data, Iceland occupies the forth placgeictricity
consumption in the world (Norway, Sweden and Finland have the first, second rand thi
statues, respectivelj{}60]. By using this data, the yearly electricity consumption and power
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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
Table 4-3. The considered subgroups with the number of household and population

demand for each subgroup wasccaddted and shown in Figure 4.16. Obviously, as the
persons (350 households).
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Figure 4-14. Electrical energy and power demand for each subgroup
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By considering the demanded power for each subgroupexsisting gasifiers capacities
(Section 3.4), the required gasifiers capacities which need to be installed fcasadiave

been extracted and depicted in Figure 4.17. As a constraint, more than two gasifiers have not
been taking in account for each sulagy. 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. Analyrg 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 theases 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
thatis 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 capacitie®r@izeal, so the
required investments of the capital costs and O&M costs need to be considered dependent
upon the components size.
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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 powégure 4.18 The

total cost vari(eSulbdgrooupblo)utt ol 1n0ddr ek tt han 20
total cost increases as the installed power grows, this trend is kept till up 5, but subgroups 6
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and 7 present relatively lower cost in comparison to the former subgroup. It can be explained
that the rquested power of these subgroups (100 kW) are met only by using one gasifier.
This is alscsimilar for the subgroups of 114 (200 kW), 181 (300 kW), 2828 (400 kW),

and 3235 (500 kW).
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Figure 4-16. Total costs on the basis of the installed power for scerario

Percentage shares depicted Figure 4.19are contributions of hardware, installation,
engineering and annual O&M costs in total cost for basic scenario. The yearly O&M costs
occupies more than0% of totalcost for the first subgroup, it has also the dominant statue
among different kinds of costs for subgroup8. However, the highest share is related to
gasification system price for subgroup8®=

Figure 4.20 presents the specific cost floe 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 capacitpWer 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
soluion for the subgroups-% 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 4-18. Specific cost of T&!WW gasification per input waste and per capita

Regardingto revenues, they are obtained by commercialization the generated electricity
through the T&WW gasification and the WTB fee for the treatment and disposal of T&WW.
Table 4.4 shows the revenues of the sale of electricity, the WTB fee and total revenue for
each subgroup. The revenues have a direct relation with the amount of T&WW production
and treated per year, since the higher the input waste, the higher the products. The amount
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of treated T&WW varies from 304.5 ton/year (subgroup 1) to 10,851.5 ton/ydmyr¢sip
35).

Selling of electricity varies from 12.5 ku
gains because of WTB fees for the T&WW treat
1,410.7 ku (subgroup 35). | t thelircomesoobtaited me nt i

with the WTB fee is equivalent to more than 70% of total revenues.

Table4-4. The annual revenue based on sale of electricity and waste treated

Income with Incpme Total _Income Inc_ome Total
Subgroup sale_ qf with income Subgroup with S‘?"‘? of with income

electrJC|ty WT,B (Kl electrJC|ty WT,B (Kaly

(kua/l ye(kaly (kuly (kaly
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 totaircustl8

years of operation. The total costs, with the interest rate of 8% for Scenario 1 range of 1100

ka (subgroup 1) to 2050 ku (subgroup 35), th
range of 983 ku (subgr ou potalcpststwith infe@fratedf t ( sub
13% for Scenario 3 range of 842 ku (subgroup
higher interest rate, the smaller present investment is required to achieve the revenue
required for the project to succeed. Howewbde 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 projecthss most beneficial from the economic
perspectives.
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Figure 4-19. Total cost required for power generation based on T&WW gasificdtion
different scenariobased on different interest rates: 8% in Scenario 1, 10% in Scenario 2
and 13% in Scenario 3

The economi@ssessments, 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 subgroui3)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 45ikW. It
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 isdwer than 2 years in 88% of the subgroup88 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 scenarowith interest rate 08%
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Figure 4-22. Economic analysis for scenariongth interest rate of 13%

The subgroups that do not show economic feasibility for these scenarios, could have the
strategy of merging in municipalities teduce the costs and increasing the yields, then
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
collection and disposing. Hengewas carried out a sensitivity analysis, to find the minimum
WTB, to have viable installation of a hypothetical T&WW gasification plant, independent

o f its size (Table 4.5). The mini mum WTB
(subgroup 1) for all snarios to zero from subgroup 14 in scenario 1, subgroup 15 in
scenario 2 and subgroup 17 in scenario 3. In the other words, in places with more than 700

inhabitants or with the higher installed capacity of 200 kW, projects could be run
economically withoureceiving any fee for collection and disposal of waste.
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Table4-5. Minimum WTB for treatment of T&WW to get a NPV more than zero

Mi ni mum WTB (|
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
from 14-
14 35 is zero 0,001 0,002
from 15-35
15 is zero 0,001
16 0,003
from 17-35

17 is zero




5 Concl usi ons

In this project the problem a sustainable solution for waste disposal in Icelaras
addressed. The processnsidereds sustainablgreengasification technology which is a
wasteto-energy system that not only involves wastes as fuel but alsoreslgsin a net
reductionof releagdpollutantsGas i fi cati ondés potentiseale has |
facilities by several researchers but only a few successful-soaé studies exist in the
literature and alsbefore this project no research has been directed on environmental and
techneeconome assessment of smaltale gasification. ehce, he 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
incinerabrs and the cost constraints of srsdéle plants. The key to develop this technology

is to overcome the problems associated with technical and economic aspects of power
production especially for smadlcale plants as well as environmental acceptance.

The global academic value of thoject is that it bringshe detailed knowledge about the
simulation modeling of the smadkcale gasification, its performance under various
conditions and its environmental and tecleoonomic assessmetd,the worldwherethere

is after all many other smaller communities with similar waste streams and waste disposal
challenges. Iicelandthe results of this studsan be used by SORPA or other weditgposal
companies outside Reykjavik, including smaller places such asmslesaeyjar and
Vestfirdir. 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 legdafitandfilling or the air pollution

and toxic residues of incineration. It could lead to a sustainable-wastagement system

that preserves a relatively pristine environment in Iceland. Moreover, before this project no
research has been done on envimental and techreconomic assessment of srrsthle
biowastegasification as well as its integration with power production unit. Beneficially, this
project has apractical value that prove thproduction of electricity from bivaste
gasi ycat i dirpoweriumtkceuldl bewa feasible, environmentally and economic
acceptable option to be implemented instead of incinerators and landfilling sites for waste
disposal in IcelandSmall scale gasificatiocanmeaningfully contribute tenergy 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 mestdeveloped

for waste biomass gasification integrated with power production unitatsractive method

for high efficiency electricity generation in low populated ar&&e modelvasapplied for
optimization of the gasi §tefropeateng gammetees arde , e\
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 assessnof environmental and economic
feasibility of these systengerecarried out.
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5.1 Answers to the research quest

When going back to the original research questions, one can see that they have been
answeredn various sectiondn this part, he reseach questionsnd their brief responses
based on their contributions in the papersoaoeight cohesively asllowing:

RQ1:What are the waste feedstocks that can be fed to the gasifier?

One part ofPaper ] a potential evaluation of organic wastes wtaok produced in Iceland
andcan be used for biofuel productidackles the first research questidhis part was also
presented in Sectidh2.2 Case stud@rganic waste from households, industry and services

is a valuable source for biofuels production in Iceland. The Icelandic Environmental Agency
set up anationalplan to reduce the amount of organic wastes that are landfilled or incinerated
over the yearsA 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 thatadan be fe
to a gasifier. Moreover, the total amount of paper, timber and garden wastes in Iceland in
2015havebeen calculatedas approximately 37, 40 and 16 thousand tons, respectively, and
theyhave beemstimated to increase to about 47, 49 and 20 thousanbijt@@80 assuming

0.8%, 0.6% and 0.6% growth rate per capita, respectively.

RQ2: What is the best modelling approach?

Papers Il and Il investigate on the response of R@fious approaches for biowaste
gasification modelling were studied in Paper Il to determine which are appropriate based on
the type of gasifier, feedstock, operational parameters and tar formiskiwaover, tar
modelling in gasification models was studied in &dp 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 meeaddressed in Paper I@omplete details about the
responses of RQ2 has been brought in Section 2.2 Biomass gasification models. Briefly
speaking, theequilibrium modelling method has been used to predict relidolyndraft
fixed-bed gasifier performaecas 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 RQI3. part was also presented in
Section4.1 Primary modelln these papers primary simulation model for biowaste
gasification has been developed to prettietsystenperformance, fluid flow, heat transfer
and process patterns and to evaluate the eftdctsrious operating conditions such as
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temperature, equivalence ratio, moisture content and waste composition influence on the
producedgas composition, overall system efficiency and system performbnsemmary,

rai se i n temper aerperfermdnegapitrincrgases the productigraas COy

and H which leads to higher syngas yield, LHV and CGE. However, Increasing ER lessens

the production of CO andHvhich results in reduction of gasification performance. The

optimal values of CO andzmole fraction and CGE of several feedstocks like sawdust,
wood chips and mixed paper wastes are | ocat
ER range is between 02035 regardless of the kind of biomass which is used as the feed

stock. Among the studd 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 onLHV of syngas, increasing moisture content strongly degrades the syngas LHV.

Mor eover, mi xed paper waste shows the high
because of much higher hydrogen content and less HHYV 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 RQ4an upgraded simulation model was developed for integrated biowaste
gasification with power production unit to assess performance dtipirg 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 etadtefficiency. The results of these part
have been published in papers/of VIl and X and also presented 8ection 4.2 Advanced
model Simulation results indicate that optimal operating conditions for producing the
highest power efficiency are gasifiemperatures of 900000€C for the studied wastes and

an equivalence ratio between @3, 0.40.5 and 0.39.45 for timber and wood, paper
mixed and garden wastes, respectively. At the optimum range of temperature and ER, the
power efficiency frongasification is 45, 26 and 16% for timber and wood, paper mixed and
garden wastes, respectively.

RQ5: Issmallscale gasification aenvironmentally sund solutior?

In order to solve the RQ%n environmental assessment of energy recovery through the
biowsst e gasiycation integrated with power pr
reveal thatthe consideredappears to be more environmentally friendly than waste
incineration in all impact categories considered. This can be explained by the fact that
gasfication 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 perspettiges
production of lkWh of electricity from timber through gasification would lead to a GWP of
0.07kg COeq, AP of 0.0kg SQeq, and EP potential 6t36kg NOzeq. Of the processes

in the chain,he largest contribution for all wastes is made by trarighrough 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 contributiorResults ofenvironmental assessments (response to
RQ5) were published in paper \dnd also discusseth Section 4.3 Environmental
assessment

RQ6:Can smaliscale gasification be made techexpnomically feasible?

To answer the RQ@& comprehensive assessment of teebrunomic feasibility adapted

with conditions in lIceland for the gasiycat:i
unit was directedTl he 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 scenatlos, wi
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 techneconomic assessment show tbhanging the interest rate does not
have significant impact on NPV and DPP for all studied scendneblPV is positive for a
gasification system with the capability to generate greater than 45k&\NPV in scenario

1 (8% for interest rate), is averdgell% and 25% higher than scenarios 2 and 3,
respectively.Discounted payback perio(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 capacigreater than 200 kWI'he results from techn@conomic
analysis (response to RQ6) were brought in papers VIl and IX and also discussed in Section
4.4 Techneeconomic assessment

52Future work

A highly desirable next step is that tienulation modetleveloped in this worls validated

by the experimental datahich will be generate@t thebiowastepilot gasifier recently
commissioned at the University @feland.Currently, this pilot-scale gasifier ishe only
operational gasifier in Icelan@he @sifier and CHP system $iaeen 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 obtdnoedthis Ul
gasifierwould identify model strengths and failures aowhfirm how accurate and reliable

the predictionsof each step in the modeleveloped herds. Refinement based on
experimental input could lead to a model thauificiently complete and correct to support

the systendevelopment and optimization

Additional recommendeduture workis the introductionof downstream technology to
further process the syngas and for example produce value added produbisfiikés.
Syngas purification and conversiaechnologies helpenabé biofuel extractionand

66



increased value frorthe energy in waste arabntribution toa sustainable energy supply.
With these addition gasification systent®uld producedifferent biofuels such as
biohydrogen, biomethane, bioethanol and biodieBeEimethane 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 H
recovery/capturing unit. Moreover, biowastes can be convarmtedioethanol by passing

of syngas from syngas fermentation and product recovery Widgiesel can be also
produced through the integrated gasification andrtbeherTropsch process.

At the next step, a simulation tooéed to be used to model athe 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 everydition and material in experimeniBhen, a
sustainability assessment of energy recovery from the waste through the diffiereritive
systemsneed tobe carried outo rank different system based on different sustainability
perspectives and froposea sustainable waste to energy system adapted with conditions in
Iceland.

53Thesi s | i mitations

It is important to mention that the simulation modkgvelopedin this work models
downdraft gasiftationand it cannot be employed for other types of gasifike fluidized

bed and upift gasifiers. Because the objective of this project was asdicationin at
smallscale/low capacity, downdraft gas#itionwas selected thairge it is currently the

most widely gasifier type used on small scaleangdiablythemost economical and suitable
among all gasifier types famallscaleoperationsHence, if the gasification used for waste
disposal is in medium or large scale, it is requireel$o considefluidized bed gasifiation.

A sufficiently reliade model of fluidized bed gasification to be practically useful likely
would have tasimulateboth fluidcdynamic and reaction kinetics simultaneoustyfact, 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 moaeledsto be developed to learnare

about the effects of particle size, density, carbon conversion, electricity production and the
reactivity of the syngas.

Moreover, in this projedheintegration ofust electricapower production with gasification
has been considered. However, iQeoeration of heat and power (CHP) is linked to the
main system, the discounted payback period (@B& be much lowe(in locations where
heat or hot water lva a premium tog) and gasificatiorcould be evenmore feasibléghan
shown herelue to both poer and hot watesdding revenue
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Despite the abowvdescribed limitabns, this study has proposedsustainable 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
techneeconomic assessment of srdhle waste biomass gastion as well as its

integration with power production unit. Beneficially, this project hasa&tical value that

provethepr oducti on of electricity from waste bioc
could be a feasible, environmentally and ecoiltoatceptable option to be implemented

instead of incinerators and landfilling sites for waste disposal. It can be appleakefgy

supply in low populated regions in the world that are far from the central energy networks

and need to have a district head power system.
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Abstract: This paper describes the development of a model to comprehensively assess the
sustainability impacts of producing lignocellulosic bioethanol from various types of municipal
organic wastes (MOWs) in Iceland: paper and paperboard, timber and wood and garden waste.
The tool integrates significant economic, energy, environmental and technical aspects to analyse and
rank twelve systems using the most common pretreatment technologies: dilute acid, dilute alkali,
hot water and steam explosion. The results show that among the MOWs, paper and paperboard
have higher positive rankings under most assessments. Steam explosion is also ranked at the top
from the economic, energy and environmental perspectives, followed by the hot water method for
paper and timber wastes. Finally, a potential evaluation of total wastes and bioethanol production
in Iceland is carried out. The results show that the average production of lignocellulosic bioethanol
in 2015 could be 12.5, 11 and 3 thousand tons from paper, timber and garden wastes, respectively,
and that production could reach about 15.9, 13.7 and 3.7 thousand tons, respectively, by 2030.

Keywords: bioethanol; sustainability assessment; lignocellulosic wastes; pretreatment

1. Introduction

Negative social, political and environmental impacts of fossil fuels as well as energy security
concerns have spurred interest in nonpetroleum energy sources [1]. Among the various alternative
energy sources, biomass has garnered substantial interest because it is the only suitable and renewable
primary energy resource that can provide alternative transportation fuels [2]. Bioethanol has long been
put forward as the most promising biofuel used either as a sole fuel in cars with dedicated engines or
as an additive in fuel blends, requiring no engine modifications until the mix reaches 30% [3].

The main feedstocks of bioethanol are sugar- and starch-based materials such as sugarcane
and grains. However, there are considerable debates about the sustainability of such feedstocks.
Lignocellulosic materials, a third group of feedstocks, represents the most viable option for bioethanol
production. Increasing food demand and the need to feed an increasing global population could make
conventional agricultural crops less competitive and more costly sources compared to lignocellulosic
materials [4-6].

In this context, municipal organic wastes (MOWSs) represent one of the most abundant
lignocellulosic materials and acquires significant importance for bioethanol production.
The replacement of biomass with MOW can provide environmental advantages, particularly with
regard to waste management, carbon dioxide, quality and quantity control of water, land use and
biodiversity [7]. However, the as yet immature technologies and challenging logistics for sourcing
waste pose barriers to utilizing this potential source [4].

Energies 2018, 11, 1493; doi:10.3390/en11061493 www.mdpi.com/journal/energies
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Based on these concepts, this paper focusses on bioethanol production from MOWs in Iceland.
Iceland possesses no fossil energy resources, but in comparison to its population of 332,529,
the country has huge amounts of hydroenergy and geothermal energy. Economic estimations of
the country’s hydroelectric energy show that about 30 TWh/year may be harnessed, but only 15%
is being used. Likewise, geothermal energy has been estimated at about 200 TWh/year, of which
only 1% has been harnessed. Approximately 90% of buildings in Iceland are heated with geothermal
water, and the aluminum and ferrosilicon industries are powered by hydroelectric energy, consuming
4.25 TWh/year. However, the transportation and fishing sectors are powered totally by imported fossil
fuels [8]. Hence, utilization of biofuel can be useful as a sustainable mode for transitioning to green
transportation and fishing infrastructure.

An overview of different Icelandic municipalities is shown in Figure 1a, the Capital area (pink),
South peninsula (blue), South (yellow), West (purple), East (orange), Northeast (red), Eyjafjorour
(turquoise), Northwest (brown) and Westfjords (green), [8]. Although Iceland is large by land mass,
more than 60% of the population lives in the capital area and about 80% live in the capital and
south regions combined (Figure 1b). However, the capital area occupies only 1% of the total area of
Iceland (Figure 1c). This is due to the development of urbanization in this location, poor climate and
geographical conditions in other regions and slow and expensive transportation.

_— ® North Westfjords
W Eyjafjordur West 2%
8%
® North East

2%

= East
4% w West
5%
= South
7%
(a) m South
peninsula
7%

(b)

W Capital

Westfjords area
9% B South 19
peninsula
¥ North West 1%
13%
W Eyjafjoréur
4%
B West
9%

¥ NorthEast
18%

(d)

Figure 1. Map and information of Iceland, (a) all municipalities, (b) population share, (c) area share
and (d) major region.

Climate and weather conditions are more likely to limit farming in Iceland than soil type [9,10].
Even though arable land is available, vast portions of the areas with suitable soil type have climate
and weather unsuitable for vegetation growth. In fact, the crop growth window in Iceland is 130 days
in the summer (7 May to 15 September). Thus, the only products that can be developed must have a
growing time within this period and the temperature required for growth must be compatible with
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the environment temperature (5-7 °C). This situation means that grasses turn green and tillage can be
performed, but little else is grown [9,11].

Based on these conditions, biofuel production efforts in Iceland should focus on MOW as part
of the second-generation biomasses. Despite lack of agricultural crops, waste is recognized as a
continual source of biomass and is independent of climate conditions and other immutable factors.
Furthermore, because the amounts of various wastes produced in different locations are fairly constant
and measurable, reasonable estimation of biofuel production capacity should be possible.

To establish sustainable bioethanol production plans, they should be evaluated from different
sustainable development perspectives and compared based on different initial feedstocks and applied
conversion technologies. Sustainable production scenarios of bioethanol depend on economic,
technical, environmental, social and political factors as well as energy balance and are essential
elements of sustainable development [12]. The authors are not aware of any published studies
assessing bioethanol production systems based on the sustainable development dimensions in
Iceland. Therefore, the goals of this study are: (i) to assess 1-ton bioethanol production using
three different Icelandic MOWSs: paper and paperboard, timber and wood and garden waste;
(ii) to develop a model based on energy and material flows to assess the economic (cost and benefit),
energy (energy balance, total input/output energy and energy use efficiency) and environmental
(GHG emissions, water consumption and supply rate) sustainability criteria; (iii) to analyse
and compare the sustainable impacts of different biomass-derived bioethanol, pretreatments and
conversion technologies; and (iv) to evaluate the potential of total waste and bioethanol production in
Iceland between 2015 and 2030.

2. System Description

The system considered by the model including all the process steps from resources to end products
(see Figure 2).

Resources l Transport I I P ] I ioethanol producti ] l Outputs |
o Paper and paperboard = =
* Timber and wood Lyl T k: Dilate Ackl saccharificath
ranspo accharification,
* Garden waste > —>
with Truck Fermentation &
Dehydration —)__Bioe(hanol
= Dilute Alkali
Accessories
* Energy (Electricity and

Diesel) Hot Water
* Water Byproduct
>

* Machinery

o Labor
* Chemicals Steam E

Explosion

Figure 2. System boundaries considered by in this study including five stages of processes, conversion
technologies and associated inputs (energy and material).

2.1. Resource Level

Paper and paperboard, timber and wood and garden waste are considered as the main input
resources. According to Icelandic law, all municipalities are obligated to have a waste management
plan to organize waste produced in the municipality. Thus, beginning in 2004, common project
management groups were established to plan for waste produced in the main municipality parts of
Iceland: Western Iceland (pink), Sudurnes (green), the Capital Area (purple) and Southern Iceland
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(orange) (Figure 1d) [13]. Waste collection and treatment in these places are mostly operated by four
Icelandic companies (Table 1).

Table 1. Information regarding waste operation in the main parts of Iceland in 2006.

Participating Areas Operator Company No Municipalities Waste Quantity (1000 tons)
Western Iceland Sorpurdun Vesturlands 10 29
Sudurnes Kalka 5 22
Capital area Sorpa 8 272
Southern Iceland Sorpstdd Sudurlands 11 33

About 90% of the wastes generated are related to the capital area and are collected by the Islenska
Gamafélagid and Sorpa companies [14,15]. Due to the low number of inhabitants in Iceland, there
is limited economic basis for recycling facilities like paper mills. Plastics and paper items are thus
shipped abroad, as there is no facility in Iceland to recycle and reuse them. At present, landfilling
and incineration are the dominant methods used for the disposal of municipal solid waste in Iceland,
and most landfill sites are open dumping areas, which poses serious environmental and social threats.
Moreover, the flue gas from waste incineration can contaminate the environment if not handled with
appropriate technologies, such as using combined heat and power (CHP) [16] and flue gas cleaning
systems. A small incinerator in Skutulsfjorour at Northwest Iceland resulted in the discovery of
cancerous and toxic chemicals in Icelandic meat and milk in 2011 [17]. Dioxin levels in the fly-ash
from the nearby incinerator were more than 20 times the EU limits [17]. Moreover, soil and incinerator
emissions measurements at several sites in Iceland such as Kirkjubaejarklaustur revealed that emissions
were 85 times the EU limits [6,18]. These problematic findings resulted in the widespread testing of
soil across Iceland [17], shutdown of several incinerators [18], withdrawal of some Icelandic meat
and milk from the markets and culling of all the livestock on the farms impacted [17]. In an attempt
to reduce these problems, this study considers diverting paper and paperboard, timber and wood
and garden waste as portions of MOW from the waste companies (mostly Sorpa) before they are
burnt in incinerators. These materials could then be transferred to preprocessing units and conversion
plants to produce bioethanol. Lignocellulosic bioethanol is proposed as a viable alternative to MOWSs
treatment, and may solve the problems of using huge amounts of land for landfill and high emissions
from incineration.

In addition, energy, water, labor, chemicals and machinery are considered accessory inputs.
Diesel fuel is used by trucks for transportation and electricity is consumed in driving force and heat
generation in process units. It has been reported that 25% and 75% of electricity production in Iceland
comes from geothermal and hydropower, respectively. Thus, hydro is currently Iceland’s main source
of clean energy; however, the electricity required in the capital area, as the largest producer of waste, is
supplied by geothermal power plants in Hellisheidi and Nesjavellir [19].

2.2. Transport Level

In this study, the transport step includes waste transport from waste operator companies to
preprocessing units. As pretreatment plants and bioethanol production centres should be next to
each other, transportation of the liquid containing cellulose from preparation facilities to bioethanol
production units is not included.

In this study, a 50 km waste transportation distance by truck is used. The data used for fuel
calculations was obtained from published studies [20,21]. The energy equivalent for the transportation
of waste is about 3 MJ ton~! km~! (0.06 L ton~! km™1).

2.3. Pretreatment Level

Lignocellulosic materials are composed of cellulose, hemicelluloses and lignin in an intricate
structure which is resistant to decomposition. One of the best strategies to convert such biomass
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into sugars is enzymatic saccharification due to its low energy requirement and comparatively
smaller environmental impact; however, the main problem is the low accessibility of cellulose
because of the rigid association of cellulose with lignin [22,23]. Therefore, removal of lignin,
making cellulose more accessible to enzymatic hydrolysis for conversion, is the primary pretreatment
process investigated herein.

Pretreatment techniques are mainly classified as physical (e.g., grinding and milling), chemical
(e.g., alkali, acid, ammonia percolation), physio-chemical (e.g., steam explosion, ammonia fiber
expansion) and biological (e.g., fungi and Actinomycetes) [24,25]. Most of these technologies are
not preferred for industrial applications due to high energy demand, inability to remove lignin and
substantial chemical requirements. Among the pretreatment techniques, dilute acid (DA), dilute alkali
(DAL), hot water (HW) and steam explosion (SE) are modeled in this study and are among the most
effective and the most promising for industrial applications [23,25,26].

Dilute acid pretreatment is one of the most frequently employed methods of structurally breaking
down lignocellulosic biomass and removing the hemicellulose [27]. During this method, biomass
is treated at different combinations of temperatures (100-290 °C), at a pressure of 1.5 bar [28],
with residence times ranging from a few seconds to several hours. During hydrothermal pretreatment,
most of the hemicellulose is hydrolyzed to sugar monomers and becomes soluble, a fraction of cellulose
is depolymerized into glucose and a fraction of lignin is dissolved and distributed.

Dilute alkali pretreatment refers to the application of alkaline solutions such as NaOH, Ca(OH),
or ammonia to remove lignin and a part of the hemicellulose, increasing the accessibility of enzymes to
the cellulose. Pretreatment can be performed at low temperatures but with a relatively long residence
time and high base concentration [23,24,29].

In the hot water pretreatment method, water under high pressure penetrates the biomass,
hydrating the cellulose and removing the hemicellulose and part of the lignin. The method’s major
benefits are that is does not require chemicals or corrosion-resistant materials for the hydrolysis
reactors. Moreover, feedstock size reduction is a highly energy demanding operation for the huge bulk
of materials, while there is no need for size reduction in HW pretreatment [23,30].

Among the physico-chemical processes, steam explosion has received considerable attention as a
pretreatment for ethanol production. In steam explosion, the pressure is suddenly reduced, causing
the materials to undergo explosive decompression. High pressure and high temperature (160-260 °C)
are used in steam explosion for a few seconds to several minutes [23,31]. The process has been used
in lab and pilot-scale units by several research groups. Moreover, steam explosion has been found
effective on feedstock with large particle sizes, thus reducing the energy required for size reduction,
and it can satisfy all the requirements of the pretreatment process [24].

2.4. Bioethanol Production Level

After the pretreatment step, the hydrolyzed stream goes to the saccharification and fermentation
plants. First, cellulase enzymes are formed in the fermentation reactor and then the cellulase enzymes
are moved to the saccharification reactor, where sugars are formed. Nutrient loadings and the
efficiencies of the fermentation sugar conversion (95% for glucose, 85% for xylose and arabinose)
are based on the National Renewable Energy Laboratory (NREL) process [32]. At the next step,
the enzymes are recycled back to the cellulose reactor and the sugars are sent to a fermentation reactor,
where ethanol is produced. The ethanol is then purified by distillation and dehydration in the ethanol
recovery unit and then sent to product storage. Bottom effluent from this column contains mostly
lignin from biomass and can be combusted using a combined burner, boiler and turbo-generator to
produce electricity; while this electricity can be used to supply the ethanol plant, selling this byproduct
is considered in our study.
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3. Model Description and Data

This paper assessed the lignocellulosic bioethanol supply chain (LBSC) shown schematically
in Figure 2. The supply chain consists of five layers: resources, transport, pretreatment, bioethanol
production and outputs. The model equations and constraints were structured based on the LBSC flow
diagram and they represent the material and energy flows from resources to products. The constraints
of the model were described from use sectors back to the resources. This approach reflects the basic
concept of the model, which is based on a demand-oriented analytical tool. This approach stresses the
point that balance of demand and supply ought to be ascertained [33-35].

3.1. Bioethanol Production Level

Supply and demand balance is a characteristic of the model and it is guaranteed through the
demand constraint expressed by Equation (1) [35]:

XC,bF,TC > Dbr (1)

where Dy, is demand for bioethanol and Xc p, ¢ is exit bioethanol flow from the fermentation unit [36].
The following equation ensures the balance between inputs and outputs of the bioethanol

production step:
XC,he,‘rc < XE,C,TE X YN Crormc—be, e X VCDM,_,,,;,C—IIE,TC (2)

Equation (2) is a constraint which shows that the total amount of bioethanol produced from
technology ¢ equals the amount of liquid delivered to the refinery from the pretreatment step,
multiplied by the associated energy conversion efficiencies of the fermentation and dehydration units,
NCrermic—be,7c and UCD‘.,,y,,,c—be,TC [36]-

The quantity of lignin as a byproduct of fermentation is based on inequity expressed by Equation (3):

XC,b ), Te < XT,b,TT X Xp,bp X NEb—bp,tp X 1C,b—bp,7c (3)
? P iz P.

However, in addition to the fermentation step, the amount of lignin production is dependent on
the type of method used for pretreatment. Xc j . represents the lignin produced from cellulose to
bioethanol conversion technology, X4, is the biomass type b delivered to the preparation unit, x; 4,
is the percent lignin for different biomasses, and 17 4,z 71c,b—bp, 7 are lignin removal efficiencies for
different pretreatment techniques and conversion steps, respectively.

3.2. Pretreatment Level

The balance between the inputs and outputs of the preparation step is guaranteed by the constraint
expressed by Equation (4):
XE,C,TE = XT,IJ/TT X HEb—ctp (4)
This equation indicates that the total amount of liquid containing cellulose extracted under
pretreatment processes should equal the amount of feedstock transported to the plant, multiplied by
the performance efficiency associated with different pretreatment technologies ( 7g 4 ) [36].

3.3. Transport Level
The mass balance of transportation level is given by Equation (5):
Xrpar < Xap % (1= t1p) ®)

where X j, is the amount of biomass type b shipped from the harvesting facility to the biorefinery plant
via transportation mode T7; i1,j, 7, is the fraction of biomass type b lost through transportation; and X7, -,
represents the total amount of delivered biomass type b entering the pretreatment units [37].
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3.4. Resource Level

The mass balance for the feedstocks production step is given by Equation (6):
Xap < Xpp X & (6)

where Xy 5, is the amount of waste feedstock type b that is bought from waste operators; this amount
must be equal to or lower than the total waste collected by various waste companies (X ;), taking into
account g, as the percentage availability of wastes.

Finally, the feasibility of biomass type b is ensured by the constraint expressed by Equation (7):

Xrp < Xorp 7)

This equation states that the total amount of collected waste of type b (Xg ;) must be lower than
the total amount of generated resource type b (Xo g p)-

3.5. Total Material and Machinery Consumption

The total quantity of different required chemicals (CBj,_p,) and machinery (Mj_,) are calculated
based on Equations (8) and (9):

CBy—pe(kg) = Y} X(L-1) by X bLimm (®)
L7 :

My_pe(hr) = EZX(L—I),b,T(,‘ X MLz (C)]
e

where X(; 1,7, , is the flow to each level L. cby;, is the specific consumption of chemical type
i (sulphuric acid, Ca hydroxide, Diammonium phosphate (DAP), cellulose, yeast) and my i, is
the specific consumption of machinery type i required for technology 7; in level L. The specific
consumption of different chemicals for various bioethanol production systems is shown in Table 2 [24].

Table 2. Energy and chemicals consumption through the various bioethanol production systems.

Chemicals Units Dilute Acid  Dilute Alkali  Hot Water Steam Explosion

Water m®/tony, 1.422 1.44 1.387 0.934
Sulphuric acid kg/tony, 49.04 11.40 0.00 0.00
Ca hydroxide kg/tony, 23.88 0.00 0.00 0.00
DAP kg/tony, 0.316 0.32 0.32 0.32
Cellulase kg/tony, 62.40 72.00 72.00 68.00
Yeast kg/tony, 0.79 0.79 0.79 0.79
Sodium hydroxide kg/tony, 0.00 0.40 0.00 0.00

Electricity kwh/tony, 133.44 123.50 123.28 124.00

Steam M]/tony, 4870.80 4731.60 4936.80 3102.00

3.6. Potential of Bioethanol Production

The total potential of bioethanol production from various types of waste (Xc ppe 7 is calculated
by using the total amount of produced waste type b (X4 ;) and the yield of bioethanol for various

feedstocks (v —pe) [8]:
tony,

tony,

X p—bere (ton) < Xpp(ton) X yp_pe( ) (10)

3.7. Modeling of Sustainability Indicators

In this section, an assessment model is presented that evaluates the sustainability impacts in the
bioethanol supply chain. In the initial stages of the study, we reviewed several primary indicators
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considered in [35,38,39], as well as reviewing other research works [40,41]. Finally, by consulting several
studies on the energy sector, we organized five significant sustainability indicators by considering
economic, energy, and environmental dimensions that cover most of the aspects mentioned by other
literature on this topic.

3.7.1. Economic Indicators

Total production cost, which is the most significant economic impact for economic evaluation of
bioethanol systems, is estimated by Equation (11) [35]:

Crotat($) = Y, (CLpfix + Cipvar) (11)
L

This equation includes fixed and variable setup costs for biomass type b for different supply levels
of biomass production, transportation, preparation and conversion costs.

Equation (12) presents the benefit per cost (BPC), which is the ratio between sales income
(from produced bioethanol and lignin) and total production costs throughout the entire bioethanol
supply chain. The input costs, including capital and operational costs, and output prices for bioethanol
production are provided in Table 3 [24,42—-44]:

Total revenue XC,bl’,TC X Prpe + XE,l)p,‘rE X Prbp

BPC =
Total production cost Chotal

(12)

Table 3. Inputs costs and output prices in bioethanol production system.

Items Unit Quantity
Waste cost $/kg 0.014
Chemicals cost

a. Sulphuric acid $/kg 0.035
b. Ca hydroxide $/kg 0.1
c. DAP $/kg 0.21
d. Cellulase $/kg 0.52
e. Yeast $/kg 23

f. Sodium hydroxide $/kg 0.45
Water cost (usage fee) $/m3 0.32
Energy cost

a. Electricity $/kwh 0.03
b. Truck diesel $/L 1.08
Capital cost of bioethanol production by using:

a. Dilute acid $/tony, 457.52
b. Dilute alkali $/tony, 410.93
c. Hot water $/tony, 407.78
d. Steam explosion $/tony, 363.45
Product price

Bioethanol $/kg 0.85
Lignin $/ kg 0.25

3.7.2. Energy Indicators

All stages of the bioethanol production process are based on the consumption of specific sources;
therefore, to properly assess energy inputs and outputs, it is necessary to convert all inputs and outputs
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into their energy equivalents. The energetic efficiency of the bioethanol system is evaluated by the
energy ratio between outputs and inputs as shown in Equation (13) [35,45]:

EUE — Total output energy _ XC,be,rc X €Cpe + XEerITh X eCpp
~ Total input energy - EZ”L,b,in,'r, X €Cin

L in

(13)

where bioethanol and lignin are considered as output energies and water, fuel, power, chemicals
and machinery demand energy input type in in supply level L for bioethanol production uy iy 7, )-
A comprehensive inventory of various inputs for the whole system, based on the studied pretreatment
methods, is gathered with the energy coefficients for all inputs (ec;,) in Table 4 [24,45].

Table 4. Energy coefficients for different inputs and outputs to the bioethanol production system.

Input Unit Energy Coefficient (MJ/unit)
Diesel fuel L 47.80
Electricity kWh 11.93
Chemicals and machinery in bioethanol production  tony, 375
Bioethanol kg 293
Lignin kg 21.13

3.7.3. Environmental Indicators

Greenhouse gas (GHG) emissions are one of the most significant environmental indicators, representing
the emissions of the major greenhouse gases (CO,, CH4 and NO,) during the unit life cycle. In this study,
total GHG emissions over the bioethanol production cycle is calculated by Equation (14) [35]:

GHG (kgCOzeq) = YY"ty pinsy, X €fin (14)
L in

where u; j, i, -, is the required input type in for bioethanol production from biomass b in level
L based on technology 71, and ef;, are the CO, emission factors for different inputs; this factor is
considered 2.76 kgCO,eq/L and 0.058 kgCO,eq/kWh for diesel fuel and electricity generated from
geothermal, respectively. Moreover, during fermentation, sugars are converted to ethanol and carbon
dioxide. Approximately, 720 kg CO, is produced per ton of bioethanol produced [21,46,47]. Firstly,
in hydrolysis the cellulose is converted into glucose sugars. Then, sugars are converted to ethanol and
carbon dioxide [48].
To facilitate a fair comparison between bioethanol systems, water used over the entire system
(Wp_pe) is measured by the water consumption indicator expressed by Equation (15) [35]:

Wi—pe(m®) = Y X1y X W, (15)
T

where Xj  , is the exit flow from level L based on technology type 7, and wy , r, is the specific water
consumption for each level and technology (which are given in Table 2).

4. Results and Discussion

4.1. Economic Assessment

The model results for the 12 alternatives, ranked according to their contribution to production
costs and benefit per cost for 1 ton of bioethanol produced, are shown in Figure 3. This ordering is
based on total production cost, which is between 1300 and 2700 $/ton, which are the highest and
lowest economically beneficial options, respectively. Moreover, the coloured portions of each bar on
the chart indicate the percentage impact of each type of cost for different bioethanol supply levels
(BC: biomass cost, TC: transportation cost, CC: conversion cost including pretreatment, fermentation
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and dehydration costs). Obviously, TC is much lower than the other levels and hence is not shown
clearly in Figure 3.

3000 0.80 oC
2500 | 0.70 — TC
- 0.60  BC
E 2000 - L 0.50 —e—BPC
8 "
S 1500 040 &
%
0.30
S 1000 |
- 020
500 I 0.10
0 - - L 0.00

Q2 R A A 6 6 o O
& OY\A ‘ZSA‘ AR va Q*\‘\‘ & & o‘?y Q§\ &

Figure 3. Production costs and BPC for 1 ton bioethanol produced from different wastes; BPC: benefit
per cost, BC: biomass cost, TC: transportation cost, CC: conversion cost.

Among the studied wastes, paper and paperboard rank the highest economically; the average
total cost of bioethanol production from timber and wood and garden waste is 1.2 and 1.9 times
that of paper, respectively. Actually, the higher cellulose percent in lignocellulosic materials means
more bioethanol yield can be obtained. In contrast, for a specific amount of bioethanol production,
a lower feedstock with a high percentage of cellulose is required. The cellulose percentage of paper,
timber and garden wastes are approximately 55%, 45% and 30%, respectively [49,50]. Thus, paper
waste is the richest in cellulose and thus has the minimum feedstock requirements for 1 ton of produced
bioethanol (Figure 4). Subsequently, this option has the lowest percentage of costs from biomass and
transportation due to the lower amount of required feedstock and the higher bioethanol yield. In this
way, the costs of waste purchase and transportation for timbers and garden wastes are approximately
1.20 and 1.85 times that for paper.

7

~N w b w (<))

Waste supply (ton/ton be)

-

|
JIRRRRRRNNRRN
R 2 8 A A A A 6 6 6 6
FHFNM NP
Figure 4. Waste required to produce 1 ton bioethanol; P: paper and paperboard, T: timber and wood,
G: garden waste, DA: dilute acid, DAL: dilute alkali, HW: hot water, SE: steam explosion.

As seen in Figure 4, the bioethanol system derived from paper via steam explosion (SE,P)
significantly outranks all other systems from the viewpoint of BPC, owing to the favorable results
obtained in the economic sector. Although the ethanol yields for steam explosion were relatively
low (0.39, 0.32 and 0.21 Ly, /tony, for paper, timber and garden wastes, respectively) due to the
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comparatively low efficiency of cellulose hydrolysis, it has the lowest capital costs because of the high
solid loading assumptions during pretreatment and hydrolysis processes. Furthermore, no chemicals
are required for SE pretreatment and it requires the lowest amounts of steam and electricity for its
various processes.

4.2. Energy Assessment

Total input energy, total output energy and energy ratio between outputs and inputs (EUE)
for 1 ton of bioethanol produced are shown in Figure 5. The total output energy for various feedstocks
includes the energy content in 1 ton of bioethanol and lignin production. Obviously, due to the higher
required amount of timber and garden waste, more lignin is produced. Significantly, the system based
on steam explosion and paper ranks the highest among all the systems in terms of energy. This is
because no chemicals except water are required in SE and the smallest amount of steam is consumed
during this process. On the contrary, the dilute acid method, which requires 1.08 and 1.6 times the
amounts of heat and electricity required for SE, also has the highest usage of chemicals and is ranked
lowest energetically.

60 3
e Total input energy
50 - 2.5 e Total output energy
E P 5 —a— EUE
S
>
3 30 15 3
&
g 20 -1
=4
w
10 - 05
0 0
R R R A A A A 66 6,06
FHFTNF IS N F

Figure 5. Total input energy, total output energy and EUE for 1 ton bioethanol production from
different wastes.

4.3. Environmental Assessment

Figure 6 ranks all the studied bioethanol systems with regard to their contribution to
environmental development. This ordering is based on total GHG emission, which is lowest for
the steam explosion and hot water processes (about 880 kgCO,eq/ton). The environmental impact of
SE and HW are additionally limited because few chemical agents are used in these methods.

DA, G
DAL T
DAL, P
DA, T
HW, G
SE,G
DA, P
HW, T
SE, T
HW, P
SE, P

0 200 400 600 800 1000 1200 1400
Total GHG emission (kgCO2eq/ton be)

Figure 6. Total GHG emission for 1 ton of bioethanol produced by using different wastes.
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Figure 7 shows total water consumption over the entire waste-to-bioethanol process for all the
production options. The systems based on steam explosion and paper and timber have the lowest
water use, 2.98 and 3.64 m3/ton, respectively. According to Kumar and Murthy [24], the amount of
water required for cooling is lowest for the steam explosion process (401.4 kg/L of ethanol) due to
higher solid loading, which decreases the flow rates of streams and energy consumption for cooling.
Moreover, bioethanol systems based on dilute alkali and dilute acid for garden wastes require the
maximum amounts of water. Obviously these systems would not be practical for regions lacking
sufficient available water resources.

N W U1 N

Total water consumption (m3/ton be)

0
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& ovy Q§ & ovy ~2§‘ & & ovv ~2§‘ &

Figure 7. Total water consumption for 1 ton of bioethanol produced by using different wastes.

4.4. Potential of Bioethanol Production

The potential of different wastes and bioethanol production between 2015 and 2030 are shown
in Figure 8. The data presented here are drawn from [8]. The main sources of paper and paperboard
waste that are suitable for bioethanol production 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.

The total amount of paper, timber and garden wastes in Iceland in 2015 can be estimated as
approximately 37, 40 and 16 thousand tons, respectively, and they can 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.

Furthermore, Figure 8 shows predictions of ethanol production from various feedstocks.
This calculation is based on the average yield of bioethanol production (Equation (10)) calculated as
339, 277 and 185 (kgp./ tony,) for paper, timber and garden wastes, respectively. The average potential of
bioethanol production in Iceland in 2015 was thus approximately 12.5, 11 and 3 thousand tons from paper,
timber and garden wastes, respectively, which may reach about 15.9, 13.7 and 3.7 thousand tons by 2030.

Moreover, the potential of bioethanol production employing different pretreatment technologies
and various MOWs in 2015 is depicted in Figure 9. It is observed that maximum ethanol production is
possible using dilute acid, dilute alkali, hot water and steam explosion. Ethanol yield is relatively low
for the steam explosion system due to its comparatively low efficiency of cellulose hydrolysis.
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Figure 8. Total amount of various wastes and bioethanol production between 2015 and 2030.
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4.5. Comparison of Alternatives
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Figure 9. Total bioethanol production in 2015.
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The rank orders for the 12 alternative bioethanol systems considered herein across the studied
sustainability indicators are shown in Table 5.

Table 5. Rank order of bioethanol systems based on sustainability indicators.

Systems BPC EUE GHG Emission Water Consumption Production Yield
SE,P il 1 1 1 4
HW,P 2 4 2 3 3
DAL,P 3 2 9 5 2
DA,P 5 5 5 4 1
SE,T 4 3 3 2 8
HW,T 6 7 4 6 7
DAL, T 7 6 10 8 6
DA, T 8 8 8 7 5
SE,G 9 9 6 9 12
HW,G 10 11 7 10 11
DAL,G 11 10 12 12 10
DA,G 12 12 11 11 9
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SE,P is the top ranked system for nearly all impact indicators, except for production yield,
for which it is in fourth place. DA, DAL and HW for garden wastes have the lowest ranks for almost
all of the indicators. In addition to SE,P, more economic and environmentally oriented policies should
favor HW,P and SE,T. Moreover, DAL,P ranks high for most indicators except for environmental, due
to its high GHG emissions and moderate water consumption. DA,P has ranks low for most of the
indicators, except for technically occupying the highest position for production yield. Finally, among
the MOWs, paper and paperboard rank highest in most assessments.

5. Conclusions

This study presented a comprehensive sustainability assessment model covering the entire
lifecycle of bioethanol production (resources, transport, pretreatment and production) to produce
lignocellulosic bioethanol from various types of MOWs in Iceland: paper and paperboard, timber and
wood and garden waste. Moreover, we carried out an analysis and comparison of the 12 systems based
on sustainability impacts (economic, energy, environmental and technical) using the most common
pretreatment technologies: dilute acid, dilute alkali, hot water and steam explosion. Based on the
analysis conducted, the following conclusions can be reached:

(1) Among the MOWs, paper and paperboard rank highest in most assessments. The steam explosion
option is the most beneficial production technology from an economic, energy and environmental
perspective; thus, it would be the most promising technique for producing bioethenal from the
studied wastes.

(2) The dilute acid method also ranks highly, technically; however, this it is not a desirable option
due to its low energy performance, high production costs and high greenhouse gasses emission.

(3) Inaddition to steam explosion, more economic and environmentally oriented policies should
favor hot water technology, as no chemicals are required for treatment and the hydrolysis yield is
similar to that of other pretreatment methods.

(4) The dilute alkali technique for deriving bioethanol from paper also ranks highly for most
of the indicators, except for environmental, due to its high GHG emissions and moderate
water consumption.

(5) Finally, estimates of the potential of different wastes and bioethanol production types in 2015 and
2030 were calculated. The total amount of paper, timber and garden wastes in Iceland in 2015 can
be estimated as approximately 37, 40 and 16 thousand tons, respectively, which could increase to
about 47, 49 and 20 thousand tons by 2030. Thus, the average potential of bioethanol production
in 2015 was approximately 12.5, 11 and 3 thousand tons from paper, timber and garden wastes,
which may likewise increase to about 15.9, 13.7 and 3.7 thousand tons in 2030.
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