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Sommario in lingua italiana

Lo sfruttamento a fini energetici della biomassa é un tema di grande interesse nel panorama
energetico italiano. I motivi preponderanti di questo interesse sono ’abbondante disponibi-
lita ben distribuita sul territorio, il buon grado di efficienza ed affidabilité delle tecnologie di
conversione e la generosa incentivazione economica dell’energia elettrica prodotta dettata
dai recenti decreti ministeriali.

In questo contesto, una tecnologia di grande interessante risulta essere la gassificazione
di biomassa ligno-cellulosica. La tecnologia in questione é in grado di convertire la biomassa
solida in un vettore gassoso che pud essere a sua volta convertito in energia elettrica
attraverso sistemi quali macchine a fluido o dispositivi elettrochimici. La gassificazione
é ad oggi la tecnologia piu efficiente per convertire biomassa ligno-cellulosica in energia
elettrica, inoltre risulta sostenibile per quanto riguarda il bilancio ambientale della CO.

Questo lavoro di tesi risulta quindi incentrato su sistemi tecnologicamente avanzati che
gassificano biomassa ligno-cellulosica al fine di alimentare generatori stazionari di energia
elettrica. La prima parte dell’elaborato é focalizzato sulla caratterizzazione chimico-fisica
delle biomasse impiegate. Successivamente viene trattata la gassificazione sia da un punto
di vista chimico-analitico sia tecnologico, sono presentate e discusse le tipologie di gassifica-
tori pia diffuse nel panorama scientifico con particolare dettaglio in merito alle pit idonee
a processare biomassa ligno-cellulosica. Si é poi trattata la modellazione dei reattori
di gassificazione a letto fisso in cui sono illustrati tre diversi approcci modellistici di
completezza e complessité crescente. Per ogni modello, sviluppato partendo dalla letteratura
di riferimento, ¢ illustrata la validazione sperimentale ed il campo di applicabilita.

Nel seguito sono descritti e simulati al calcolatore alcuni sistemi di generazione compren-
sivi dello stadio di filtraggio/purificazione del gas, eventuale stoccaggio del gas e sua
conversione in energia elettrica.

Sono presi in considerazione alcune applicazioni d’avanguardia: sistemi di stoccaggio
ad assorbimento attivo della CO tramite zeoliti, sistemi di riduzione dell’azoto nell’aria
intesa come agente gassificante e sistemi elettrochimici con celle a combustibile ad ossidi
solidi per la generazione elettrica. A conclusione dell’indagine analitica sulla tecnologia si é
effettuata un’analisi economica costi-benefici di alcuni impianti commerciali a gassificazione
ligno-cellulosica di piccola taglia.

Sono descritti i guadagni derivanti dalla vendita dell’energia elettrica prodotta secondo
il programma d’incentivazione nazionale vigente ma anche i costi legati alla manutenzione
degli impianti e allo smaltimento dei sottoprodotti quali carbonella, catrami e condensati.

Per completezza viene illustrata un interessante applicazione della gassificazione: un
impianto per la generazione distribuita di biodiesel ed energia elettrica partendo da coltiva-
zioni energetiche in cui la gassificazione svolge un ruolo fondamentale nel processo di
produzione del biodiesel.
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Chapter 1

Introduction

1.1 Abstract

The biomass utilization for energy purposes is a topic of great interest in Italian energy
scenario. The predominant reasons of this are: the abundant availability and distribution
in the country, the good degree of reliability and efficiency of the conversion technologies
and the high founds for the yield electricity applied by the recent government rules.

In this context, a technology of great validity is the gasification of wood biomass. This
technology is able to turn solid biomass into a gaseous carrier called syngas which can be
converted into electrical energy through systems such as fluid machines or electrochemical
devices. The gasification is today the most efficient technology to convert wood into
electricity and it is also sustainable in terms of the environmental balance of COs.

Therefore, the thesis is focused on technological advanced systems which gasify wood
biomass in order to feed stationary generators of electricity. Chapter [2] is focused on the
physical-chemical characterization of wood biomass. Subsequently, in Chapter 3 gasification
is described from the chemical and analytical point of view and some applications are
introduced. The most common types of gasifiers in the scientific field are presented and
discussed. More details about the fixed bed gasifiers which are the most suitable reactors
able to process wood biomass are reported.

The modeling of fixed bed gasifier is presented in Chapter[d]and three different modeling
approaches of increasing complexity and completeness are discusses. For each model the
experimental validation and the applicability domain are shown. Chapter [5| describes
the modeling and the simulation of some biomass generation systems. The filtration,
purification and storage of the syngas and its conversion into electrical energy are taken into
account. Some advance applications are also considered: storage systems with absorption
of C'Oy using zeolite, reduction of the nitrogen in the inlet air considered as gasifier agent
and an electrochemical Solid Oxide Fuel Cell system for the electrical generation.

An economical cost - benefit analysis of some commercially available wood gasification
plants are made in Chapter [6l The profits from the sale of the generated electricity are
calculated taking into account the national founds program, furthermore the costs related
to the plant maintenance and disposal of byproducts such as charcoal and tar are reported.
Finally, an interesting application of gasification is described in Chapter[7} a plant for the
generation of biodiesel and electricity using oleaginose energy crops as source. In this
plant, the gasification of the protein cake obtained from the seeds pressing is used within
the production process of biodiesel.
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1.2 Biomass as renewable source: today and tomorrow

Biomass is today the largest source of worldwide renewable energy. About 10% of our
primary energy demand is currently met by biomass [I]. Biomass can provide all kinds
of energy that humans need: heat, electricity and also fuel for transport. The energy
derived from the biomass conversion, called bioenergy, is mainly used in residential areas
in developing countries and in the stationary power generation of the UE and US regions
as shown in Figure [1L 2.

In developing countries, the common use of biomass is cooking appliances or fuel for
fires which has a very low efficiency and high pollution. Over the next few decades, the
population growth in these areas will increase the biomass utilization. In this scenario, the
goal is to increase efficiency and to decrease the pollution of this rural system in order to
prevent health problems [I].

In OECD (Organisation for Economic Co-operation and Development) regions, the
biomass used in the home through technologies such as pellet or wood stoves is smaller
than the emerging countries. The use of the biomass for district heating or for co-firing in
coal plants is widespread in some countries such as Sweden, Finland, and Austria [IJ.

Power generation from biomass is predominant in the OECD countries thanks to the
previous national subsidies for renewable energy production, but China and Brazil have
quickly increased the bioenergy production in the last number of years [I].

So far, the bioenergy was strictly dependent on the state energy policy[3]. Unfortunetely,
in some countries the bioenergy production is now at a standstill due to the decrease of
funds and the increase of the cost of biomass [I]. The development of technology and
scale-economics are two crucial issues for the sustainability of bioenergy.

A statistical analysis of the growth of bioenergy predicts that by 2050, these will be
an increase to 160 EJ (exa-joules) which represents about 24 % of the world demand for
primary energy [I]. An amount of 60 EJ will be used for biofuels and 100 EJ for electricity
[4]. The upper part of Figure shows the predicted bioenergy consumption in the
different sector and the lower part of Figure shows the predicted electricity generation
by region.

In the future, small scale heating systems, including advanced biomass stoves, will
replace fires and the old biomass stoves in emerging countries. Biomass will substite coal
in old coal-fired plants. Gasification will be used to produce bioenergy and Biomethane
will replace methane [I]. Renewable electricity will increase from 19% in 2009 to almost
60% by 2050, with the remaining 40% coming from nuclear, coal, natural gas and other
fossil sources.

Bioenergy is generally a more usable source because it is more stable than other
renewable sources such as wind or solar photovoltaics [I]. Biogas and biomethane from
anaerobic digestion will be stored and used to produce electricity when demands peak.
However, the use of biomass for power generation varies between regions, depending on
the availability of biomass, conversion costs, and the availability of alternative low-carbon
energy sources. The goverment needs to reach policy goals to promote the proper use of
biomass.

Reference [2] descibes a method to put in place a rigorous national planning policy
strategy starting with the biomass plannig of a small region. Even if a country does not
have a national plan, it does not stop the regions from planning their regional biomass use.
Regional laws and commitments will strengthen the efforts of national governments to
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Figure 1.1: Global bioenergy consumption in buildings (up) and Global bioenergy
electricity generation (down) (adapted from [I])
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apply rules applicable to the whole country. Regional planning will lead to the application
of national law which will enhance the expertise of the local economy in this area. General
rules for good national biomass planning are:

e To study the connections between national and regional targets to better monitor
the progress.

e The evaluation of the impacts of increased biomass use for energy taking into account
other uses of biomass.

e A clearer outline of how planning outcomes will be realised.
e The development of improved mechanisms to share best experiences and practices.

e National level recognition of the competencies which will ensure planned changes are
carried out more effectively.
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Figure 1.2: Prediction of global bioenergy consumption in different sector (up) and
Prediction of global bioenergy electricity generation (down) (adapted from [1])
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1.3 Biomass to energy

1.3.1 Biomass definition and biomass feedstocks

A commonly used definition of biomass is: any organic, i.e. decomposing, matter derived
from plants or animals available on a renewable basis. Biomass includes woods, agricultural
crops, herbaceous and woodsy energy crops, municipal organic wastes as well as manure
11, 5, 6].

Unlike fossil fuel, biomass does not take millions of years to develop. Plants use sunlight
through photosynthesis to metabolize atmospheric carbon dioxide and grow. Animals grow
by taking in food from biomass. When it burns, the biomass releases carbon dioxide that
the plants absorb from the atmosphere. Thus, any burning of biomass does not add to the
Earth’s carbon dioxide balance. For this reason biomass conversion is considered to be a
"carbon neutral" technology.

A byproduct of the thermal conversion of biomass called biochar is considered as a
"carbon sequestration" method. Infact, the biochar applied to the soil allows the storage
of the carbon in the ground [7, 8, 9] 10]. Pyrolysis and gasification, detailed below, have
biochar as a byproduct therefore they are "carbon negative" technologies. Figure [I.3]
depicts the carbon cycle during bioenergy production on the left and the carbon cycle
during bioenergy and biochar production on the right [7].

Net carbon withdrawal Net carbon withdrawal
from atmosphere: 0% from atmosphere: 20%

%305 95eapIUOGIED

Bioenergy:
carbon neutral
(reduces
emissions
from fossil fuels)

Biochar sequestration: |5
carbon negative #

I | (reduces emissions |
y from biomass) =

Figure 1.3: Bioenergy carbon cycle (left) and bioenergy plus biochar carbon cycle (right)[7]

A wide range of biomass feedstocks can be used for heat and/or power production.
Figure [T.4 summarizes the widely used feedstocks for bioenergy production. Using wastes
such as sewage sludge and the organic fraction of municipal solid waste (MSW) as fuel
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provides an alternative method of disposal or offers an environmental treatment option
that reduces disposal costs. Environmental founds are often necessary to make projects
economically viable because the difficult characteristics of the feedstocks require specific
technologies with high capital and operating costs [I]. The technologies able to convert
waste into energy are combustion, anaerobic digestion and gasification [T}, [11].

Many bio-based industrial processes lead to the collection and concentration of large
volumes of residues at the point of production. The most suitable residues are sawdust and
wood for the timber industry and other by-products biologically degradable. For process
residues, the size of the bioenergy plant operation is determined by the availability of raw
materials [1].

The locally collected feedstocks, which are produced during harvesting operations in
agriculture or forestry, can be collected and brought to a central point for the conversion
into energy. These residues can be integrated with energy crops such as Short Rotation
Plantation (SRP) or Short Rotation Forestry (SRF) in order to boost the local availability
of raw materials and allow for operation on a larger scale [I].

The fourth category is pretreat solid, liquid and gaseous biomass feedstocks with
high energy density. This is suitable for international long-distance shipping and for use
in centralised heat (mainly industrial use) and power generation. Given the attractive
incentives in several European countries and the good degree of reliability and efficiency
of conversion technologies, many European companies are funding projects which adopt
these feedstocks as resource. Generally, biomass has several advantages over fossil fuels:

e [ts abundant availability.
e Its widespread distribution.

Its ease of collection.

Its utilization in "Carbon neutral or "carbon negative" processes in several cases.

Its contains less sulphur than oil or coal.

It increase the value of the agro-forestal production and therefore it helps the economics
growth of the territory.

On the other hand, these are the following technical and economical disadvantages of
using biomass energy:

e The bulk density and calorific value are lower than oil, coal and gas, which means
that transporting untreated feedstocks can be more difficult and costly.

e Some of the biomasses are only available for part of the year which means that the
logistics of these biomasses are complicated and expensive.

e Systems for storing and handling raw biomass are bigger and more costly than their
fossil fuels equivalents.

e Untreated biomass often contains high levels of moisture which reduces the net
calorific value, the system performance and the density of energy storage.
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e Pyrolysis, gasification and combustion systems have to be designed specifically taking
into account the chemical and physical characteristics of the biomass to avoid fouling
and corrosion problems.

All these issues suggest that systems for using biomass have to be specifically designed
to match the feedstock properties, and that pre-treatment of biomass before conversion to
energy is often necessary [1].

Common forms of pre-treatment include the most basic, drying, which aims to reduce
transport costs by reducing the high initial moisture content of many biomass feedstocks,
while also improving combustion efficiency and thus the overall economics of the process.
Pelletisation and Briquetting are commercially available, relatively simple technologies
used to mechanically compact bulky biomass such as sawdust or agricultural residues [12].
In Torrefaction, a process somewhat similar to traditional charcoal production, biomass is
heated up in the absence of oxygen to between 200 °C and 300 °C and turned into char.
The torrefied wood is typically pelletised and has a higher bulk density and 25% to 30%
higher energy density than conventional wood pellets, and properties closer to those of
coal [13| [14]. Another thermochemical pre-treatment process is pyrolysis, during which
biomass is heated to temperatures between 400-600 °C in absence of oxygen to produce
liquid pyrolysis oil (also referred to bio-oil), solid charcoal, and a product gas|5, [15] 16, [17].
Pyrolysis oil has about twice the energy density of wood pellets, making it viable for

long-distance transport [1].
Biomass
feedstocks
Processing Locally collected Internationally
residues feedstocks traded feedstocks

m Organic waste (MSW)  m Timber residues m Agricultural residues = Roundwood

m Sewage sludge m Black liquor (e.g. straw) m Wood chips
m Manure/dung m Bagasse m Forestry residues m Biomass pellets
m Rice husks m Roundwood (wood, torrefied)

m Food processing and thinnings m Biomethane

wastes m Energy crops m Pyrolysis oil

Figure 1.4: Different biomass feedstocks adopted for energy purposes|l]

1.3.2 Biomass conversion technologies

Figure shows the most common pathways of biomass to energy [6]. Generally, the
biomass grows as a result of solar energy, land, water and carbon dioxide in product
farming or in energy farming where the goal is to produce biomass for energy purposes.
Biomass is a byproduct of the product farming and it is often used in bioconversion
processes suitable for waste and processing biodegradable residues. These processes are
divided into three subcategories: extraction, digestion and fermentation/distillation.
Chemical compounds can be obtained by "extraction". The "digestion" generates
biogas with approximately 50% of methane [18]. The "fermentation" and "distillation" of
biomass generates ethanol which can be used in the chemical industry or/as bio-fuel [19].
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Figure 1.5: Pathways of biomass to energy|0]

The thermal conversion group consists of a group of processes where the heat is key for
biomass degradation, conversion and combustion. Depending on the desired effect of the
biomass the thermochemical processes are divided into:

e Gasification: This is a thermal process that occurs at peak temperatures between
800-1000 °C. The gasification process is divided into different phases such as drying,
pyrolysis, combustion and reduction [6]. The sequence of these phases depends on the
design of the reactor. The gasifier agents which are widely used are air and oxygen.
Air gasification generates a low HHV gas (4-5 MJ/Nm3) full of nitrogen. Oxygen
gasification is more costly and complicated but the syngas obtained has a medium
HHV value of 10-12 MJ/Nm? [20]. The gas produced through gasification is often
called synthesis gas (syngas) which can be used as engine fuel [21], for synthesis of
more complex fuels such as ammonia or methanol [22, 5, 23] or burned in order to
produce high temperature heat.

e Pyrolysis: This transforms biomass into gaseous, liquid and solid compounds.
The process can be obtained directly by the under-stoichiometric combustion of
biomass or indirectly if the heat is supplied externally. The process temperatures
are commonly set between 400 and 800 °C [I5], [I6]. The pyrolysis process can be
divided into different types depending on the speed and temperature, such as slow,
fast or flash pyrolysis [I7]. The products of the pyrolysis can be directly sent to an
engine or used as the basis for bio-fuel production. Pyrolysis is also a fundamental
part of the gasification process.
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e Liquification: During this process feedstock macro-molecular compounds are divided
into fragments of lighter molecules. This occurs in the presence of a suitable catalyst
such as water at a temperature of 525-600 K with a pressure of 5-20 MPa. At
the same time, these fragments, which are unstable and reactive, repolymerize into
oily compounds called bio-oils which are heavier. The bio-oil can be converted into
bio-fuel by specific chemical reactor [24], 25 26]. There are other processes including
the "supercritical water" method for the direct liquefaction of biomass [27].

e Combustion: The main product of biomass combustion is heat and during this
process the biomass is completely oxidized. Biomass combustion is commonly used
for heating, i.e. in stoves, boilers and district heating plants; in addition, it can also
be used for power generation in external combustion engines.

This work is focused on wood biomass gasification. Combustion is mentioned in next
sub-section in order to identify the most efficient wood to electrical energy process which
it is employed in this thesis.

1.3.3 Why considering using wood biomass gasification?

The commercial methods to convert the wood biomass into electrical energy are depicted
in Figure Several technologies for energy production may be considered. These can
be divided into two subareas:

e Gasification based technologies: Gasification can efficiently convert a solid fuel
into syngas which can be burned in internal and external thermal engines [6, 21]. An
Internal Combustion (IC) engine cannot be coupled with the gasifier if the syngas is
not adequately cleaned [6l 21]. However, this filtering process decreases the heating
value of the syngas due to the reduction of its tar content. For this purpose a
downdraft gasifier is the best choice due to the low tar and oil content in the produced
syngas [0, 2I]. Moreover, the "cold gas" efficiency of the gasification process is about
75% [20] because part of the chemical energy of the biomass is lost due to reactor
thermal losses or it is disposed as char and tar.

e Combustion based technologies: Direct combustion avoids problems related to
the char and tar disposal of the gasification plants. The thermal energy obtained in
such a way will be easily exploited in an Organic Rankine Cycle (ORC) plant, in an
External Firing Gas Turbine (EFGT), in a Stirling engine or in a Turbogas plant [28],
29, 30, 31]. During an Organic Rankine Cycle heat is supplied externally. The cycle
uses organic siloxanes as working fluid which operates between lower temperature
heat sources compared to the conventional Steam Rankine Cycle (SRC) [28]. A
modified version of the Brayton cycle is the EFGT which expands a hot air flow
that is heated in a radiant boiler [29]. The Stirling engine is an external combustion
reciprocating engine with an ideal high thermodynamic efficiency; however, the real
efficiency is lower as IC engine due to thermal and mechanical losses [30]. On the
other hand, Stirling engines require less maintenance compared to IC engines [31].

In Reference [32] various scenarios have been analyzed in order to identify the best
plant solutions for the energetic use of wood biomass. One of the first topics addressed is
the gasification: this technology is needed in plants that work only with syngas, such as
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Figure 1.6: Wood to electrical energy conversions pathways [32]

IC engines with diesel cycle or Turbogas. Different scenarios of a hypothetical 250 kWel
power plant have been evaluated. Solutions that can use both raw biomass and synthesis
gas, such as the ORC turbines or Stirling engines, have been considered.

Table [I.1] summarizes the results of the above comparisons. The IC engine plant
working with clean syngas has the best overall calculated efficiency of about 20.2 %,
whereby the total biomass consumption of this solution is the lowest as can be seen in
Figure The annual biomass consumption is the lowest due to the good efficiency of
the engine compared with other technologies. However, the disposal or reutilization of
the tar and char is required. To overcome this issue, an advance wood to energy system
layout is discussed and modeled in Chapter [5| The system proposed is equipped with a
filtering system that it is able to reduce the nitrogen of the inlet air. This increases the
gasification efficiency and reduces the tar yield. In addition, the IC engine is replaced with
a SOFC-MGT generation unit which is able to increase the overall efficiency to 33%.
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Figure 1.7: Annual biomass consumption of different conversion technologies

Table 1.1: Performance comparison of different conversion technologies

Plant type Required biomass Total electrical efficiency
[10° kg /yea] %)
ORC with BB 2785 14.6
ORC with CS 3164 12.9
ORC with RS 3074 13.2
Stirling with BB 3116 13.0
Stirling with CS 3139 12.9
Stirling with RS 3050 13.3
EFGT with BB 2406 16.9
EFGT with CS 2424 16.8
EFGT with RS 2355 17.3
Gas Turbine with CS 2260 18.0
IC Engine with CS 2018 20.2

Legend: BB = biomass burner; CS = clean syngas; RS = raw syngas.







Chapter 2

Wood biomass characterizarion

The wood is part of the category of ligno-cellulosic biomasses. It is typically made of
hollow, elongated, spindle-shaped cells arranged parallel to each other [5]. Figur shows
a macroscopic view of a trasverse section of a Quercus alba trunk [33]. Beginning at
the outside of the tree there is the outer bark (ob). Next is the inner bark (ib) and
then the vascular cambium (vc) which is too narrow to see in this magnification. In the
interior toward the vascular cambium is the sapwood which is easily differentiated from
the heartwood which is closest to the pith (p) in the center.

Figure 2.1: Macroscopic view of a trasverse section of a Quercus alba trunk [33]

The polymeric composition of the cell walls and other constituents of biomass vary
widely [34], but they are essentially made of three major polymers: cellulose, hemicellulose
and lignin.

The cellulose is the most common organic compound on Earth and it is the primary
structural component of the cell walls in biomass. Its amount varies from 90% (in weight)
in cotton to 33% for most other plants. Cellulose is a long chain polymer with a high
degree of polymerization and a large molecular weight [35] which is represented by the
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generic formula (CsH1005)y,-

Hemicellulose is another constituent of the cell walls of a plant. While the cellulose
is of a crystalline and strong structure that is resistant to hydrolysis, hemicellulose has a
random and amorphous structure with little strength. It is a group of carbohydrates with
a branched chain structure and a lower degree of polymerization (100-200), and which is
represented by the generic formula (CsHgO4),, [35].

Lignin is a complex, highly branched polymer of phenylpropane and it is an integral
part of the secondary cell walls of plants. The lignin is the cementing agent for cellulose
fibers which holds adjacent cells together.

Table[2.1]shows the polymeric composition of some types of wood. Unlike carbohydrates
or starch, the ligno-cellulose is not easily digested by humans so these biomasses are not
part of the human food chain. For this reason, its use for thermochemical conversion into
energy does not threaten the world’s food supply.

There is a growing interest in the cultivation of plants exclusively for the production
of energy. These crops are ligno-cellulosic and known as SFR [36]. They typically have
a short growing period, high yields and require little or no fertilizer, so they provide a
quick return on investment. Energy crops are planted more densely than common crops
which increase the productivity. For energy production, woody crops such as Miscanthus,
Willow, Switchgrass, and Poplar are widely utilized. These plants have a high energy yield
per unit area of land and they require much less energy for cultivation [5].

Table 2.1: Commonly ligno-cellulosic woods composition [34]

Plant Lignin [% wt] Cellulose [% wt| Emicellulose |% wt|
Deciduous 18-25 40-44 15-35
Coniferous 25-35 40-44 20-32
Willow 25 50 19

Larch 35 26 27

2.1 Wood biomass structure

The main components of the plant are "extractives", cell walls and ashes. The "extractives"
are substances such as protein, oil, sugar, etc. which cover the vegetable tissue. It is
possible to extract this coumpound from the plant using a solvent treatment. The cell wall
provides the necessary structural strenght to support the plant. Normally, a cell is made of
carbohydrate fibers (mainly cellulose and hemicellulose) and lignine which hold the fibers
together.

The ash is the inorganic component of the biomass. The ash content of wood biomass
is generally very small (about 1-5 %), but may play a significant role in the utilization of
biomass especially if it contains alkali metals such as potassium, or halides such as chlorine.

2.2 Classification of wood as fuel

"Atomic ratio", "ratio of ligno-cellulose constituents" and "ternary diagram" are three
methods which characterise the biomass as fuel from its chemical composition [5]. Atomic
ratio is a useful approach to identify qualitatively the Higher Heating Value HHV [MJ /kg|
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of the fuel. As shown in upper part of Figure 2.2] the increase of the oxygen to carbon
(O/C) atomic ratio creates a decrease of the HHV. In fact, the anthracite has an O/C
atomic ratio of 0.1 and its HHV is 38 MJ/kg, whereas the common wood biomass has
an O/C atomic ratio of 0.7 and its HHV is 15 MJ/kg. Futhermore, an increase of the
hydrogen to carbon (H/C) atomic ratio decreases the HHV .

The biomass age influences the O/C ratio, for example the energy content of the oldest
coal and anthracite is higher than fresh plant biomass. The high O/C ratio fuel produces
high volatile and the high H/C ratio fuel produces a high liquid compost. Unfortunely,
high oxygen reacts with hydrogen to produce water so the high H/C content does not
translate into a high gas yield [37].

A further biomass classification is based on the relative ratios of cellulose, hemicellulose
and lignin. It is possible to estimate the "pyrolysis attitude" of the biomass starting
from its polymeric components ratio [37]. Biomasses with similar hemicellulose-lignin and
cellulose-lignin ratios have similar physical and chemical properties. For typical biomasses,
the cellulose-lignin ratio increases from 0.5 to 2.7, while the hemicellulose-lignin ratio
increases from 0.5 to 2.0.

Finally, the ternary diagramm depicted in the lower part of Figure[2.2]is a useful method
for analyzing the biomass conversion processes. Each angle of the triangle represents a pure
component: the bottom left angle is Carbon, the bottom right angle is Oxygen and the
top angle is Hydrogen. Opposite each angle, the concentration of the component is zero.
Generally, biomass fuel is closer to the hydrogen and oxygen angles compared to coal, so the
biomass contains more hydrogen and oxygen than coal. In the ternary diagramm reported
in the lower part of Figure some conversion processes are shown: the slow pyrolysis (P)
moves the products toward carbon through the formation of solid char; the fast pyrolysis
(F) moves the products toward hydrogen and away from oxygen which creates a higher
liquid production; Oxygen gasification (O) moves the products toward the oxygen corner;
Steam gasification (S) takes the process away from the carbon corner and Hydrogenation
process (H) increases the hydrogen and thus it moves the products towards the hydrogen
angle.

2.3 Thermo-physical properties

The thermo-physical properties of the biomass influence its pyrolysis and gasification
behaviour. Permeability is an important factor in pyrolysis, thermal conductivity and
diffusivity influence thermochemical conversions.

The composition and the physical proprieties of biomass is often expressed on a different
basis depending on the situation. The following conditions are commonly used:

e As received (as): The conditions of raw biomass, often with high moisture.

e Air dry (ad): The conditions of biomass after a hot air drying treatment where the
heart temperature of biomass doesn’t reach 100 °C. The total percentage of moisture
M % wt] is given by the sum of two factors: 1) the surface moisture My [% wt]
and 2) the inherent moisture M; |% wt|. In this case, the surface moisture M, is
removed while the inherent moisture is retained. To calculate the generic constituent
percentage on an air-dry basis starting from an as-received basis, the amount of the
constituent is divided by the total mass of the sample minus the surface moisture
mass.
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Figure 2.2: Classification of fuel by their H/C and O/C atomic ratios [37] (up) and C-H-O
ternary diagramm of biomass showing the gasification process (down) |5l 37]
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e Total dry (db): The conditions of biomass after a drying treatment with hot air
where the heart temperature of biomass exceeds 100 °C. In a such a way, the total
moisture percentage M is removed. To calculate the generic constituent percentage
in this case, the amount of the constituent is divided by the total mass minus the
total moisture mass.

e Dry ash-free (daf): Ash is the non organic component of the biomass. To calculate
the generic constituent percentage in this case, the amount of the constituent is
divided by the total mass minus the total moisture mass and the ash mass.

Taking into account these conditions, some crucial thermo-physical properties are
defined and discussed below.

2.3.1 Density

The most important physical property to consider is the density p [kg/m3]. For granular
biomass, three characteristic densities are defined: true, apparent and bulk.

The true density (prue) is the weight per unit volume occupied by the solid constituent
of the biomass. The true density of the most wood cell walls is about 1530 kg/m?. However,
the calculation of the true density is difficult because it is hard to measure the true solid
volume which can be obtained with a picnometer [5].

It is easy to measure the apparent volume of a sample of biomass and its related
apparent density (pgpp). This measure includes the internal pores of a biomass particle
but not the interstitial volume between biomass particles packed together. For this reason,
the bulk density (ppux) based on the overall space occupied by an amount or a group of
biomass particles is defined. The bulk volume includes interstitial volume between the
particles and it depends on how the biomass is packed. The previous densities can be

calculated as following;:

Papp = ptrue(l - €p) (2~3~1)

Poulk = Papp(l — €p) (2.3.2)

where €, [ad| is the void fraction of the biomass particle and €, [ad| is the void fraction
of particle packing.

2.3.2 Thermal conductivity

Biomass particles, however small they may be, are subject to heat conduction along and
across their fiber, which in turn influences their pyrolysis behaviour. Conductivity also
depends on the biomass moisture content, porosity and temperature. Some of these depend
on the degree of conversion, as the biomass undergoes combustion or gasification. Typical
wood is made of fiber walls which have channels carrying gas and moisture. Reference [5]
reviews some experimental formulas to calculate the thermal conductivity along and across
the grains of the wood.
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2.3.3 Specific heat

The specific heat of biomass is adopted in several model of termochemical conversion such
as the pyrolysis and the gasification. The specific heat C, |kJ kg7' K] of general wood
biomass can be calculated by the Equation 2.3.3] valid in the temperature range between 0
- 106 °C [38]. The inflence of the moisture on the specific heat of the biomass is correlated

by the Equation [2:3:4]

Cpr = 0.266 + 0.00116T (2.3.3)

Cp == Mweth + (]. - Mwet)cp,T (234)

where T [°C] is the temperature; My, [% wt| is the total moisture fraction on wet
basis and C,, is the specific heat of water.

2.3.4 Heat of formation and heat of reaction

Heat Formation (HF), also known as Enthalpy Formation, is the change in the enthalpy
change of one mole of a product when it is formed by the reaction of the reagent in its
standard state of 25 °C and 1 atm. If the compound is formed through multiple steps,
HF is the sum of the enthalpy change in each step of the process. The simplest gases such
as Hy, Oy, Ny etc. are not compounds and the heat of formation for them is zero. To
calculate the HF of the biomass, it is necessary to know the Heat Reaction (HR) of the
combustion of the biomass. HR is the amount of heat released or adsorbed in a chemical
reaction with no change in temperature. Considering the combustion reaction, HR is also
known as heat of combustion AH.,mp and can be calculated by the following equation:

HR = A}Icomb = Z HFproducts - Z HFreagents (235)

For example, if we assume CH1 3500617 as the chemical formula of sawdust, its heat of
formation results -80.5 kJ/mol.

2.3.5 Ignition

When the fuel is heated by external means, the rate of the exothermic reaction increases
with a corresponding increase in the heat generation rate. Above a certain temperature,
the rate of heat generation matches or exceeds the rate of heat loss. When this happens, the
process becomes self-sustainable and this temperature is knows as the ignition temperature.

This temperature is an important property of any fuel because the combustion reaction
of the fuel becomes stable only when it is higher than it. The ignition temperature
is generally lower for fuel with higher volatile matter. Biomass particles have a higher
volatile matter content (about 70%) and therefore they have a significantly lower ignition
temperature of about 250 °C [5], 39].

2.3.6 Higher and lower heating values

Higher Heating Value (HHV) is defined as the amount of heat released by the unit mass
or the volume of fuel which is initially 25 °C when it is combusted and the products
have returned to a temperature of 25 °C. HHV includes the latent heat of vaporization
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of the water and it can be measured in a Mahler bomb calorimeter [40] where a sample
of biomass of known mass is burned in a closed vessel filled with oxygen at 20-25 atm in
order to assure the complete combustion of the sample. The reaction at constant volume
generates thermal energy equal to the decrease of the internal energy of the system AU
[J]. The heat of combustion AH .y is calculated by:

AHoomy = AU + AnRT (2.3.6)

where An [mol] is the moles variation of the gas, R [J mol™* K~} is the universal gas
constant and 7" [K] is the temperature. The difference between A H .y, and AU is small for
solid fuel such as biomass (about 0.1 %), so often the AH .y, is considered similar to AU.
The method to evaluate AU is to immerse the "bomb" into a quasi-adiabatic vessel filled
with a known amount of water. The combustion increases the water temperature with a
specific trend and a graphical method exposed in [40] permits to calculate the average AT
of the water. The AU of water is assumed equal to the AH .y, and it is evaluated using
the equation:

AI—Icomb = AUwater = KAT (237)

where the calorimeter constant K |J/K]| was previuosly calculated through a calibration
process described in [40]. Considering the biomass conditions, the HHV can be expressed
in three common ways:

HHV,, = 2 (2.3.8)
mg
HHVy = — % (2.3.9)
mf — Mmpy
HHVy.f = @ (2.3.10)

myg —mpr — MASH

where @ [MJ] is the heat of combustion of an amount of "as-received" biomass, m
[kg| is the "as-received" mass of the feedstock, mys [kg| is the mass of total moisture in the
feedstock and m gy [kg| is the mass of ash in the feedstock. The HHV, ¢ of soft wood is
about 17 MJ/kg and of hard woods is about 20 MJ/kg. A complete database of heating
values for widely used biomass and waste is available on the web [41].

Several technologies, such as boilers or conventional heat generators are not able to
condensate the steam inside the exhaust gases of combustion. In these cases, the latent
heat of the vaporization of water is it not recovered. For this reason, a new heating value
need to be considered: the lower heating value (LHV). It is defined by the amount of heat
released by the full combustion of a specified quantity of fuel minus the heat of vaporization
of the water in the combustion products. The LHV can be evaluated from the HHV by
the following equation:

oH M) (2.3.11)

LHV =HHV —r | —+ —
" (100 T 100
where r [kJ/kg] is the the latent heat of water at atmosferic pressure, H and M are the

hydrogen and total moisture mass percentage of the "as-received" biomass respectively.
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2.4 Chemical analysis

Wood biomass contains several complex organic compounds, moisture and a small amount
of inorganic impurities. The organic compounds comprise of four principal elements:
carbon, hydrogen, oxygen and nitrogen. Some biomasses from agricoltural residues and
treated wood such as demolition wood from buildings and structures may contain small
amounts of sulfur or chlorine. The composition of the feedstock is vital to simulate
and design the conversion processes. Two methods are widely applied to evaluate the
composition of biomasses: Proximate and Ultimate analyisis.

2.4.1 Proximate analysis

Proximate analysis is a simple and inexpensive process which gives the gross composition
of an "as-received" biomass sample. These are: the total moisture (M), the volatile matter
(VM), the ash (ASH) and the fixed carbon (FC). The M and ASH percentages which
are determined by the proximate analysis are the same as that obtained by the ultimate
analysis. However, the fixed carbon in proximate analysis is different from the carbon in
ultimate analysis because it does not include the carbon in the volatile matter.

The latter is the condensable and noncondensable vapour released when the fuel is
heated to a standard temperature of 950 °C for wood biomass and at a standard rate in a
controlled environment for seven minutes [5].

The ash is the inorganic solid residue left after the fuel has been completely burned. Its
primary ingredients are silica, aluminum, iron, and calcium; small amounts of magnesium,
titanium, sodium, and potassium may also be present. The ash content of biomass is
generally very low, but may play a significant role in the use of biomass especially if it
contains alkali metals such as potassium or halides such as chlorine. Straw, grasses, and
demolition wood are particularly susceptible to this problem. These components can lead
to serious agglomeration, fouling and corrosion in boilers or gasifiers [42].

A method which evaluates the risk of agglomeration in a type of wood biomass is
explained in [43]. A sample of biomass was heated in a kiln for 3 hours at 550 °C in order
to reduce it to ashes. Then a parallelepipeon of pressed ashes was tested in an optical
vertical dilatometer. The dilatometer was heated to 500 °C and then the ash sample
was added considering the flash test mode as suggested by [44]. The temperature of the
instrument rose to 850 °C at a rate of 80° C/minute and then the heaters were turned off,
letting the sample cool down. Figure reports three different trends: 1) the temperature
of the sample from the moment it was inserted in the heated part of the instrument, 2) the
percentage of sintering that was evaluated measuring the height variations of the sample
and 3) the variation of the crossing area of the sample. The most important trend is that
of sintering. A reduction under the 95% range is a consequence of "ash sinterization" and
therefore "slagging" is imminent.

The ash obtained from biomass conversion does not necessarily come from the biomass
entirely. During collection, biomass is often scraped off the forest floor and then undergoes
multiple handlings, during which it can pick up a considerable amount of dirt, rock,
and other impurities. In many plants, these impurities constitute the major inorganic
component of the biomass feedstock.

A high moisture is ordinary for most common biomass. The moisture can be expressed
in the "dry basis" (Mgy,) condition or in the "wet basis" (Mye:) condition as follows:
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Figure 2.3: Thermal microscophy analysis of a poplar woodchip ash sample

Mgy = el Z T dry (2.4.1)

mf.dry

Myyoq = et — T dry (2.4.2)

mf wet

where my e [kg| is the wet mass of feedstock and my gr, |kg| is the dry mass of
feedstock. M, is considered in composition calculations, instead Mg, is used for feedstock
trading.

The Mg, of the biomass can be as high as 90% [5]. The moisture drains much of
the deliverable energy from a gasification plant, as the energy used in evaporation is not
recovered. This important input design parameter must be known for the assessment of
the cost of the energy required for drying the biomass. For example, the total moisture
of most common "as-received" wood chips used as feedstock in gasification power plants
is about 40-50 %. In this case, a drying to 10-15 % of My is necessary to assure a good
efficiency of the gasifier [6], 22, [5 21].

Finally, the fixed carbon F'C' of the feedstock represents the solid carbon in the biomass
that remains in the char after devolatilization. For gasification analysis, F'C'is an important
parameter because in most gasifiers the conversion of fixed carbon into gases determines
the rate of gasification and its yield. This conversion reaction is the slowest and it is used
to determine the size of the gasifier. Experimentally, it is obtained by:

FC=100—M — VM — ASH (2.4.3)
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2.4.2 Ultimate analysis

Ultimate analysis is a complex chemical method to estimate the composition of feedstocks
described in terms of its basic elements except for M and ASH [5]. Results of a general
ultimate analysis of an "as-received" biomass sample can be summarized as follow:

C+H+O+N+S+ASH + M =100% (2.4.4)

where C,H,O,N and S are the carbon, hydrogen, oxygen, nitrogen, and sulfur weight
percentages. Several times, S is not present in the biomass. Moreover, H and O not include
the hydrogen and the oxygen of the moisture. With the composition of the feedstock, it is
possible to calculate the equivalent chemical formula of as-received biomass (CH,O,N)
used into mathematical models by these relation:

H s+« MW¢g

_2*x MW 2.4.5
T Cw MWy (24:5)
Ox MW¢e
_rxre 2.4,
Y= M, (24.6)
N« MWc
e dde] 2.4,
T 0 MWy (247)

where MWe, MWy, MWo and MWy [g/mol| are the atomic weights of carbon,
hydrogen, oxygen and nitrogen. The feedstock composition can be transposed in the
"total dry" conditions using the Equation2.4.§ and in "dry ash-free" conditions using the
Equation2.4.9

Cap + Hap + Oay + Nap + Sap + ASH g, = 100% (2.4.8)

Caaf + Haaf + Odas + Naaf + Saay = 100% (2.4.9)

Furthermore, the H HVy, of the biomass can be estimated with the following relation
developed by Channiwala and Parikh [45]:

HHVy[kJ/kg] = 349.1Cq + 1178.3H g, + 100.55 4, + 103.404, + 15.1Ng, — 21.1AS H g,

(2.4.10)

This equation is generalized for solid, liquid and gas fuel but it is valid in a specific range

reported in [45]. Another important information, that can be derived from the composition

of the feedstock is the stoichiometric amount of air for the complete combustion fo the

biomass. Considering the dry air composed by 23.16 % of oxigen, 76.8% of nitrogen and

0.04% of inert gases, its stoichiometric mass mqq |kJ/kgdp, fuer] necessary for the complete
combustion of 1 kg of biomass is:

My = 0.1153C 4 + 0.3434(Hdb + Odb/S) + 0.0434Sy, (2.4.11)




Chapter 3

(asification

Gasification is a thermochemical process which occurs through incomplete oxidation at
high temperatures of solid fuels. Usually, the temperature ranges from 600 to 1000 °C and
the goal of the process is to produce a low or medium HHV syngas essentialy composed
by burner gases as Ho, CO, CH,4 and diluent gases as No, COo and H20O. Gasification
occurs also in the combustion of wood biomass. Fox example, in a matchstick reported
in Figure the gases and the soot generated from the pyrolysis of wood burn and give
the heat necessary to pyrolize the volatile matter of the biomass. The heat necessary to
start the process is given by the combustion of the tip of sulfur. The flame is composed
by different gases and soot burning: the most orange and luminous is the flame generated
by the soot, instead the flame of gases and tar burning has a characteristic yellow colour.
The exhaust are trasparent, instead the generation of gas of pyrolysis is blue. The wood
becomes before charcoal and after ash during the combustion [6].

The syngas combustion has numerous advantages respect the biomass combustion.
First of all, the control and regulation of the combustion is much flexible and the exhausts
have a high temperature which permits to achieve a great efficiency according to Carnot
principle [46]. The syngas combustion is clearer than the biomass combustion in terms of
soot, HC and CO emissions. Furthermore, as shows in Introduction, the gasification of
wood biomass allows to achieve the highest electrical energy conversion efficiency starting
from wood biomass as feedstock.

The syngas is also suitable for synthetic liquids and pyrolysis oil production and for
steam generation as shown in Figure Air gasifiers generate low HHYV gas with about
50% of Ny and this is ideal for power and steam production. Oxygen and hydrogen
gasifiers are able to produce medium HHV gas suitable for steam generation, synthetic
fuel production and energy vector utilization in pipeline. Pyrolysis gasifiers generated
pyrolytic gas, pyrolysis oil and char. A part of the char yield is used to produce the heat
necessary to supply the pyrolysis reaction.

In this Chapter, the process of biomass gasification are described, the chemical reactions
that occurs are reported and the most common fixed bed gasifier reactors are exposed.

3.1 Processes in gasification

A general gasification reaction that occours in gasifiers is a complex mechanism composed
by 5 processes whose presence and succession depends on the reactor type as shown in
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Figure |3.3}

e Drying: The total moisture of a freshly cut wood ranges between 30 and 60 %.
A minimum energy of 2.26 MJ is needed to take away a kilogram of water in the
feedstock and it is not recoverable. A pre-drying of wood to 10-20 % of moisture is
necessary before gasification. The final drying takes place after the biomass enters
into the gasifier, where it receives heat from the hot zone downstream. The surface
moisture is removed above 100 °C, over this temperature the VM start volatilizing.
The drying zone in the gasifier ends over 200 °C.

e Pyrolysis: In gasifiers, the pyrolysis involves the thermal breakdown of larger
hydrocarbon molecules of biomass into smaller gas molecules which can be condensable
and non condensable. No major chemical gasifying medium such as air or oxygen do
not partecipate to the pyrolysis. As shown in Figure the slow pyrolysis moves the
composition toward to the carbon corner, instead the fast pyrolysis moves toward the
C-H axis opposite the oxygen corner so the oxygen decrease and thus we expect more
liquid hydrocarbon. In the slow pyrolysis (often called carbonization), the heating
time of few days to reach the final pyrolysis temperature of about 400 °C is much
higher than the pyrolysis reaction time. The slow pyrolysis has been known since
time immemorial for the production of charcoal beehive oven in which large logs
were stacked and covered by a clay wall and a small fire at the bottom provided the
required heat. In fact, the goal of the fast pyrolysis is to maximize the production
of bio-oil. The biomass is heated so rapidly that it reaches the peak of about 800 °C
before it decomposes. In gasifiers often occours a sort of conventional pyrolysis which
involves the production of gas, char and tar (described below). The dried biomass is
heated at a moderate rate and at a moderate temperature ( 600 °C). The products
residence time is few minutes.

e Combustion: Part of char and tar produced by the pyrolysis is burned with air or
oxygen as oxidizing agent. The products of combustion are water and C'Os which
react in the reduction zone of the gasifier. The combustion zone is necessary to give
the heat for pyrolysis and tar cracking.

e Cracking: The tar is a complex mixture of condensable hydrocarbons including,
among others, ring aromatic and complex polyaromatic hydrocarbons. It appears
such as a thick, black, highly viscous liquid which condenses in the low temperature
zones of a gasifier, clogging the gas passage and leading to system disruptions [5, [47,
48]. The tar produced in the pyrolysis process inside the gasifier, also known as tarry
gas it is in its gaseous phase and must be cracked in small moleculas such as Hs and
CO by the heat coming from the combustion inside the reactor or coming from an
external heat source. Furthermore, the syngas produced by the gasifier has a big
amount of tar and a possible way to reduce it is an external heating up. Generally,
the tar must be heated up to 1200 ° or to 800 ¢ with a catalyst to crack the tar
molecules [5].

e Reduction: This process involves chemical reactions among the hydrocarbons,
steam, carbon dioxide, oxygen and hydrogen in the reactor, as well as chemical
reactions among the evolved gases. Of these, char reduction is the most important.
The char produced through pyrolysis of biomass is not necessarily pure carbon. It
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contains a certain amount of hydrocarbon comprising hydrogen and oxygen. The
char from biomass is generally more porous and reactive than coke. Its porosity is
in the range between 40 and 50% while the porosity of the coal ranges between 2
and 18%. Thus, its reaction behaviour is different from coal, lignite or peat. The
reduction of the char from biomass involves several reactions between the char and
the gasifying mediums. The reduction reactions are generally endothermic, but some
of them can be exothermic as well.
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Figure 3.3: Processes in wood biomass gasification

3.2 Gasification chemical reaction

Inside gasifier reactors occur several chemical reaction which can be classified in 5 types
depending on the reaction mechanims: carbon, oxidation, shift, methanation and steam
reforming.

3.2.1 Carbon reactions

There are four carbon reaction of interest in gasification [5]:

Boudouard: C + COz <+ 2CO + 172kJ/mol (3.2.1)
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Water-gas: C' + H20 < CO + Hy + 131kJ/mol (3.2.2)
Hydrogasification: C' + 2Hy <+ CHy — 74.8k.J /mol (3.2.3)
Char-oxygen: C + 0.502 — CO — 111kJ/mol (3.2.4)

The char-oxygen reaction is the fastes carbon reaction. The water-gas is the most
important gasification reaction and its rate is three to five orders of magnitude slower than
that the char-oxygen reaction. The presence of hydrogen has a strong inhibiting effect on
the water-gas reaction [5].

The Boudouard is six to seven orders of magnitude slower than char-oxygen and it is
insignificant below 1000 K. The hydrogasification is the slowest of all and it is important
in the production of synthetic natural gas (SNG) [5].

3.2.2 Oxidation reactions

Four exothermic oxidation reaction happen in the combustion zone for air and oxygen
gasifiers:

Char oxydation: C' + Oy — CO3 — 394kJ/mol (3.2.5)

Carbon monoxide oxydation: CO + 0.502 — COy — 284kJ/mol (3.2.6)
Methane oxydation: CHy 4 209 <> CO2 + 2H20 — 803k.J/mol (3.2.7)
Hydrogen oxydation: Ha 4 0.502 <+ HaO — 242kJ/mol (3.2.8)

The char, carbon monoxide, methane and hydrogen generated by pyrolysis react with
the oxygen of the gasifying agent to generate COs, water and heat required for heating,
drying and pyrolyzing processes. The char oxydation gives the highest amount of heat per
mole of carbon consumed, but also char-oxygen is exothermic and produces fuel gas CO.
When the carbon comes in contact with the oxygen, both char-oxigen and char oxydation
can take place, but their extent depends on the temperature. A partition coefficient 6
may be defined to determine the partition of the oxygen between the two reaction. These
reaction can be merged togheter:

0C +02 —2(0—1)CO+(2—6)CO; (3.2.9)
6 ranges from 1 to 2 and it is influenced by surface temperature of char T' [K] [5]:

[CO]

¥=1co,

= 2400 exp — (6234/T) (3.2.10)
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3.2.3 Water-gas shift reaction

The water-gas shift reaction is an important gas-phase reaction. It increases the hydrogen
content of the gasification product gas at the expense of carbon monoxide:

Water-gas shift: CO + H20 <> CO2 + Hy — 41.2k.J /mol (3.2.11)

This is a prestep in syngas production in the downstream of a gasifier where the ratio of
hydrogen and carbon monoxide in the product gas is critical. The water-gas shift reaction
is slightly exothermic and its equilibrium decreases slowly with temperature. Depending
on temperature, it may be driven in either direction. Above 1000 °C it rapidly reaches
equilibrium, but at a lower temperature it needs heterogeneous catalysts [5].

3.2.4 Methanation reactions

Two methanation reactions are considered in gasification [5]:

200 + 2Hy — CHy + CO3 — 247k.J /mol (3.2.12)

CO9+4Hy — CHy +2H50 — 165kJ/mol (3.2.13)

3.2.5 Steam-Reforming reactions

The methane steam-reforming reactions that occour in gasifiers are the following [5]:

CHy + H0O < CO + 3Hy —|—206kJ/m0l (3.2.14)
CHy +0.505 — CO + 2Hy — 36k.J /mol (3.2.15)

3.3 Gasifier classification

The gasifiers can be classified following a scheme of 5 phases as shown in Figure

1. Medium: It rapresent the gasication agent inside the reactor. The widely used are
air, steam and oxygen. The air as gasification agent presents two major advantages:
it is costless and constantly available. It usually generates a gas with low HHV
between 4 to 7 MJ/Nm? and the reactors work with temperatures around 800-1000
°C |22, 49, 6l 50} [51]. This technology is commonly coupled with fixed bed gasifiers
in order to create simple units, but in literature bubbling or fluidized bed gasifiers
using air as well can be found [52] [53] [54].

The gasifiers operating with pure oxygen produce a gas with a heating value higher
than the air-blown one, in fact the HHV of the gas can reach 12-28 MJ/Nm? [55, 6]
50, B]. Oxygen is highly reactive and it is able to process, through high temperature
gasification, a wide range of materials. Oxygen-blown gasifiers were also used for
pure carbon monoxide production using coke as fuel [56]. The carbon monoxide and
hydrogen content in an oxygen blown gasifier can reach the 90% [50]. There are cases
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of study where it is sufficient to add oxygen to air in order to increase the gasifier
performance [57, 58, 59].

In steam gasifier, a rich gas with a HHV between 10 and 18 MJ/Nm? was created
but the reactions which take place are strongly endothermic. On the other hand, it
does not need an oxygen generator which is complex and it consumes much energy.
Before entering the reactor, the water passes through a steam generator that consist
basically in a pressurized boiler [5 [50} [60, [61]. The steam gasification is used for
synthesis of methanol and other chemicals due to the costs and the characteristics of
the produced gas [62, [63] 64].

2. Heat source: As discussed above, the most important reduction reactions are
endothermic, whereby it is need some heat to balance the reactions. This heat
can be given by exothermic oxidation reaction inside the reactor (auto-thermal) or
outside the reactor (allo-thermal).

3. Design: The design of the reactor is based on gas-solid contacting mode. There
are three types: fixed bed, fluized bed and entrained flow. The fixed gasifiers are
further subdivided into specific types as shown in Figure[3.5] There is an appropriate
range of application for each. For example, the fixed-bed (updraft and downdraft)
type is used for smaller units from 10 kW;, to 10 MWy,; the fluidized-bed type is
more appropriate for intermediate units from 5 MWy, to 100 MW,,; entrained-flow
reactors are used for large-capacity units over 50 MWy,.

4. Purpose: the syngas can be used for heat production i.e. in a furnace or used as
engine fuel for electrical power production or used for the production of bio-fuels
or SNG or ammonia. It is important to underline that there are some external
combustion power systems, i.e. EFGT [65] that make this classification difficult to
set properly.

5. Scale: Large scale plants over 1 MW, or 3 MWy, were first designed for coal
gasification [60] [6]. During the last decades, different attempts to design or convert
big installation for power production were made [67, 68, [69, [70]. The power is
generated with a steam ranking cycle or a gas turbine for large application, in some
cases the presence of a second fuel for co-firing is reported [49] [71]. Installations with
power output of about 1-5 MW,; can work with IC engines |72} [73], [74, [75] or ORC
turbines [706, [77, [7§].

Medium scale plants range from 0.3 MWy, to 3 MWy, and they work normally with
IC engines, EFGT, Stirling, SOFC or MGFC units [20, [79, 80, 811, [82], 83, 84, [85), [86].

The diffusion of small power plants below 0.3 MWy, has increased in recent years
[87, 88, [89, [90] 911, [92] due to fossil fuel cost and increasing energy demand even in
emerging countries.

Finally, for the comprehension of kinetics, the effect of different parameters on
gasification outputs and effectiveness of hypothesis for reactor design, it is possible
to use lab scale gasifiers where there is an optimum control on the process [93] 94].
It is fundamental to understand the limits of this approach, were the down-scaling
effect is ruled by equations and hypothesis [95] 96 97].
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This thesis concerns the following type: air-blown, auto-thermal, fixed-bed, downdraft
gasifiers for medium and small electrical power production. A brief description of fixed
bed reactor design is reported below.

3.4 Fixed bed gasifier

Also called moving bed, these gasifiers have been developed in many different designs and
sizes. Most of them are used to gasify coal, waste or biomasses with medium-big particle
size such as wood chips, wood blocks, nut shells, corn cobs, wood pellet or briquettes [6] 21].
In these gasifiers, the biomass flows from top to the bottom where it is discharged as char
and ash. In literature, fixed bed reactors are classified as a function of the direction of gas
flow:

e Updraft gasifiers: These are considered the simplest type of gasifiers [22]. The
biomass enter from the top while the air intake is situated at the bottom of the
reactor. This solution creates a distribution of different layers as reported in Figure
This reactor is simple and has been built in many size, from small to large scale
plants [98, 99| 100], 10T], 102]. The fuel is dried using the sensible heat of the gas
flowing up in the reactor, this creates a syngas with low temperature but high tar
and moisture content up to 60% (wet basis). The amount of tar and moisture in
the produced gas makes this reactor more suitable for heat production instead of
electrical power generation, but in literature it is possible to find few plants working
with updraft gasifier coupled with a robust gas cleaning apparatus [103], [104].

e Downdraft gasifiers: in these reactors the air and biomass flow in the same
direction. Depending on the geometry and the air intake position, these reactors
can be further subdivided into:

— Single and double throat gasifiers: These gasifiers became common during WWII
for automotive applications. The Imbert industries were so famous that now
many manuals and articles refer to this type of gasifier as Imbert [105], 106,
107]. This reactor has the air intake situated in an intermediate height, below
the throat as sketched in Figure 3.5l The throat is the core feature of these
gasifiers. It accelerate the flow increasing the hearth load and creates a uniform
combustion zone. Increasing the dimension of the reactor means a higher air
speed and a higher number of nozzles necessary to create a combustion zone
uniform enough. The same concept can be applied to the reduction of bed
material size: the smaller the fuel size the harder it is for the air to spread
properly inside the biomass bed. For this reason, reactors designed to operate
with small fuels have a narrow throat and a long cone with high slope in order
to prevent bed bridging [108], but different manuals in literature advise against
this reactor design for sawdust or fine fuel processing [109, 110, [6l [50].

— Open core: The open core reactor tries, with design simplification, to reduce
the problem related to fuel size limitations reported in the Imbert gasifiers
discussion. This gasifier, also known as "open top", is basically a cylindrical
reactor, the air and the biomass enter from the top and uniformly move down
to the bottom where the char and ash are discharged and the syngas is drawn.
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Because all the biomass particles move uniformly down, the reactor presents
a stratification into different zones, therefore these reactors are also known
as "downdraft stratified". Because the air enters from the top is less of the
stoichiometric amount required for complete combustion of the fuel, the flame
that is created on the top layer of the gasifier (sometimes covered by a thin
drying zone) is called "flaming pyrolysis". This zone generates the major part
of the gases of the gasification process, these gases are then forced to pass in the
char reduction zone where gaseous tar can be cracked and COs and HyO gases
can be reduced thanks to the superficial reaction of high temperature char. The
reduction reactions subtract sensible heat to the gases and continue until the
temperature is too low (about 600 °C) then it stops. The rest of the gasifier
is composed of inert char that wait to be discharged from the bottom of the
reactor. This zone acts as a buffer for reactions and temperature fluctuations in
the zones above. This reactor design presents different advantages if compared
with the Imbert:

1. The stratified reactor is more simple than the Imbert one, there are no
nozzles or throats.

2. The open top is a perfect point for measurements and monitoring of the
reactor. Imbert gasifiers, when working in depression needs to be properly
sealed in order to prevent combustion zone rising.

3. This reactor is more flexible to fuel size variations

On the other hand, there are many disadvantages that have limited the spread
of this kind of reactor, some of them are investigated in Chapter [4]

Because the pyrolysis zone of downdraft gasifiers is situated before the oxidation one
(in the stratified reactor the two zones coexist in the flaming pyrolysis one), the tar
content is low as reported in Table [3.I] This feature makes downdraft gasifiers more
suitable for engine applications. However, the proximity of the combustion zone to
the gas exit in the single or double throat gasifiers creates a gas with more particles
and high temperature.

Crossdraft gasifiers: These gasifiers were first designed for charcoal gasification,
they can operate in a very small scale but they have different issues related to high
temperatures. If a good quality charcoal is used, small gasifiers can be suitable for
micro-power production because the gas produced is clean enough to apply a cyclone
and a packed filter only before the engine [1T1} 112} [113].

A comparison between different fixed bed gasifiers is reported in Table while design

differences are reported in Figure

3.4.1 Gasification parameters

Cold gas efficiency

The first parameter used for monitor the gasifier performance is the "cold gas" efficiency,
it is used for the technical and the economic feasibility of a gasifier system.
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Table 3.1: Comparison between fixed bed gasifiers [22]

Parameter Downdraft Updraft Crossdraft Open top
Fuel moisture [% wt] 12 (max 25) 43 (max 60) 10-20 7-15
Fuel ash content [% db] 0.5 (max 6) 1.4 (max 25) 0.5-1.0 1-2 (max 20)
Fuel size [mm)| 20-100 5-100 5-20 1-5
Gas exit temperature [°C| 700 200-400 1250 250-500
Tar [g/Nm3| 0.015-0.5 30-150 0.01-0.1 2-10

Mocotd = chemical energy of gas _ VyHHVsyngas (3.4.1)

chemical energy content in the biomass m tHHVyio ar

It represents the amount of energy converted into gaseous fuel divided by the chemical
energy content of biomass. In literature, there are many works that use the gasifier
efficiency as the main parameter for reactor monitoring [114, 211, [6 115 116l [5]. The
Higher Heating Value of the syngas H H Vsyngas [MJ/Nm?] can be evaluated by calorimetric
approach [117, 118, 119, [120] or using its chemical composition by the following equation:

HHVyngas = 2, HHVy, + vcoHHVcoo + 2o, HH VY, (3.4.2)

where xp,, zco, o, |% vol| are the volumetric fraction of Hy, CO, CHy in the dry
syngas and HHVy,, HHVco, HH Ve, [MJ/Nm?| are the Higher Heating Values of Ho,
CO and CHy.

Equivalence Ratio

The second parameter that classifies the auto-thermal gasifiers is the equivalence ratio ER
defined as the ratio between the oxygen used in the gasifier and the oxygen necessary for
the complete combustion of the biomass [5], 121].

oxygen used

ER = (3.4.3)

oxygen necessary for complete combustion

The literature reviews show that, depending on the gasifier, ER normally ranges
between 0.2 and 0.35. High equivalence ratios result in lower concentrations of Hy and
CO, decreasing the heating value of the gas. Low equivalence ratios brings to high tar
production [6l Bl 47, 122, 22]. The ER of the reactors analyzed in this thesis have been set
between 0.25 and 0.35 as suggested by Reference [6].

Superficial velocity

The superficial velocity is the ratio between the syngas volumetric flow rate and the cross
section area. In literature, it is possible to find a different definition that uses the biomass
consumption rate instead of the gas flow rate [21].

Gas Production Rate ™

V= Cross Sectional Area  m2 mys (3.4.4)

[\

It depends on the gas flow and on the geometric properties of the gasifier. It is
representative of the rate at which air, then gas, passes through the reactor [97, [0, 21].
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A low SV means that occours slow pyrolysis and high char and tar production. On the
other hand, high SV causes very fast pyrolysis, low heating gas and low char production
[123], 124].

Tar and particulate content

As previously reported, gasifiers have two major byproducts: tar and char. The amount of
these products need to be monitored because the higher the tar content, the less energy is
converted into gas, moreover the high tar content does not allow the use of the produced
syngas into IC engines or gas turbines [125]. Hasler and Nussbaumer in 1999 proposed
the results reported in Table about the different tar and particulate content into the
syngas generated by fixed and fluidized bed gasifiers:

Table 3.2: Gas quality of raw producer gas from atmospheric, air blown biomass gasifiers
[126]

Component Downdraft Updraft CFB gasifier
Fuel moisture [% wt] 6-25 Nd 13-20

Particles [mg/Nm?] 100-8000 100-3000 8000-100000
Tar [mg/Nm?] 10-6000  10000-150000  2000-30000

Depending on the application, there are maximum levels of tar and particulate content
which need to be taken into account, some of these limits are summarized in Table [3.3]

Table 3.3: Gas quality limits [125]

Component IC Engines Gas Turbine Methanol synthesis
Particles [mg/Nm?] < 50 < 30 < 0.02
Particle size [pum] <10 <5 -

Tar [mg/Nm?] < 100 - < 0.1

3.4.2 Gas cleaning

The tar control in gasification systems is obtained using primary and/or secondary methods
[47]. Primary methods are all the thermal or catalytic treatments that occur inside the
reactor while the hot gas cleaning processes belong to the secondary methods. There are
cases in which it is easier and cheaper to produce a gas rich of tar and proceeding then
with thermal or catalytic tar cracking [47), 127, [49]. If the tar content is not too high, but
it exceeds the limit for a specific application, the easier solution consists of gas cleaning
processes. The first step for hot gas cleaning process is to force the gas to pass into one or
more cyclones. The cyclones separate the dust and char from the gas but it is fundamental
to keep the cyclones as close as possible to the reactor in order to avoid local condensation.
Moreover, in some cases it is necessary to cover the cyclones with insulating material or
heating tapes [21), 128, [129]. If the syngas speed is not too high and the particles size is over
1 pm, it is possible to use gravitational methods, such as sedimentation tanks instead of
cyclone separators. These separators occupy a higher volume and are not highly efficient.
For this reason they are not common in industrial power plants [130].
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The "dry methods" discussed above are only able to separate solid particles with a
defined size. For tar and small particles separation it is possible to use electrostatic filters
or a scrubber working with water or diesel-oil [22] [I31]. Some gasifiers use bio-filters
with the main advantage of gasificability of the filtering bed material once it needs to be
changed, but on the other hand there are many issues related with these filters: the gas
temperature needs to be controlled in order to prevent biofilter pyrolysis, moreover the
filtering effectiveness change during the life span of the filtering bed [132], 133, [87]. A
complete review of the filtering matter can be found in References [134] [131].




Chapter 4

Modeling fixed bed gasifier reactors

Mathematical modeling of a gasifier can provide a qualitative guidance on the effect of
design and operation with different types of feedstocks. Simulations allow the designer
or the plant engineer to reasonably optimize the design or the operation of the plant. In
commercial plants, the optimum operating conditions are often derived through trials on
the unit or by experiments on pilot plants. Even though expensive, the experiments can
give more reliable design data than can be obtained through modeling and simulation.
Modeling may provide a less expensive means to assest the benefits and the associated
risk. Simulations can also identify operating limits and hazardous or undesirable operating
zones, if they exist. Gasifier models can be based on the following approaches:

e Thermodynamic equilibrium.

e Kinetic of the reaction.

e Computational fluid dynamics (CFD).
o Artificial neural networks.

Only thermodynamic and kinetic models are discussed in this thesis. Thermodynamic
equilibrium models predict the maximum achievable yield of a desired product from a
reacting system [5]. Equilibrium model concerns the reaction alone without taking into
account the geometry of the gasifier. In practice, only a finite time is available for the
reactant to react into the gasifier.

For practical applications, kinetic models are used to predict the products of a gasifier
which provides a certain time for reaction. A kinetic model studies the progress of reactions
in the reactor itself and it gives the syngas compositions at different positions along the
gasifier. It takes into account the reactor’s geometry as well as its hydrodynamics.

In literature it is possible to find several works about gasification models. Because the
great number of reactor typologies and variations, it is possible to find specific models on
a particular gasifier, fixed bed or fluid bed, or generical models that tries to predict the
behavior of a type of gasifiers [108], 135, 136}, 137, 138, 139] 140, 147].

There are also commercial models or features included in several chemical engineering
softwares such as ASPEN Plus”™ [83] 142, [143]. Moreover, there are models which treat
only a part of the reactor, such as the char reduction [144] [145] [146l, [147] or the pyrolysis
[148, 149, 150] and models that investigates the fluid dynamic of reactors such as the
multiphase flow in fluidized and bubble bed gasifiers [151] [152] [153] [154].
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4.1 Thermodynamic equilibrium models

In this section, two mathematical approach based on the thermodynamic equilibrium are
discussed and improved. The first is taken from Reference [I35] and it is calibrated using
experimental data from a lab-scale gasifier.

The second is derived from [137] where the tar yield is calculated considering it a linear
function of the biomass consumption. In this thesis, an improvement of the model with a
variable tar yield is reported.

4.1.1 Thermodynamic equilibrium tar free model

In Reference [135] is reported a thermodynamic study of the equilibrium constants of
water-gas shift and hydrogasification reactions in order to find the syngas composition in
fixed bed gasifiers. The following hyphothesis are taken into account:

e Steady state conditions.
e Constant pressure and temperature inside the reactor.

e No tar and char production.

The model is divided in two parts: the chemical balance and the termodynamic balance.
The overall air gasification reaction considered for the first balance is:

CH,OyN, + wH>0 +m (02 + 3.76N) — ny,Hs + ncoCO
(4.1.1)
+nc0,CO2 + ng,0HoO + nop, CHy + (2/2 + 3.76m) No

where CH;Oy N, is the equivalent chemical formula of the "as-received" biomass; the
constant w [mol /moly;,| is the specific molar amount of the biomass moisture; the constant
m [mol /moly;,| is the specific molar amount of the oxygen in the inlet air; ng,, nco, nco,,
nH,0, NcH, [mol/moly,| are the specific molar amount of Ha, CO,CO2, H2O,CHy of the
syngas. The values of w and m are given by the following equations:

MWy, M (100 + ASH)

- 4.1.2
Y7100 % [MWio (1 — M/100)] (412)
m=ER*(1+z/4+1y/2) (4.1.3)

MWy = MWe +x+ MWo xy + MWy 2 (4.1.4)

where M [%)] is the total moisture; ER [ad] is the equivalence ratio; MWy, MW,
MWy and MWy [g/mol] are the molecular or atomic weight of biomass, carbon, oxygen
and nitrogen.

The reaction [4.1.1] can be multiplied by the molar biomass flow in "daf" conditions
Nbio,daf [moly;e/s] in order to assess the molar flow of each component of the syngas and
the syngas composition in wet and dry conditions:

Nio,daf = Mbio,as * (1 — M /100 — ASH/100) (4.1.5)
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Mair = M * Npjo,daf (4.1.6)
N, = NH, * Mbio,daf (4.1.7)
NCo = Nco * Nhio.daf (4.1.8)
NCO, = NCO, * Mhio,daf (4.1.9)
NH,0 = NHL0 * Mbio,daf (4.1.10)
NCH, = NCH, * Mbio,daf (4.1.11)
fin, = (2/2 4 3.76m) * fpio da (4.1.12)
e Wet syngas conditions:
Ntotwet = NHy + NCO + NCOy + N0 + o, + NN, (4.1.13)
THy = TH, [ Mot wet (4.1.14)
TCo = NCo /Mot wet (4.1.15)
TCO, = NCOs/Tutot,wet (4.1.16)
TH0 = MHL0 /Mot wet (4.1.17)
TCoH, = NOH, /Ttot wet (4.1.18)
TNy = 10Ny [ Totot wet (4.1.19)
e Dry syngas conditions:
Niot,dry = NH, T NCO + NCO, + NCH, + TN, (4.1.20)
TH, = Tl [Ttot,dry (4.1.21)

Tco = Nco /Mot dry (4.1.22)
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TCOy = hCOQ /htondry (4123)
TCHy = NOH, /Mot dry (4.1.24)
TNy = th /htot,dry (4125)

Furthermore, it is possible to calculate the normal volumetric flow of wet and dry
syngas assuming the syngas components as ideal gases:

‘Zsyngas,wet = 'fltot,wet x 0.022414 (4126)

Vsyngas,dry = 'fltot,dry *0.022414 (4127)

With Equations and [3.4.2] it is possible to calculate the "cold gas" efficiency of
the gasifier and the HHV of the dry syngas. However, the molar specific amount of the
syngas components have to be estimated. The algorithm depicted in Figure is adopted.

First step is to choose an initial temperature 7' [K| and calculate the equilibrium
constant of the following reactions:

e K1: Water-gas shift CO + H20 +> COs + Hs

e K2: Hydrogasification C'+ 2Hs <> C'H,

The formulas reported in Reference [155] are used:

Ky = ¢'1 —3.961 (4.1.28)
7082.842 7467 %1073 % T
In(Kz) = ———= — 6.567  In(T) + * : *
(4.1.29)
—6 2
20671070472 0702 o

6 + 2% T2
Subsequently, the system must to be solved using the Newton-Raphson method
[135]:

( Carbon balance — nco +nco, + neg, —1=0
Hydrogen balance — 2ng, + 2ng,0 +4ncy, — ¢ — 2w =0

Oxygen balance — ngo + 2nco, + ng,o —w—2m—y =0
’ ’ (4.1.30)
. a1 . o nCOQ*nCOQ
Water-gas shift equilibrium constant — K = T,

"itot,wet
. . a1. . _ NCHy hbio,daf
Hydrogasification equilibrium constant — Ky = ——5>%l

’I’LH2
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END

Figure 4.1: Calculation algorithm of the equilibrium models [I35]

Obtained the molar specific amount of the syngas species, it is possible to solve the
thermodynamic energy balance of the system, reported in Equation [{.1.31] assuming
adiabatic conditions in order to find the equilibium temperature T,e,. In this case,
adiabatic conditions are assumed and the Newton-Raphson method is applied to solve
the problem.

As shown in Figure if abs(T — Thew) < 0.1K then the calculated equilibium
temperature and molar specific gases amounts are the final results; instead, a new iteration
is done in order to satisfy the previuous condition.

Y oy« HF) = > nix (HF + AHp,) (4.1.31)

j=react i=prod

where n; [moles| and HF JQ [kJ /kmol] are the specific moles amount and standard heat
formation of the j-th reagent (biomass, air and moisture); n; [moles| and HF? [kJ/kmol]
are the specific moles amount and the standard heat formation of the i-th product (Ha,
CO, COy, H,O ,CHy and N3) and AHrp; is the enthalphy difference between any given
state and the standard state for the i-th product. AH7; can be calculted starting from
the specific heat of the product:

T 2 3 4T

T T T

AHr; = / Cp(T) dl' = |aT +b— +c— +d— (4.1.32)
298.15 2 3 4 {99815

where the coefficient a,b,c and d are tabuled of each gas in [I35]. The standard
heat formation of moisture, reactant and product gases are reported in [I35], instead the
standard heat formation of the biomass fuel is calculated by the following equation [135]:

HF}y = LHViodas + Y, niHEFY (4.1.33)
k=prod

where HF |kJ/kmol] is the heat formation of product k under combustion of the solid
fuel and LHV [kJ/kmol] is the lower heating value of the solid fuel.
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The model was implemented into Phyton”™ programming languages in order to validate
the mathematical method and simulate different gasification conditions. First of all, a
comparison with the experimental data reported in Reference [108] was made. Table
shows a good validation with the RMS error of the syngas composition below 2.2% within
the application of two calibration steps:

e An increased value of m respect experimental data.

e Two multipliers applied to the equilibrium constant: cg, for the water-gas shift
reaction and cg, for the hydrogasification reaction.

A further comparison with the experimental data obtained from a medium scale power
plants working with poplar wood chips [I56] is reported in Table[d.2] Finally, a comparison
with a sunflower-pellets gasification in a micro stratified downdraft gasifier [I57] is given
in Table .3

Table 4.1: Syngas composition comparisons between the experimental data from a rubber
wood gasification (Table 3 of [I08]) and the equilibrium no tar model outputs

Run no.1 with w=0.185, m=0.4466, cx,=1.5 and cx,=40

Gas Experimental |[% vol] Model [% vol]
H, 17.2 16.2
cO 19.6 18.5
COs 9.90 11.7
CHy 1.40 1.10
N2 51.9 52.5
RMS 1.1 %
Average gasification temperature T’ 1238 K
Run no.7 with w=0.147, m=0.4092, cx,=1.5 and cg,—11.28
Gas Experimental [% vol] Model [% vol]
Hy 15.5 18.7
co 19.1 19.4
COq 114 11.5
CHy 1.10 1.10
N2 52.9 49.3
RMS 2.16 %
Average gasification temperature T’ 1119 K
Run no.9 with w=0.125, m=0.5192, cx,=1.5 and cx,=300
Gas Experimental [% vol] Model [% vol]
H, 13.0 11.3
coO 19.1 17.8
COq 10.7 11.2
CHy 1.20 1.00
N2 56.0 58.6
RMS 1.53 %

Average gasification temperature T’ 1460 K
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Table 4.2: Syngas composition comparison between the experimental data from a medium
scale power plants working with poplar wood chips [I56] and the equilibrium no tar model
outputs

Conditions: w=0.0093, m=0.45, ck, 1.5 and cg, =40

Gas Experimental [% vol] Model [% vol]
H» 12.3 11.6
coO 17.9 18.3
COq 10.4 12.2
CHy 2.80 2.20
N2 56.6 55.6
RMS 1.0 %
Average gasification temperature T’ 1347 K

Table 4.3: Syngas composition comparison between the experimental data from a
sunflower-pellets gasification in a micro downdraft stratified gasifier [157] and the
equilibrium no tar model outputs

Conditions: w=0.138, m=0.45, cx,=1.5 and cx,=300

Gas Experimental [% vol| Model [% vol]
Hs 17.4 15.4

co 19.5 18.0
CO, 11.5 12.4
CH, 1.58 0.97

N2 50.0 93.3
RMS 1.9 %

Average gasification temperature 1329 K
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A positive factor which emerges from the previous validations, beyond the quality of
the results obtained, is no divergence of the model for the given inputs. Furthermore,
the calculations converge in few iteration for several types of feedstocks. However, the
gasification temperature is higher than experimental data due to increased value of m.

4.1.2 Thermodynamic equilibrium model with tar calculation

The work exposed in [I37] is a thermodynamic equilibrium model which take into account
the tar production and it considers three reactions: water-gas shift, hydrogasification
and methane steam reforming. In the original model the tar yield depends linearly on
the biomass consumption. An improvement of the model with a variable tar yield is
reported. The model is able to find the syngas composition in fixed bed gasifiers setting
the gasification feedstock and the gasification conditions in terms of m and w. The following
hyphothesis are taken into account:

e Steady state conditions.
e Constant pressure and temperature inside the reactor.
e No char production.

e Constant chemical tar composition.

The modified model is divided in two parts: the chemical balance and the termodynamic
balance. The overall air gasification reaction considered for the first balance is:

CH,OyN, +wH20 +m (02 + 3.76N) = ng,Hs + ncoCO + nco,CO2
(4.1.34)
+nm,0H20 +nop,CHy + (Z/2 + 3.76m) Ny + ntarCHqu

where CH,Oy N, is the equivalent chemical formula of "as-received" biomass; C H,0y is
the equivalent chemical formula of tar [I58]; w [mol/moly;,| in the specific molar amount
of the biomass moisture; m [mol/moly;,| in the specific molar amount of oxygen in the
inlet air; ng,, nco, NCOy, NHL0, NCHy s Mtar |MOl/moly;,| are the specific molar amount of
Hy,CO,COs, HyO,CHy,tar of the syngas. The values of the inputs w and m are given
by Equations and

The reaction can be multiplied by the molar biomass flow in "daf" conditions
Nbio,daf [moly;,/s] in order to assess the molar flow of each component of the syngas and the
syngas composition in wet and dry conditions. The molar flow of tar is given by Equation
the tar production Vs. the "daf" biomass input xe, [% wt. "daf" biomass| is
calculated by Equation Furthermore, Equation can be used to evaluate the
specific volumetric tar amount mygy yor [/ Nm3] in the syngas in order check the gas quality
limits reported in Table )

Ntar = Ntar * hbio,daf (4135)

Ntar * MWtar
— ar 4.1.36
Ttar MW, (4.1.36)
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Niar * MWiqyr

Mtarwvol = Totot.dry % 0.022414 (4137)
Npio,daf ’
MWy = MWe + 2+ MWo p+ MWy % g (4.1.38)

Furthermore, assuming the syngas components as ideal gases it is possible to calculate
the normal volumetric flow of wet and dry syngas. Equations |3.4.1] and [3.4.2] allow to
estimate the "cold gas" efficiency of the gasifier and the HHV of the dry syngas. However,
the molar specific amount of the syngas components have to be estimated. An algorithm
similar to that reported in Figure [4.1] is adopted. The first step is to choose an initial
temperature 7' [K| and calculate the equilibrium constant of the following reactions:

o K1: Water-gas shift CO + H2O < C Oy + Ho
e K2: Hydrogasification C'+ 2Hs <> C'Hy

e K3: Methane steam reforming CHy + H20O < CO + 3H,

Equations [4.1.27|and 4.1.29| are used to calculate K and K5 [I55] and Equation [4.1.39
is used to evaluate K3 [159]:

—26830

K3 =1.198%10% xe~ 7T (4.1.39)

Subsequently, the system [.1.40 must to be solved with the Newton-Raphson method:

Carbon balance — nco + nco, + ncH, + Ntar —1 =0
Hydrogen balance — 2npg, + 2np,0 + 4ncw, + pnter — x — 2w =0

Oxygen balance — nco + 2nco, + "H,0 + @Mtar —w —2m —y =0

NCO4*¥NC Oy

Water-gas shift equilibrium constant — K = TRy
2 2

htot,wet

. . e "CHA fio daf

Hydrogasification equilibrium constant — Ko = ——
Ha

3
n, *N
co*g,

. 2
(57) wmonn
(4.1.40)
Obtained the molar specific amount of the syngas species, it is possible to solve the
thermodynamic energy balance of the system, reported in Equation [{.1.41] assuming
adiabatic conditions in order to find the equilibium temperature T,e,. In this case,
adiabatic conditions are assumed and the Newton-Raphson method is applied to solve
the problem.
As shown in Figure if abs(T' —Thew) < 0.1K, the calculated equilibium temperature
and molar specific gases amounts are the final results; instead, a new iteration is done in

Methane steam reforming equilibium constant — K3 =
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order to satisfy the previuous condition. Now, there is the tar in the products, so the
standard heat formation of the tar is calculated by the following equation [135]:

HEY, = LHVyio daf + Z nyHF} (4.1.41)
k=prod

where HF} |kJ/kmol] is the heat formation of product k under the combustion of the tar
and LHV |kJ/kmol| is the lower heating value of the tar. The model was implemented into
the Phyton”™ programming language in order to validate the mathematical method and
simulate different gasification conditions. First of all, a comparison with the experimental
and numerical data reported in [108, [135] [137] was made. Tableshows a good validation
with RMS error of the syngas composition Vs. experimental data [I08] below 4.5%.

The predicted average temperature of gasification is 918 K (645 ¢ C) similar to 915 K
and 923 K obtained from the model of Reference [I60] and Reference [137] for gasification
on untreated wood. The present model is stable for a wide ranges of the given input m
and w. Furthermore, the calculations converge in few iteration. Figure shows some 3D
plots which illustrates the influence of m and w on the syngas composition and on the tar
production considering. The tar production is low at high m values over 0.35, instead the
moisture of biomass do not infuence the tar and the C'H4 production. The rising of the
term m increases Ho production and decrease CO, Ny and CO5 production. The rising of
the term w increases CO, COy and C Hy4 production and decrease Hs and No production.

4.2 Kinetic modeling

4.2.1 Downdraft stratified reactor modeling

Many works can be found in literature about mathematical modeling of gasifiers, however
stratified open core downdraft gasifiers raise less interest compared to other reactors. This
lack of interest has resulted in fewer works published on the chemical and thermal modeling
about this configuration. The first author that needs to be cited is Thomas Reed. He
represents the major landmark for stratified reactors, during his work different models
have been developed [161], 162} 03].

These models proposed are "black box" approach to gasification modeling. Other
equilibrium models are the Altafini model proposed in Reference [163]. A very effective
model, that takes into account the kinetic of reduction reactions, is proposed by Wang
and Kinoshita [164]. This model is able to predict the char reduction zone using a kinetic
approach where reactions between char particle surfaces and gas are modeled.

More complex models for char reduction have beed proposed by Chen [165] [166]. His
model is divided into two part with the main goal of creating a tool for gasifier design.
Others char reduction models focused on stratified reactors are reported in References
[144), [147]. More complex work is the equilibrium model proposed by Di Blasi in References
[138, [167].

In this thesis, a mathematical model has been adapted from two different literature
models with appropriate modifications and improvements [168, [43]. The first model was
developed by Reed and Markson [I62]. It predicts the flaming pyrolysis zone length [,
and the char reduction zone length [, starting from the biomass properties and the gasifier
dimensions. The model is composed by the following equations:
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TAR
% wt.
daf biomass
16.00
14.22
Hy
12.44 o
% vol.
10.67
21.89
8.89
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N
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Figure 4.2: m and w influence on the syngas composition and the tar production of rubber
wood gasification [108]
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I, = Vit, (4.2.1)

lo = Vit, (4.2.2)

hio [Ag Fa(1 — F
w—WMgﬁ )] (4.2.3)

where V [m/s] is the fuel velocity, ¢, [s| is the pyrolysis time, t.. [s] is the char reduction
time, M [kg/h| is the input biomass flow in "daf" conditions, A, [m?| is the area of the
gasifier, Fy [kg/m?] is the density of the biomass and F, [ad] is the void fraction in the
biomass.

The pyrolysis time ¢, is obtained by the following equation [5]:

_ FyV(hy + Fnhy)

tp Aq

(4.2.4)

where V' [m?] is the volume of the biomass particle, A [m?] is the surface area of the
biomass particle, h, [kJ/kg| is the heat per unit mass released by the pyrolysis process at
the temperature Ty, hy, [kJ/kg] is the water latent of vaporization of water and g [kW /m?]
is the heat transfer rate per unit area in the flaming pyrolysis by radiation. The values of
h, and h,, were tabulated by Reed and Markson [162] starting from Huff data [169]. The
heat transfer rate ¢ can be obtained with a weighted average calculation from the data
reported in [162]. In this calculation, the weight of the terms depends on the moisture of
the biomass, on the surface temperature and on the surface area of the biomass particle.
The char reduction time was calculated assuming a constant height H [m] of the fixed bed
from the following equation:

te=(H —1,)/V; (4.2.5)

From the previous equations, it is possible to calculate the layers height, the time of
the pyrolysis and char reduction assuming a constant pyrolysis surface temperature and a
constant biomass consumption.

An additional approach, presented by Wang and Kinoshita [164], was used to estimate
the syngas composition, the air inlet flow, the syngas output flow and the charcoal and
water production. This model does not consider the tar production, furthermore the
temperature of the reduction zone and the equivalence ratio are fixed parameters. It is
based on the following general reaction of gasification [164]:

CH,Op + wH30 +m (O3 4+ 3.76N3) — ¢1C + ¢oHo
(4.2.6)
+¢3C0 + ¢4 H20 + ¢p5CO2 + ¢p6C Hy + ¢p7N2

where CH,Og is the equivalent chemical formula of "as-received" biomass without
nitrogen; w [mol /moly;,| in the specific molar amount of biomass moisture; m [mol /moly;,|
is the specific molar amount of oxygen in the inlet air; ¢; [mol/moly;,| is the specific molar
amount of the i-th product of gasification. The values of the inputs w and m are given by

Equations and
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Equation can be multiplied by the molar biomass flow in "daf" conditions 14;0,da
[mmolpie/s] in order to assess the molar flow of each component of the syngas and the syngas
composition in wet and dry conditions. The variables ¢; are the unknowns of the problem.
At the end of the flaming pyrolysis zone (subscript 0) these variables are calculated solving
the linear system below [164] assuming ¢90 =0, ¢30 = 0 and ¢7o = 2

1,0 + P50+ P60 =1 (4.2.7)
2040 + 460 = @ + 2w (4.2.8)
a0+ 2050 =2y+ [+ w (4.2.9)
P40 = Ap50 +w (4.2.10)

where A = 1 is the ratio between the water vapor and the carbon dioxide formation
[164]. In the reduction zone the temperature ranges from 1200 K to 1000 K. In this zone,
the char is consumed gradually as the result of the following chemical reactions [164]:

1. Boudouard: C' + CO9 = 2CO
2. Water-gas: C'+ HoO = Hy 4+ CO

@

Hydrogasification: C'+ 2Hy = C'Hy
4. Methane steam reforming: CHy + HoO = CO + 3H,

Surface reactions 1 and 2 involve single gas molecules, while two molecules are involved
in surface reactions 3 and 4. The Langmuir-Hinshelwood mechanism [170] is applied to
calculate the net rate for reactions 1 and 2 given by Equations [4.2.11] and 4.2.12] and the
Langmuir-Rideal mechanism [I70] is adopted to calculate the net rate for reactions 3 and

4 given by Equations [4.2.13] and [£.2.14]

S () G

vg = —k P4 — P23/ (PyKp2) <¢>1 0> 1/3< i ) (4.2.12)
Pi

V1 = —FRal

) (4.2.11)

Plp

“ Zz Q(K +1/p)¢z pdp
03 — ¢6Ps/Kpa <¢10)1/3<

- ) (4.2.13)

V3 =
P¢) plzZ 2(K —|—1/p pdp
— a6 — ¢3¢2/(P£Kp4) <¢1’0>1/3< &; )
ST Ko+ U)o \ od, (4.2.14)
1 7
=, 20 (4.2.15)
pi=2

where v; [mol/s| is the net veleocity of the i-th reaction, kq; [1/s] is the apparent
rate constant of the i-th reaction, Kj,; |ad| is the equilibrium constant and K; |ad] is the
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adsorption constant of the i-th reaction, p [atm] is the pressure in the gasifier, P, [ad]
is the pressure constant, ¢y o [mol/moly,| is the specific molar number of carbon at the
beginning of the reduction zone, p [kg/m?| is the density of the carbon, d, [m] is the
equivalent diameter of the char particle. The equilibrium constants K,; are calculated
by JANAF thermochemical tables [144] and the adsorption constants K; are taken from
Reference [I71] at a fixed reduction temperature 7. The apparent rate constants are
calculated by the following Arrhenius equation [172]:

ki = Aj exp (_Rlz:”> (4.2.16)

where A; [1/s] is the pre-exponential factor of the i-th reaction, E,; [KJ/mol| is the
activation energy of the i-th reaction, T' is the reduction temperature and R [KJ K1
molfl] is the universal gas constant. A; and F,; of each reaction were taken from the
regression reported in Reference [164]. The specific molar amount of the products at the
end of the reduction zone is obtained integrating the following differential equations system
from zero to t.:

901 = vy + g+ vg
% = —v9 + 2v3 — 3v3
%:—2111—'02—1)4

4.2.17
%ZW-HM ( )
%:—v3+v4

The molar flow rate of syngas, char, and water at the end of the reduction zone is
assested multipling the specific molar amount of the product for the molar biomass flow
in "daf" conditions 7o das [Molpio/s]. The syngas is considered an ideal gas and its
HHVgy4as is calculated using Equation An alternative method to calculate the tar
mass flow is using the following equation which considers some experimental data:

HHV:@yngas V:eyngas - ‘/:eyngas,empHH‘/;yngas,exp
HHV;far,exp

Titar = (4.2.18)

where HHViyngas [MJ/Nm?] is the calculated higher heating value of the syngas,
Venoas [Nm?/s] is the normal volumetric flow rate of the syngas obtained by Equation
Vsyngasmp is the normalized volumetric flow rate obtained by experimental measures,
HHVyyngas,exp IMJ/kg| is the experimental syngas higher heating value obtained by gas
cromatography analysis and HH Vigr ezp [MJ/kg| is the experimental higher heating value
of the tar obtained by Mahler bomb analysis.
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4.3 An application of downdraft stratified modeling

This section investigates two important phenomena related to each other in fixed bed
reactors: 1) the influence of biomass loading operations on the reactions of gasification
and 2) the presence of the "channels" that modify the gasification conditions.

Since the first utilization of the gasification technology for power production, most
gasifiers have been designed to work with continuous loading, but the filling method
actually discretizes the charge in a series of small batches. The loading frequency of these
batches, as well as other control variables, can deeply influence the gasifier performance
and, in particular, the syngas HHV and the tar and water production. Downdraft
stratified gasifiers seem to be the most influenced reactors by the loading conditions. This
phenomenon is due to the limited thickness and to the superficial placement of the flaming
pyrolysis layer in this kind of gasifiers.

This part of the thesis is aimed at investigating the influence of loading conditions
on a 250 kW,; gasification power plant. Results have shown great variations in most of
the plant outputs acquired during the experimental campaign rapresented by five days of
tests for each loading condition of 4-second-long and of 15-second-long. The 15-second
loading tests showed some scattered results that suggested the coexistence of pyrolysis and
combustion zones in the reactor. These phenomena have been explained by the parallel
running of two modified mathematical models that were obtained by coupling two kinetical
models of gasification describe below. Models results confirmed the presence of "channels"
or "chimneys" where the majority of the air passes.

4.3.1 Definition of channeling and loading frequency

It is proven that continuous loading of a gasifier reactor avoids strong fluctuations of the
gasification performance [6]. These fluctuations are common in batch-working gasifiers
as result of the continuous change of the reaction conditions [I74]. Unfortunately, the
continuous feeding does not guarantee the complete absence of those oscillations. In
concrete terms, most of the applications approximate the continuous feeding through a
series of small batch loads. Every small load causes a pressure or temperature drop in the
reactor and it changes its internal conditions.

The gasifier design influences its sensitivity to operating conditions [21 [5]. The more
distant the combustion zone is from the loading one, the less heavily the combustion
reactions are influenced by the loading operations.

Stratified downdraft gasifiers are characterized by the proximity of the flaming pyrolysis
zone to the top surface; moreover, the drier the biomass is, the thinner the drying zone is
[6]. This presumes a higher sensitivity of stratified downdraft gasifiers performance to the
variations of loading operations compared to other typologies of reactors.

This part of the thesis is aimed at investigating the influence of the loading frequency
on the performance of a stratified downdraft gasifier operating with a very dry biomass.
The system analyzed is a 800 kW, power plant able to produce up to 250 kW;. The plant
has two IC engines which use the filtered syngas as fuel.

During the experimental campaign, the plant was run for five days forcing the auger
to load the reactor for 15 seconds every time the laser-meter gave the signal of low bed
height. After three days the test was repeated reducing the charging time to 4 seconds.
The power output was setted to 160 kWe in order to slow down the loading operations from
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the nominal power conditions. Running the plant at partial power output allows precise
monitoring of the following parameters: biomass consumption; tar, water and charcoal
production; superficial and inner temperatures; impellers spinning velocities and engines
power output. Moreover, the HHV of tar and charcoal were evaluated by experimental
analysis for both the operating conditions.

Results showed that the loading frequency strongly infleunces the gasifier behaviour.
Reciprocal effects between operating variables and loading frequency were observed. A
possible explanation of the observed phenomena can be given after looking locally at the
processes that occur on the reactor surface when the fresh biomass is loaded. A large
amount of biomass can choke the flaming pyrolysis preventing the correct air flux to the
zone. The air entering into the reactor is diverted to preferential paths.

The previous phenomenon, well known as "channeling", has been reported in literature
[12] 172] and it has been implemented in a model specifically set up for assuming the
gasifier composed of two zones with different reaction conditions. The experimental data
about water, tar and charcoal were compared with model outputs in order to find out the
reaction conditions of the two zones.

4.3.2 Materials and methods

The experimental campaign was run on a full scale gasification power plant consisting of
a 800 kWy;, stratified downdraft reactor coupled with two IC engines with power output
set to 160 kW,;. The system was fed with poplar wood chips which are dried with both
the exhaust and the cooling air coming from the engines. In order to obtain enough clean
gas to avoid frequent maintenance of the engines, the syngas is forced to pass through a
cyclone, a water scrubber and a battery of 24 electrostatic filters. The system is the same
reported in Chapter [5]

Experimental campaign

The whole gasifier-filters-engines system is characterized by a high inertia: the gasifier
takes hours to heat up properly and the filtering system discharges the tar produced hours
later. For this reason the experimental campaign was done separating the measurements
into two different categories: those obtained from the steady state plant (i.e. biomass
consumption, syngas flow, temperatures, water production, impellers spinning velocities
and power output) and those obtained from the whole experimental campaign (i.e. char
and tar productions). The campaign lasted five days for every loading condition. Every
day, the steady state measurements were taken after 4 hours from the plant start-up.

Measurements

The gas flow rate was measured by a Pitot tube flow-meter inserted in the pipe which
connect the filtering system to the engines. The measuring point was placed about the
length of 30 diameters of rectilinear pipe away from the closest curve. In this case,
the average velocity in the pipe ensures a fully developed turbulent flow of syngas, this
guarantees the good reliability of the measurements.

For a precise measurement of the biomass consumption, the tests were started after 4
hours from the plant start-up. During the tests, the dryer was stopped and the reactor
was fed with a known quantity of biomass previously dried and weighed.
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The average mass of poplar wood chips used for every steady-state test was about 420
kg. In order to maintain the moisture level under control, three samples of biomass were
tested for every plant run using a PCE - MB 200 moisture meter. All the tested biomass
samples had a moisture content under 10%. The water yield was collected in the settling
tank of the water scrubber, then it was discharged to a storage tank with a volume of 1
m3. After every test, the water level was measured and the storage tank was weighed.

The temperatures of the upper zone of the reaction bed were obtained with three N
type thermocouples with 6 mm of thickness. The thermocouples were placed 10, 20 and
30 cm from the top of the reaction bed, the thermocouple tips were placed about 3 cm
inside the reactor. The top surface temperature in the reactor was measured continuously
with a dual laser infrared (IR) thermometer. It has a focus of 50:1 inches and it was fixed
on the air inlet passage. The thermometer placement was chosen pointing at the reacting
surface and focusing the lasers on the top surface of the reactor for a bed height of incipient
loading signal from the laser meter.

The tar and char yields were collected at different points of the filtering system. The
charcoal was discharged from the bottom of the reactor and cyclone, while the tar was
collected from: 1) the recovery tank of the electrostatic filters and 2) the settling tank
of the water scrubber by floating or sinking. These processes of separation and collection
avoid an instantaneous monitoring of tar and char yields. For this reason, acquired data
about these byproducts refer to five days of experimental campaign. The instantaneous
power output as well as impellers spinning velocities were obtained from the software which
control the plant operation.

Modeling

A Matlab™script was used to implement the kinetic mathematical model discussed below.
The biomass used was poplar wood chips and Table [£.5] collects its chemical, physical and
geometrical properties.

A heuristic upgrading of the model was applied to consider the presence of channels
in the 15-second-long loading condition. The channels were modeled considering them as
a part of the reactor an they have a total crossing area Ap, while the rest of the reactor
bed was assumed to have a total crossing area Ao = A — A;. The biomass consumption
in each sub-reactor was considered proportional to its area. A schematical explanation of
this concept is reported in Figure [f.3] Each part was simulated with different boundary
conditions:

e ERy, g = mA;/A for the first part.

e FERy, 1y = 1mAy/A for the second part.

A method that randomly changed the boundary conditions was applied to verify if the
channelling theory could explain both the high water and tar production. Table [£.6] shows
the model input parameters adopted in the simulation. Table and Table show the
comparison between experimental data and model outputs and it collects the boundary
conditions that better fit with experimental data.
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Figure 4.3: Reaction bed condition in the 4-second-long loading test (left) and in the
15-second-long loading test (right)

Table 4.5: Biomass properties

Poplar wood chip Proximate analysis (%wt) | Composition (%wt)
VM FC ASH C H (0]
79.1 18.1 2.75 45.1 5.74 45.63

Chip equivalent diameter d,  0.0156 m

Biomass density Fy 0.4 kg/m3

Biomass void fraction F, 0.63 -

Biomass moisture F, 0.03 -

Table 4.6: Model parameters
Parameter Symbol  Value Unit

Gasifier area Ay 0.668  m?
Flaming pyrolysis temperature T 11735 K
Fixed bed height H 0.6 m
Biomass coefficient @ 1.52 -
Biomass coeflicient 154 0.67 -
Equivalence ratio ER 0.3 -
Reduction temperature T 1073.5 K
Pressure in the gasifier p 1 atm
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4.3.3 Results and Discussion
Temperatures

The thermal stratigraphy of the top part of the gasifier is reported in Figure [£.4] The
temperatures are lower than what literature suggests in both the loading conditions. The
temperature in the center of the reactor should be higher than what was attained by
the thermocouples because the reactor diameter is big and the biomass cannot properly
reach the peripheral part of the gasifier. Here the biomass creates a small ash annulus
that protects the thermocouples from the higher temperatures in the center of the gasifier.
During the plant maintenance operations, the ash layer was measured an it was about 4
cm thick. The small thickness signifies that this phenomenon is neglected in the model.

Temperature [C]

i i i i
0 900 950 1000 1050 650 700 750 800 850 900 950 1000 1050

650 700 750 800 85
Time [s] Time [s]

Figure 4.4: Thermal stratigraphy in the 4-second-long loading test (left) and in the
15-second-long loading test (right)

Figure [£.4] shows the different temperature trends of the top of the reactor for the two
loading conditions. In the 15 second load feed, the large amount of biomass for every
"batch" decreases the reactor temperature as result of the sensible heat adsorbed by the
biomass. This chokes the flaming pyrolisys on the top surface of the reactor bed.

The 15-second-long loading test shows lower temperatures and small fluctuations,
especially for the thermocouple placed under the flaming pyrolysis zone (TC-3). In fact,
the reactor is not able to recover the high temperature suggested by literature for these
zones.

The 4-second-long loading condition creates high temperatures and great fluctuations
even for the deeper thermocouple. These variations are related to an irregular gasification
zone: the peaks width is about 60 seconds. This is the stand-by period for every 5 second
run of the mixer.

In the 15-second test, the thermal substratum has a low temperature and it is quite
homogeneous. For this reason the mixer does not create significant variations, but during
the 4-second test this substratum is characterized by higher temperatures between 500 and
700 ¢ C. These are the extreme temperatures of gasification reactions as reported by Reed
and Das [6].

Figure shows two trends obtained acquiring the superficial temperature of the
reaction bed by the IR thermometer.

The differences between the left part of Figure [1.5] and the right part of Figure [£.5]
consist in the maximum temperature reached by the surfaces, moreover the recovery of
the temperature after the charge is slower in the 15-second loading condition. This shows
9 big peaks during the 1000 seconds of the screenshot, it results in 15-seconds long loads
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Figure 4.5: The superficial temperature in the 4-second-long loading test (left) and in the
15-second-long loading test (right)

every 111 seconds. This value decreases to an average value of 77 seconds in the 4-seconds
loading condition.

In order to estimate the amount of time in which the combustion reactions are locally
choked, the temperature trends have been divided in two zones: above and below 250 °C.
This value is the average autoignition temperature for wood [39]. For this reason, during
the periods with a reactor surface temperature above 250° C, a wood parcel on the top
surface can start its flaming pyrolysis if it is able to reach the right amount of oxidant.

Results of this analysis are reported in Table [£.7] The 4-second loading tests had a
surface reactor temperature above the autoignition for 67% of time. During the 15-second
loading tests this value was lower (about 39% of time). A lower value can be related to
a higher tar production because temperatures under 250 ¢ C, associated with the choking
effect of long loading, generate a reaction more similar to the torrefaction or slow pyrolysis
than flaming pyrolysis [175].

Table 4.7: Comparison of the superficial temperatures of the reacting bed

Variable Symbol 4 sec load 15 sec load Unit
Fraction time over 250° C thot 67.89 38.6 %

Min. average temperature Tnin 42.6 31.8 °C
Max. average temperature Ty 896 739 °C
Average temperature Trean 422 259 °C

Power output and propellers frequencies

The power plant is controlled by a power output basis. Once the power output is set, the
controller changes the impellers frequencies in order to maintain the fixed power generation.
The controller increases or decreases the amount of syngas drawn from the reactor and sent
to the engines. Changing the syngas flow, constantly modifies the reaction conditions. This
phenomenon creates oscillations in the propellers frequency and in the instantaneous power
output. These oscillations are registered from the controller data logger.

In order to quantify differences of these oscillations under the two loading conditions,
the instantaneous values of the impellers spinning frequencies and power output were
acquired. The mean value and the standard deviation were calculated and reported in
Table [4.8] For the 15-second loading condition, the impellers spin faster on average. This
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can be related to a poorer quality of syngas because a grater amount of gas is necessary
for the same power output. Moreover, the standard deviation of the spinning frequency
is higher in this case and this suggests that the great thermal and physical oscillations on
the top of the reactor influence the behavior of the propellers.

Table 4.8: Propellers frequencies comparison

Variable Symbol 4 sec load 15 sec load Unit
Min. average propellers frequencies Jmin 21.4 21.3 Hz
Max. average propellers frequencies Jmaz 37.8 38.9 Hz
Average propellers frequencies Sfmean 29.9 30.78 Hz
St. dev. of the propellers frequencies  std, fmean 2.71 3.08 Hz

The result obtained for the power output is different. Table [£.9]shows a lower standard
deviation of this parameter in the 15-second loading condition. This phenomenon can be
explained looking at the temperature trends in Figure[d.5} during this loading condition the
temperatures rise slowly after every reactor fill. For this reason, the impellers are forced to
greatly change their spinning velocities as result of the large changes in reactor conditions.
Even if the impellers can properly "follow" the changes, they maintain a constant power
output.

Table 4.9: Engines power output comparison

Variable Symbol 4 sec load 15 sec load Unit
Min. average electrical power Poin 119.5 116.6 kW
Max. average electrical power Prax 207.7 204.6 kW
Average electrical power Prean 158.2 158.5 kW
St. dev. of the electrical power std, Prean 4.79 4.17 kW

Model and experimental outputs

Table and Table collect the main outputs for the two different loading conditions
compared with the analogous simulated system outputs. The amount of biomass consumed
per hour seems to not be influenced by the loading conditions and it depends only on the
set power output of the whole system.

The second important group of data acquired is the charcoal production which is similar
in the two conditions. This is somehow an unexpected result, because a higher amount of
energy was presumed to be discharged by the char in the 15-second loading case. For this
reason, the different charcoals had been tested in a bomb calorimeter in order to estimate
their higher heating value. The charcoal produced during the 15-second loading tests has
a HHV of 24.87 MJ/kg, higher than 17.89 MJ/kg obtained testing the charcoal produced
during the 4-second-loading tests. This phenomenon is caused by the discharging system
of char which works maintaining a fixed pressure drop at the bottom of the reactor. This
method ignores the fact that the char had or had not finished to react.

The water production data can be considered in contrast to the tar data, because a
higher equivalence ratio brings to low tar and high water productions due to the preponderance
of the combustion reactions. The opposite condition is related to a low equivalence ratio
which it produces more tar compared to water. The 15-second loading campaign resulted
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in a high production of both water and tar. The scientific explanation results from
the "inception" model of the reactor which it simulates a reactor characterized by the
coexistence of combustion "channels" in the reactor and the rest of the reactor is at low
equivalence ratio conditions.

Table 4.10: Comparison between model outputs and 4-second-long loading experimental
data

Variable Symbol Model Exp. data Unit
Biomass consumption Mhio 519 519 g/s
Syngas higher heating value HHVgyngas  4.99 5.25 MJ/Nm?
Syngas volumetric flow rate Vsyngas 112 103 l/s
Air volumetric flow rate Vm-r 80.6 91.2 l/s
Char flow rate Mehar 5.00 6.90 g/s
Tar+water flow rate Miar+water 11.9 12.7 g/s
Cold gas efficiency Tgas 66.5 66.6 %

Table 4.11: Comparison between model outputs and 15-second-long loading experimental
data

Parameter Symbol Value Unit

Chimney area Aq 0.318 m?

ER of the chimney area ERy 0.667 -

Pyrolysis area Ay 0.350 m?

ER of the pyrolysis area ER, 0.048 -

Variable Symbol Model Exp. data Unit
Biomass consumption Mhio 031 9531 g/s
Syngas higher heating value HHVyng0s — 4.22 3.97 MJ/Nm?
Syngas volumetric flow rate V;»yngas 122 103 l/s
Air volumetric rate Viir 87.9 91.2 l/s
Char flow rate Mehar 6.80 707 g/s
Tar+water flow rate Miar+water 17.3 21.8 g/s
Cold gas efficiency Ngas 62.1 66.6 %

4.3.4 Summary

The experimental campaign showed a deep relation between the loading parameters and
the performance of the gasifier. Subdividing the loading in small amounts reduces the
tar and the water production in the reactor. The results obtained from a 15 second-long
loading condition founded a theoretical structure thanks to an "inception" mathematical
model. This model, based on the coupled Reed-Wang models, explains the effect of large
loads to choke the superficial reactions and to force the air to run through few paths in the
reacting bed. This phenomenon creates "channels" with a high equivalence ratio where
most of the water is produced, while the rest of the reactor runs with a low equivalence
ratio producing a great amount of tar. These observations outline the importance of control
parameters and modeling into the design process of gasifier reactors and power plants.







Chapter 5

Modeling and simulation wood
gasification power plants

Chapter [1I] introduces the advantages of gasification applied to electrical power production.
However, some aspects decrease the gasifier efficiency together with some issues related to
the power plant that can nullify the advantages previously discussed. For these reasons it
is vital to monitor how the power plants run in order to keep the efficiency, tar and char
disposal under control.

Some problems occurs when the power plant monitored has not been designed for a
complete acquisition of the necessary thermochemical variables. Especially for medium or
large scale plants, every hour of plant stoppage is paid in terms of loss of earnings. For
this reason, the experimental campaign needs to be carried out when the plant working
without interfering with the routine operations if possible. Moreover, the larger the plant
is the higher the inertia of the whole system is. This forces an adoption of investigation
methods that take into account this peculiarity. In this Chapter the modeling and the
simulation of conventional and advanced 250kW,; biomass power plants is discussed.

5.1 A conventional medium scale downdraft stratified power
plant modeling and comparison with experimental results

The plant investigated consists of a stratified downdraft gasifier coupled with two diesel IC
engines. As previously discussed in Chapter [3] these engines require a tar-free gas which
avoids fouling problems in the compressor, valves, combustion chambers and turbine. For
this purpose, a downdraft gasifier is the best choice due to the low tar content in its syngas
[6]. The stratified gasifier represents the simplest design for a downdraft reactor. It consists
in a refractory cylinder with no nozzles and no reduction of diameters. Both air and wood
fuel enter from the open top and pass through different zones of reaction as illustrated in
Figure Several researches [21], [176], 161, 162, 03] [144], [177] suggest different approaches
to the stratified downdraft gasifier modeling. A simple model of the process has been set
up starting from energy balances as reported by [21]. The model implemented in this
section is based on energy and mass balance equations and it is able to predict some of
the thermochemical variables which can be measured in situ. The analyzed power plant is
depicted in Figure [5.2] and consists of a stratified downdraft gasifier designed to produce
up to 800 kWy, which is fed with poplar wood chips. Two diesel engines connected to
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the gasifier produce up to 125 kW, each. A cylindrical dryer is used to reduce the total
moisture of the biomass to a value of 10-15 % using the exhaust and the cooling air of
the engines. Before reaching the engines, the syngas is cleaned by a cyclone, a water
scrubber and a battery of 24 electrostatic filters. The engines need 4 to 8 1/h of diesel
each to ensure the ignition of the whole fuel mixture. This fuel fraction can be switched
to vegetable oil after a start-up period. The gasifier is affected by an excessive production
of tar and charcoal, these are removed during the gas purifying process. In spite of the
presence of the cleaning phases described above, a part of the tar pass through the filters
and go into the engines. This phenomenon decreases the durability of the engines and
causes the frequent shutdowns of the plant, this put in place frequent cleaning operations.
In order to investigate the overproduction of tar, the first step taken was to measure the
thermochemical variables of the process. The efficiency of the gasifier was calculated via
experimental analysis setting the electrical power output to 200 kW,; and the experimental
variables were compared with the outputs of the model.

The obtained results were used to find better operating conditions related to low tar
production. Results can also be used as the basis for future reactor design improvements.
Some data (i.e. biomass consumption) was calculated in different ways, such as: model
prediction, experimental campaign and mass balance equation. Differences between these
values are being used for validating the effectiveness of the experimental procedures outlining
the parameters that need to be acquired with an alternative method.
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Figure 5.1: Stratified downdraft reactor
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5.1.1 Energy and mass balance model
The power generation unit model

This section describes the mathematics of the internal combustion engines connected to
the alternators in order to produce electrical energy. The thermal power going into the
engines is calculated by Equation

Pel
NengTalt

Qeng = (511)

The engines are supplied by the syngas and diesel oil. The thermal power generated
by the syngas combustion is given by Equation and the thermal power generated by
the diesel oil combustion is given by Equation [5.1.3

stngas = Qeng - Qoil (512)

Qoit = Mot HHV i (5.1.3)

The volumetric flow rate of the syngas and the mass flow rate of the diesel oil are
calculated using their higher heat of combustion as follows:

) stngas
. Qs 5.14
syngas,dry HH‘/SyngaS,dry ( )

Thoit = Poit Vit (5.1.5)

Moreover, the air/fuel mixture flow rate which go into the engines is calculated as
follows [21]:

. NVn
‘/engine = TO (516)
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Figure 5.2: Power plant basic layout
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The volumetric efficiency of the engines can be obtained combining Equation [5.1.4) and
Equation The air flow rate to the engines are calculated by Equation [5.1.8

‘./en ineTlvol y
Viyngas = — 222 — W, 5.1.7
syngas 1+ ¢eng oil ( )
Vair,engine = (‘./oil + Vtsyngas)(beng (518)

Table reports the design parameters of the power generation unit.

Table 5.1: Power plant parameters

Description Symbol Value
Number of engines N 2
Displacement Veng 0.0129 m3
Nominal rpm n 1 500 rpm
Air to fuel ratio Deng 1.10
Nominal volumetric efficiency Nvol 1.11
Maximum electrical power Pz 320 kW
Nominal electrical power Poom 250 kW
Engines nominal efficiency TNeng 29.4%
Alternator efficiency Nalt 0.95
Diesel oil higher heat of combustion [I78] HHV,; 42 MJ/Nm?
Diesel oil density [178] Poil 830 kg/m3
Diesel oil volumetric flow rate Viil 8 1/hour

Gasifier Model

The biomass consumption is calculated as follows:

stngas (519)
ngasHHV;)io,ar ¢eng

The higher heating value of biomass is calculated by the following equation, which
takes the total moisture percentage (M) of the feedstocks into account [179]:

Mpio =

HHVyigar = HHVyio (1 — M/100) — 7 M (5.1.10)

The ultimate analysis of the biomass, reported in Table was used to obtain the
H HVy;o,ap by the Equation 2.4.10}

Table 5.2: Biomass ultimate analysis
Element C H S O N M Ash
Weight fraction% 46.0 5.86 0.00 44.03 0.58 1 2.75

The mass flow rate of the air entering into the gasifier is given by Equation [5.1.11
derived by [6], 21]:

mair,gas = Mgy * Mpijo * ER (5111)
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For these kind of reactors, the mass of charcoal discharged can be assumed to be equal
to 10% of the entering biomass [6l, 21] and the tar production can be calculated assuming
that 2 g of tar are contained into each Nm? of syngas generated [6, 21]. Poplar wood chips
are used in this study. Table summarizes the design parameters of the gasifier.

Table 5.3: Gasifier design parameters

Description Symbol Value
Gasifier nominal cold gad efficiency Ngas 80%
Internal diameter D 0.92 m
Gasifier bed height H 0.6 m
Biomass higher heating value, dry based HHVjioqpr 19.33 MJ/ Nm?
Biomass total moisture M 1% (very dry)
Water latent heat [40] r 2.257 MJ /kg
Stoichiometric air-biomass ratio [6] Mt 6.36 kgair/kgio
Equivalence ratio [128, (6] ER 0.3

5.1.2 Experimental analysis

At the beginning of the project, the thermochemical data were largely insufficient. For
this reason the power plant was equipped with instruments measuring the air and gas flow
rates, the biomass consumption, reactor temperatures, tar and charcoal productions. All
of these measurements permit a more controllable gasification process. Moreover, they can
also be used to compare ideal model results to the system values.

Gas flow rate

The gas flow rate was measured by introducing a Pitot tube in the syngas intake pipe of
each engine. The data logger, connected to the Pitot, was calibrated by syngas density
and temperature. The Pitot acquires pressure values from the center of the gas pipe. More
than 30 diameters of rectilinear pipe separate the acquiring section from the closer bent.
For common spinning values of the fans moving the syngas, the average velocity in every
pipe ranges between 3.6 m/s and 15.8 m/s which corresponds to Reynolds values ranging
between 2.1x10% and 7.6x10%. This ensures a fully developed turbulent flow of syngas at
310 K.

Air flow rate

The air intake is composed of different parts connected to a central pipe. This architecture
creates several secondary air intake, i.e. the chimney, the auger feeder and the hole for the
laser meter. A proper assessment of the pressure drop from the outside to the inside of the
reactor is not possible. The air intake has a large diameter and is short in length. Taking
this into account, the choice of Venturi or diaphragms for the flow rate measurement are
avoided. In addition, the high temperatures, dust and continuous biomass crossover can
interfere with ultrasonic flowmeters.

When the gasifier is running, the reactor produces syngas and the mass flow changes
passing through the reactor. Problems related to the inlet flow measurements can only be
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solved by correlating the inlet pressure drop to the analogous flow data, acquired by the
Pitot, when the gasification process is turned down.

Once the reactor had been turned off, it can be considered cold two days later. A
differential manometer is plugged into the air inlet duct. Fans draw air from the outside
through the gasifier and the filters, then the air is sent to the engines. Since the gasifier
is cold, no gas is produced in the reactor, therefore the air drawn in the gasifier and the
air flow rate sent to the engines is the same. This procedure allows us to correlate every
pressure drop to a flow rate value. Once the system is turned on, the correlation continues
and indicates the actual air flow rate entering the reactor. Figure shows the correlation
between the pressure drop and the flow rate at the air inlet duct, the value related to the
200 kW, is indicated.
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Figure 5.3: The air pressure-flow correlation

Biomass consumption and moisture content

When the steady-state is reached about four hours after the plant start-up, the volume
of biomass entering and exiting the dryer is the same assuming that the drying process
reduce the water content of the fuel without reducing the particle volume. The mass flow
rate of the biomass is obtained calculating the time spent ¢ [s| to consume an amount of
wet biomass m;y, [kg| charged in the dryer under steady-state operating conditions.

A sample of this fuel amount is analyzed using a PCE - MB 200 moisture meter for
calculating the initial moisture content. Once the biomass starts exiting the dryer, another
sample is tested. The mass flow rate can be calculated as follows:

Mpio = M fin/t (5.1.12)
mdry
n=1T—p — 5.1.13
Mary = Min(1 = Oin) = Mypin(1 — Ofin) (5.1.14)

where 6 indicates the moisture, the subscript in indicates "initial" (before the drying
process) and the subscript fin indicates "final" (after the drying process).
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Temperatures

The reactor was equipped with six N type thermocouples with a diameter of 3 mm. A
data logger was used in order to constantly record the six different temperatures plus the
ambient temperature during the tests. The thick diameter of thermocouples guaranteed a
good mechanical resistance, even in the high temperature zones. The thermal stratigraphy
is used to control the process and to indicate the thickness and placement of the different
zones in the reactor. The temperature data will be used in more detailed models to specify
the different reactions taking place in the gasifier.

Tar and charcoal

For a complete understanding of the process, an assessment of all byproducts is needed.
The char is discharged from the bottom of the gasifier as well as from the cyclone. The
tar is discharged by the filtering system. If the reactor starts to produce more tar, the
excessive production will be read minutes after when the tar is collected by the filters and
sent to the discharge tank.

All of these systems are electronically controlled, therefore they work discontinuously.
For this reason, a real time control of the tar and charcoal production is not possible. The
simplest solution consists in measuring the total amount of products generated during an
entire test.

Syngas composition

For the entire power output range from 40 kW, to 250 kW,;, a syngas sample has been
analyzed. The gas samples were taken using vacuum cylinders connected to the gas pipe
through a glass tank. The tank was pre-filled with syngas coming from the plant. This
procedure avoids the possibility of the air contamination into the syngas sample. The
gas-chromatography results of the 200 kW,; sample are reported in Table [5.6] The HHV
of the syngas has been obtained from Equation [3.4.2

5.1.3 Results

The system was set at 200 kW,; and the simulated results were compared to the experimental
data. Two different tests were implemented:

e The model was set with the experimental values of HH Viypgas and 1gqs. The model
results are reported in Table and are compared to the experimental data.

e The model was set with the design HHVyngas and ngqs. Table [5.5] shows the model
results and the experimental data are compared to these results.

The "gas cold" efficiency of the gasifier calculated by experimental data is about 38.3
%. In Table A |%)] is the model percentual error related to experimental data. The
experimental value of the HHV;y,4.s Was calculated considering the syngas composition
and the HHYV values of every combustible component as shown in Table [5.6]
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Table 5.4: Energy balance modeling predictions Vs. experimental data

Variable Model Experimental A
Ngas %] 38.3 38.3 0
HHVyngas [MI/Nm3|  4.59 4.59 0
Tio [kg/h] 311 261 +16%
Vair [kg/h] 555 468 +19%
Viyngas [ke/h] 496 417 +19%

Table 5.5: Design-based model Vs. experimental data

Variable Model Experimental A

Ngas |%] 80 38.3 -52%
HHVsyngas [IMJ/Nm?| 5 4.59 -8%
Mo [kg/h] 149 261 +75%
Vair [kg/h] 237 468 +97%
Viyngas [kg/h] 455 417 -8%

Table 5.6: Syngas composition
GAS %Vol. HHV|MJ/Nm?] [173]

cO 179 12.62
Hy, 123 12.75
CHy 2.80 39.72
Ny 556 /
COy  10.54 /
0, 1 /
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5.1.4 Summary

The proposed model is able to predict the behavior of a gasifier with a maximum error of
19%. This error cannot be reduced due to the initial hypothesis of low tar and charcoal
production as suggested by [6l 21], 22} 128]. The tar overproduction involves a discharge of
not reacted chemical energy. This phenomenum reduces the HHV of the syngas causing
the decrease of the "cold gas" efficiency. Comparing the results of the model set with the
design inputs (H H Viyngas and 1gqs) to the real experimental data, it can be noted that the
system is far from its optimal conditions. The experimental H H Viyy, 445 is lower than the
design one, this occurs because part of the chemical energy of the biomass is discharged
in tar and charcoal as previously described, furthermore the air excess (97%) dilutes the
syngas and increases the combustion reactions. The experimental 7445 is lower than the
design one because the H HVyypngqs and the syngas flow rate decrease (8%) and the biomass
consumption increases (75%).

Both sensitivity analysis and model versus experimental comparisons are significantly
influenced by the reliability of the experimental data. The main errors in the air and gas
flow rate analysis come from acquiring the single values of fluctuating variables instead
of taking the average one. The main errors in the biomass flow rate are caused by the
intermittent operation of the dryer. The dryer contains a volume of biomass several times
greater than the amount used for the single tests.

Moreover, the rheology of wet and dry biomass is different. Due to the control method
of the dryer, very big batches of wet biomass is charged into it. The biomass creates
a compact pile interrupting the charging even if the rest of the dryer is not full. For
these reasons the charging and discharging of the dryer are intermittent. This reduces the
reliability of the method adopted for biomass consumption measurement. For a better
control of the process, a new dryer has been designed. The plant can be easily switched
from the main dryer to the new one. The new machine processes small amounts of biomass,
about 1 m3. The speed of the spinning plates and the hot air flow rate can be controlled to
reach the desired moisture content. The biomass consumption will be obtained calculating
the time spent to consume all the cubic meters of biomass charged in the dryer. The
major advantages of using this model include the possibility to monitor the system under
different conditions, i.e. by changing the power output of the engines. For every condition,
the model indicates how far the system is running away from the theoretical conditions.

If the optimum working point identified will not coincide with the condition of nominal
power output, the system will be forced to run with limited power. A possible solution for
running the engines with full power adding more diesel or vegatable oil without demanding
more syngas from the reactor, consists of installing an extra throttle between the reactor
and the engine. The engine compressor draws both air and syngas, so the throttle could
modify the air-gas ratio.

The tar overproduction could be related to the air excess due to the biomass size. The
system uses wood chips with a high content of very small pieces similar to sawdust. The
air hardly penetrates the compact biomass bed. When it finds preferential passages the
stoichiometric conditions may differ from zone to zone.

The reactor dimensions, reported in Table indicate very large and thin zones. Due
to these dimensions, there is a risk that some of the biomass reagents will mix with another
zone. Moreover, the intermittent loading of the biomass in the reactor can temporarily
extinguish the flaming pyrolysis every time the fresh fuel hits the reaction bed.
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These phenomena have inspired the "inception" code reported in Chapter [l This
mathematical model has been designed in order to predict the presence of channels in
the biomass reacting bed. In addition, the study reported in Chapter [ investigated the
influence of the charging time on the performance of the reactor.

5.2 Modeling and simulation of a DG-SOFC-MGT hybrid
system

Most of gasifiers for electrical and CHP applications are commonly coupled with Organic
Rankine Cycle (ORC) systems, IC engines, turbogas, EFGT or Stirling engines [6l, 21], 29|
30, [180]. However, the efficiency of these systems is lower compared to some advanced
power generation systems such as Molten Carbonate Fuel Cells (MCFC) [20, [79], Solid
Oxide Fuel Cells (SOFC) [80, 181, 182] or SOFC coupled with Micro Gas Turbine (MGT)
[183], [84, 85 86}, [184], [8T], 82, (185, 186, [187]. For this kind of systems, downdraft gasifiers
are very suitable because creates a syngas with low tar and particulate content compared
to updraft, crossdraft or fluized bed gasifiers [0}, 21, [47].

This feature optimizes the performance and the reliability of the SOFC-MGT subsystem
that operates properly with a clean syngas fuel [I88]. The syngas obtained from the
gasification process is stored and used in the SOFC-MGT unit able to produce electrical
and thermal energy. On one hand, the syngas storage tanks allow to all the subsystems
to operate in their optimal point, on the other hand it avoids to switch off the power
production every time the maintenance operations of the gasifier are required.

This management preserves SOFC and MGT reliability. However, it is difficult to size
the storage, infact an oversized storage volume rises the systems costs and an undersized
storage volume reduces or nullifies the time available for the maintenance and the advantages
of the subsystems operation at a fixed point. For this reason, the storage has been designed
taking into account the tank pressure, the electrical power production of SOFC-MGT unit
and the time required for the scheduled stops of the gasifier for maintenance operations.

The mathematical model of the gasifier was developed and it was validated using
the experimental data acquired from a DG power plant with nominal power of 250 kW
[168]. The mathematics of the SOFC-MGT unit and auxiliary subsystems was taken
from literature. The overall model was implemented in Matlab Simulink”™ software
environment in order to simulate the operation of the hybrid system over a year long period.
The efficiency of every subsystem was calculated, in addition the electrical conversion
performance of the whole system was estimated under different conditions of biomass
choice and moisture content from 5 to 30%. The following types of wood biomasses was
considered: poplar wood chips, peach tree wood chips and vineyard prunings. For every
simulations, the annual energy production was estimated. Furthermore, the behaviour of
the storage sub-system has been investigated.

5.2.1 System modeling and simulation

The system layout is reported in Figure [5.4 The most important components are:

e Dryer: In this device, the moisture of the inlet biomass is reduced using the sensible
heat of the syngas.
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e Downdraft gasifier: The gasifier is equipped with a subsystem for the syngas
treatment composed by a cyclone, an heat exchanger, a scrubber and an electrostatic
filters.

e Syngas storage: There is 5 tanks for a total volume of 500 m3.

e SOFC-MGT unit: This subsystem is connected to the electrical grid by an inverter
and an alternator.

The humid biomass is introduced in the dryer where a heat exchanger heats the biomass
even it reach the desidered value of moisture. This device allows to increase the gasifier
efficiency and it cools down the syngas. After the moisture reduction, the biomass reacts
inside the gasifier with the inlet air.

The raw syngas has a temperature of about 600 °C, it is dusted in the cyclone then it
is cooled in a heat exchanger and in a scrubber until it reaches a temperature of about 50
°C. In the scrubber subsystems, the water and tars inside the syngas are discharged. An
electrostatic filter purifiers furthermore the syngas which it goes first into the compressor
1 and then into the storage system. This one is composed of an inlet manifold, 5 storage
tanks and an outlet manifold.

The compressor 2 sends the syngas to the SOFC stack. In this device, the fuel reforming
occurs at the anode and there is a recirculation of the 20% of the anode exhaust to increase
the fuel reforming performance. The anode exhaust is used to preheat the syngas inlet flow
then it is finally burned in the MGT burner together with the cathode exhaust. The air
required for the electrochemical reaction is compressed and preheated in the recuperator
of the MGT and in the air preheater of the SOFC.

The SOFC stack generates DC current which it is converted in AC current by the
inverter and it is sent to the electrical grid. The MGT drags the air compressor and the
remaining mechanical energy is converter in electrical energy by an alternator.

Gasifier modeling

The kinetic model explained in Chapter 4] was applied to simulate the gasifier. Table
[5.7] resumes the parameters of the gasifier model. Tables (.9 and present the
proprieties of poplar wood chips, peach tree wood chips and vineyard prunings. These
parameters are obtained by experimental analysis. The maintenance of the DG has taken
into account setting it to 12 hours every 120 hours of operation. With these conditions,
the DG works about 8000 hours a year. Further assumptions of the model are: fixed tar
production and the sensible heat of the syngas is sufficient to properly dry up the biomass.
Other features of the model adopted and plant investigated are reported in [168] and [156].

Compressor and storage system modeling

To compress the syngas produced by the gasification, a polytropic compression is considered.
The electrical power required for compression given by [189):

m—1

1- (’;":) m] (5.2.1)

ngachomp,is _ Ngas mRT;,

P, comp — 1
ncomp ncomp m—
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Figure 5.4: Basic layout of the DG-SOFC-MGT system
Table 5.7: Gasifier model parameters
Description Symbol Value
Biomass consumption Mpio 187 kg/h
Gasifier cross area Ay 0.668 m?
Flaming pyrolysis temperature T, 1173.5 K
Char reduction temperature T, 1073.5 K
Fixed bed height H 0.6 m
Pressure P 1 atm
Equivalence ratio ER 0.25
Gasifier and filters self consumption Ppg serf 12.5 kW
Cyclic operation hours hoperation 120 h

Cyeclic maintenance hours Rmaintenance 12 h
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Table 5.8: Poplar wood chips proprieties

Description Symbol Value
Bulk density Fy 0.4 kg/m?
Void fraction F, 63 %
Total moisture M 5-30 %
Chip length Lcnip 0.02 m
Chip width Wenip 0.02 m
Chip height H pip 0.005 m
Carbon content (dry basis) Cu 46.4 %
Hydrogen content (dry basis) Hy, 5.90 %
Nitrogen content (dry basis) Ng 0.58 %
Oxygen content (dry basis) O 44.4 %
Ash content ASH 2.75 %

Higher heating value (dry basis) HHVy, 15.7 MJ/kg

Table 5.9: Peach tree wood chips proprieties

Description Symbol Value
Bulk density Fy 0.4 kg/m?
Void fraction F, 63 %
Total moisture M 5-30 %
Chip length Lenip 0.02 m
Chip width Wenip 0.02 m
Chip height H pip 0.005 m
Carbon content (dry basis) Cu 43.2 %
Hydrogen content (dry basis) Hgy, 498 %
Nitrogen content (dry basis) Nap 0.60 %
Oxygen content (dry basis) O 47.49 %
Ash content ASH 3.72 %

Higher heating value (dry basis) HHVy 15.4 MJ/kg

Table 5.10: Vineyards prunings proprieties

Description Symbol Value
Bulk density Fy 0.4 kg/m?
Void fraction F, 63 %
Total moisture M 5-30 %
Chip length Lenip 0.02 m
Chip width Wehip 0.02 m
Chip height H pip 0.005 m
Carbon content (dry basis) Cap 44.2 %
Hydrogen content (dry basis) Hy, 4.88 %
Nitrogen content (dry basis) Nap 1.03 %
Oxygen content (dry basis) Oa 46.58 %
Ash content ASH 3.28 %

Higher heating value (dry basis) HHVy 17.9 MJ/kg
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where m is the polytrophic coefficient, R is the universal gas constant equal to 8.314
J mol~! K—1, T}, is the gas inlet temperature assumed to be equal to 50 °C, pi, and pous
[atm| are the gas inlet and outlet pressures, fgqs [mol/s| is the gas molar flow and 7eomy is
the compressor efficiency available from manufacturer’s data. The maximum pressure value
inside the storage system is necessary to design properly the tanks and the compressor.
Assuming ideal gas hyphotesis and a constant temperature T of the storage of 25 °C, the
pressure inside the tanks is calculated by the ideal gas law:

nRTy
\%4
where n [mol] are the moles of syngas inside the tanks and V' [m?] is the storage total
volume. Assuming a value of the initial syngas moles n;, inside the storage, the moles of
syngas at the time T [s] is given by:

(5.2.2)

Ds =

T
n = Ni, + /0 (Min,s(t) — Tout,s(s)) dt (5.2.3)

where 7, s(t) and 7oyt s(t) [mol/s| are the inlet and the outlet molar flow at the
istantaneous time ¢ [s|. Table reports the parameters of the storage and compressor
models adopted in the simulations.

Table 5.11: Storage and compressor model parameters

Description Symbol Value
Politropic exponent of the syngas m 1.33
Syngas compressor efficiency Neomyp 92 %
Tanks temperature T 298.15 K
Initial syngas amount in the tanks Nin 3210* mol
Number of tanks N )
Total tanks volume v 500 m?

SOFC modeling

The SOFC model was developed by Bang-Mgller and Rokni [85]. This model do not
take into account the recirculation of the exhaust in the anode. To overcome this issue,
the reforming model presented by Rami Salah El-Emam et al. [82] was applied. The
syngas refoming occurs near the anode where it take place the reforming of the methane
(Equation and the water-gas shift of the carbon monoxide (Equation . The
electrochemical reaction takes place both in the anode and in the cathode.

At the anode, the hydrogen reacts with the oxigen ions to form water and electrons
following the Equation At the cathode, the oxigen of the inlet air reacts with the
electrons from the anode (Equation to form oxygen ions that are direct to the anode
through the solid oxide electrolyte. Equation [5.2.8] resumes the overall electrochemical
reaction.

CHy+ HyO — CO + 3Ho (5.2.4)

CO+ HyO — CO9 + Hy (5.2.5)
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Hy + 0% — Hy0 + 2¢~ (5.2.6)
1 — 2_
1

The mathematical modeling of reforming and electrochemical reactions are explained
in References|82] and [85]. Using these models, it is possible to calculate the electrical
power production and the electrical conversion efficiency for a given syngas inlet flow
with a specific composition. The SOFC model parameters adopted in the simulations are

reported in Tabldb.12)

MGT modeling

Modeling of gas turbines is well described in literature. The reader is referred to Bang-Mgller

and Rokni [85] for details. Characteristics of the turbine and others components connected
to the MGT are listed in Table £.13

Table 5.12: SOFC model parameters

Description Symbol Value
Fuel utilization factor U 0.75
Recirculation factor r 0.2
Operating temeprature Tsofec 1073.15 K
Anode pressure loss Ap, 500 Pa
Cathode pressure loss Ap, 1000 Pa
Anode pressure loss Ap, 500 Pa
Current density i 300 mA /cm?
Active cell area Acell 81 cm?
Cells for each stack Neell,stack 75 cells
Number of stacks Nstack 145 stacks
Cathode air excess vent 1.4
Pressure ratio PR 2.5
Steam to carbon coeflicient STC 2.5

Electrochemical parameters taken from [85]

5.2.2 Simulation results

The SOFC-MGT unit has a constant energy production during the year of simulation in
order to preserve the stability of the cells and gaskets which are very sensible to the thermal
stresses [190]. Starting from that, the syngas molar flow consumed by the SOFC-MGT
unit is calculated by the following equation which it considers the cycling operation of the
DG:

hoperationnDG

hsyngasstFC = h (529)

operation + hmaintenance
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Table 5.13: MGT model parameters

Description Symbol  Value
Politropic exponenet of the air m 1.33
Turbine isoentropic efficiency Mis,turb 84 %
Air compressor isoentropic efficiency Nis,comp 75 %
Turbine mechanical efficiency Nmectury 99 %
Air compressor mechanical efficiency — Mmec.comp 98 %
Recuperator effectiveness Nrec 85 %
Burner efficiency Nef fburner 99 %
MGT generator efficiency Nait.mcT 95 %
Pressure ratio PR 2.5

Figure depicts the overall model implemented in Matlab Simulink” M software.
Tables [5.14] [5.15] and [5.16] show the results of the simulations for the three biomass
considered with a moisture of 10%. Figure reports a comparison between the system
performances varying the type of biomass.

Figure resumes the net electrical power production (P tot), the power generated
by the SOFC-MGT unit (Pe sorc+mar) and the power self consumed (P se1¢) for each
type of biomass.
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Figure 5.5: System in Matlab Simulink”™

The influence of moisture of poplar wood chips on the performance of the system is
reported in Figures [5.8 and [5.9] The moisture level do not influence the total efficiency
while an increase of moisture causes a sensible decrease of the power production with the
same biomass consumption. The overall electrical efficiency is about 33.5%, it is a good
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Table 5.14: Simulation results for poplar wood chips at 10 % of moisture

Description Value
H, fraction in the dry syngas 11.5 % vol.
CO fraction in the dry syngas 14.0 % vol.
COs fraction in the dry syngas 18.8 % vol.
CH, fraction in the dry syngas 8.3 % vol.
N5 fraction in the dry syngas 47.3 % vol.
Molar flow of dry syngas 3.73 mol/s
Gasifier cold efficiency 7.7 %
Specific tar production 2 g/Nm?
Tanks pressure range 1.49-8.76 bar
Molar flow of dry syngas to the SOFC-MGT unit  3.39 mol/s
SOFC+MGT power production 237.4 kWy
Average self consumption 14.1 kW,
Average total power production 223.3 kW
Average SOFC+MGT electrical efficiency 43.2 %
Average total electrical efficiency 33.5 %

Table 5.15: Simulation results for peach tree wood chips at 10 % of moisture

Description Value
Hs fraction in the dry syngas 12.8 % vol.
CO fraction in the dry syngas 15.8 % vol.
CO4 fraction in the dry syngas 20.4 % vol.
CH, fraction in the dry syngas 6.3 % vol.
Ny fraction in the dry syngas 44.7 % vol.
Molar flow of dry syngas 3.39 mol/s
Gasifier cold efficiency 68.1 %
Specific tar production 2 g/Nm?
Tanks pressure range 1.49-8.09 bar
Molar flow of dry syngas to the SOFC-MGT unit  3.08 mol/s
SOFC+MGT power production 195.9 kW,
Average self consumption 13.9 kW
Average total power production 182.0 kW,
Average SOFC+MGT electrical efficiency 40.9 %
Average total electrical efficiency 27.8 %




5.2 Modeling and simulation of a DG-SOFC-MGT hybrid system 79

Table 5.16: Simulation results for vineyard pruning at 10 % of moisture

Description Value
Hj fraction in the dry syngas 10.1 % vol.
CO fraction in the dry syngas 12.2 % vol.
CO4 fraction in the dry syngas 19.1 % vol.
CH, fraction in the dry syngas 8.9 % vol.
Ny fraction in the dry syngas 49.7 % vol.
Molar flow of dry syngas 3.73 mol/s
Gasifier cold efficiency 74.9 %
Specific tar production 2 g¢/Nm?
Tanks pressure range 1.49-8.09 bar
Molar flow of dry syngas to the SOFC-MGT unit  3.39 mol/s
SOFC+MGT power production 223.2 kW
Average self consumption 14.1 kW
Average total power production 209.1 kW
Average SOFC+MGT electrical efficiency 41.9 %
Average total electrical efficiency 31.4 %

results compared to the maximum efficiency of about 20% of conventional biomass power
plants [32]. In addition, the total electrical energy production during the year of simulation
is about 1956 MWh obtained by a power of about 223 kW constantly transferred to the
electrical grid. Figure depicts the overall energy balance of the system using poplar
wood chips with 10% of moisture as fuel. 42% of the energy is lost in the SOFC+MGT
unit, while the self consumption of the system is only 2%. Finally, Figure |5.11| reports the
pressure inside the storage tanks during the year of simulation using poplar wood chips
with 10% of moisture as fuel. The storage volume is appropriate because the pressure is
low and ranges between 1.49 and 8.76 bars.

5.2.3 Summary

The hybrid system reaches a high electrical efficiency also with a biomass of medium
quality such as vineyard prunings. This occurs because the SOFC-MGT unit presents a
higher efficiency (about 40%) compared to IC engine, ORC cycle or EFGT cycle. The self
consumption of the system is insignificant and the low pressure inside the tanks ensures
small leakage and good safety.

Furthermore, the SOFC unit fueled by the syngas works well also with small quantities
of tar [I88] and the lifetime of the cells is about 69000 hours equal to 8 years at constant
full power. Also the efficiency of the cells decreases slowly over time (0.2% every 1000
hours) [190].

Further studies about economical and ecological sustainability of this kind of systems
should be done. More advanced control algorithms that reduce the electrical production
during the maintenance of the DG can optimize the volume of the storage and the whole
system costs.
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5.3 Modeling and simulation of a DG-SOFC-MGT system
with CO, adsorption by zeolites and gasification with
oxygen enriched air

The air gasification generates a low HHYV syngas composed also with no burner gases
such as Ny (about 50 %) and COy (from 10 to 20%). A solution to eliminate the N
is to gasify with oxygen but it is expensive beacause the oxygen need to be produced in
situ or need to be stored in tanks. The oxygen gasification is strongly exothermic and the
temperature inside the reactor can reachs 1200-1300 K, for this reason the design of the
reactor is complex and the materials adopted are more resistant to thermal stress than
others reactors. Furthermore, the piping of oxygen is more dangerous than the piping of
air and some safety measurements need to be adopted.

In this section, an advance solution with a polypropylene oxide (PPO) membrane is
used to produce oxygen enriched air [191]. In such a way, an air with about 50% of oxygen is
generates. This air creates a sort of mixed air-oxigen gasification with lower reactor thermal
stresses compared to pure oxigen gasification. The syngas has a lower Ny content than the
syngas from the air gasification, furthermore the syngas flow rate decreases because the
oxygen enriched air inlet flow is lower than the air flow for conventional gasification. This
happens because the same amount of oxygen is used in both cases, but only 21% vol. of the
inlet air is oxygen instead 50% vol. of the inlet oxygen enriched air is oxygen. Finally, the
tar production of oxygen enriched air gasification is lower than the air gasification because
the higher temperatures cracks more efficiently the primary tar.

The syngas has a variable C Oy content depending on the gasification medium. This
value ranges between 10 and 30% and it reduces significantly the higher heating value of
the syngas. A possible solution to overcome this issue is to adopt a filter with selective
synthetic zeolites before the storage tanks in order to separate carbon dioxide from the
others gases of the syngas [192, [193]. The filter can be constantly regenerated using a
structured zeolite adsorbent and rotary valve packaged into modules as depicted in Figure
|

In this section, modeling and simulation of the previuos DG-SOFC-MGT hybrid system
is completed within the application of COy adsorption by zeolites and oxygen enriched air
as medium for gasification. The most efficient condition of poplar wood chip gasification
at 10% of total moisture was investigated and compared with the results from the previous
section. An annual simulation with gasifier maintenance was also considered.

5.3.1 System modeling and simulation

The new system case of study is depicted in Figure It is essentially composed by the
same components of the previuos system with the addition of the PPO membrane filter
module on the inlet air and the zeolite (ZEO) filter module after the first syngas compressor.
There is another syngas compressor before the tanks because the ZEO module works at 5
bars of pressure as explained below, instead in the tanks the pressure is often higher. Inside
the PPO module there is another compressor, not depicted in the figure, that increases the
pressure of the air before the PPO membrane filter to about 10 bars. The oxygen enriched
air is sent to the gasifier at atmosferic pressure. A flow of nitrogen is purged from the PPO
module and a flow of CO5 is purged from the ZEO module.
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PPO module modeling

The widely used polymeric membranes able to divide the air in nitrogen and oxygen are:
Matrimid, Polyphenylenoxid (PPO) and Polydimethylsiloxan (PDMS) [191].

As show in Figure in this membranes a flow of air Qg [mol/s| at high pressure
Pfeed [atm] composed by a ooreed and T n2peeqd molar fractions of oxygen and nitrogen, is
divided in:

e A permeate molar flow Qp [mol/s| at atmosferic pressure ppermeate [atm| composed
by a yo2 and yyo molar fractions of oxygen and nitrogen.

e A retentate molar flow Qg [mol/s| at high pressure pfeq [atm| composed by a
TO2Retentate ANA T NoRetentate Molar fractions of oxygen and nitrogen.

Feed: Retentate:
Q QR xOZRetentate

xNZRetentate pFeeI

air XOZFeed xNZFeed

pFeed

——

Permeate:
O‘F yOZ yNZ pPermesle

Figure 5.13: Oxygen enriched air membrane separator principle

Each membrane behaviour is identify through two parameters: selectivity and permeability
to oxygen. The first factor rapresents the attitude of the membrane of attract the oxygen,
the second quantify the attitude of the membrane to be crossed by the oxygen. High
selectivity and permeability ensure a great filtering performance in terms of a high value
of yo2 and a low membrane area needed to filter a given amount of air. Table[5.17]resumes
the parameters of Matrimid, PPO and PDSM membranes.

Table 5.17: Membranes parameters
Material ~ Selectivity = Oxigen Permeability

a [ad] 7 [mol m~2 s~! bar~!]
Matrimid 6.7 62.0 x 107°
PPO 4.7 37.2x 1074
PDMS 2.1 39.6 x 1072

The choiche of the PPO membrane is a compromise in order to have an accetable value
of selectivity and permeability. The mathematical model presented in References [191] has
been implemented to simulate the behaviour of the membrane. The following assumptions
are made in the model:

e Air is represented as a binary gas mixture with 21% Oxygen and 79% Nitrogen.
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e Steady state conditions.

e [sothermal conditions.

e [sobaric conditions.

e Perfect gas law.

e Constant permeability.

e No flux coupling.

e Perfect mixing conditions on upstream and downstream sides.
e Concentration polarization at the membrane is neglected.

e Pressure loss in the porous support layer is neglected.

e The permeate can drain off freely.

The calculation of the permeate composition is made with the following formulas taken
from Reference [191]:

1 1 1 1 2 a¢xO2Feed
yo2 = 5 |1+ ¢ | ro2Fcea+ —— || =/ |5 |1+ @ | To2Fecd + —— -
2 a—1 2 a—1 a—1

(5.3.1)
yn2 =1 —yo2 (5.3.2)
¢ = pfeed/ppermeate (533)

where ¢ [ad| is the feed-permeate pressure ratio. Figure reports the permeate
composition over pressure ratio for the three membrane types. It can be seen that a
specific maximum oxygen content can be achieved because the graphs are almost constant
over a pressure ratio of 12. Therefore, a value of 10 was chosen for further calculations as
suggested in Reference[I91] and the pretentate Was fixed at 1 atm.

The Matrimid membrane is able to produce the highest oxygen ratio of 58 % vol. in the
permeate, however the PPO membrane present a good value of oxygen ratio (49 % vol.)
and a acceptable value of permeability, so this membrane is adopted in the simulations.

The active area of membrane can be assessed from the molar flow of oxygen required
for the gasification @ pp2 [mol/s|:

QPro2
7 o* (IEOZFeed * Dfeed T YO2 * ppermeate)

(5.3.4)

Amembrane =

The molar flow of nitrogen @ py2 [mol/s| and the total permeate molar flow @ p [mol/s|
is given by the following equations:

QPNQ = % * [pfeed * (1 - :L‘OQFeed) + Ppermeate * (1 - yOQ)] (535)
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Figure 5.14: Separation characteristics of the membranes

Qpr = Qpn2 + QP02 (5.3.6)

The molar flow of the inlet air Qu;, the retentate molar flow QQr and the retentate
composition (xo2Retentate ANA T N2Retentate) are calculated setting to zero the amount of
oxygen in the retentate flow. In a such a way, a mass balance can be applied to estimate

Qair and QR:

* Yo

Qair * TO2Feed = QP * Yoz — Qai’r = M (537)
TO2Feed

Quir = QP+ Qr = QrR = Quir — QP (5.3.8)

Finally, the eletrical power consumption for pressurize the inlet air is calculated as a
polytropic compression by Equation assuming Tj, = 20 ° C; m = 1.2 and neomp =
90%.

Gasifier modeling

The thermodynamc equilibrium model with tar calculation was applied to simulate the
gasification. However, the overall air gasification reaction must be adapted with the oxygen
enriched air input:

CH,O,N. + wH0 +m (02 n mN) = g, Hy + neoCO
Yo2
(5.3.9)

+nco,CO2 + ng,0H20 +noy,CHy + (Z/Q + ?/N2m> N + 40, CHpOy

Yo2

The rest of the model do not need to be modified, however the initial temperature of the
iterative cycle is settled higher as air gasification. This model allow us to calculate further
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information: the tar yield and the gasification average temeperature. The parameters
of the gasifier model is reported in the Table [5.18 The same biomass consumption is
considered but the ER is fixed to 0.335 because the oxygen enriched air reacts differently
in the reactor. The properties of poplar wood chips are summarized in Table

Table 5.18: Gasifier model parameters

Description Symbol Value
Biomass consumption Mhio 187 kg/h
Gasifier cross area Ay 0.668 m?
Initial calculation temperature Tin 900 K
Pressure P 1 atm
Equivalence ratio ER 0.335
Gasifier and filters self consumption Ppa seif 12.5 kW
Cyclic operation hours hoperation 120 h
Cyclic maintenance hours Ronaintenance 12 h

Table 5.19: Poplar wood chips properties

Description Symbol Value
Total moisture M 10 %
Carbon content (as received) Car 41.6 %
Hydrogen content (as received) Hy,, 6.0 %
Nitrogen content (as received) Ny 0.52 %
Oxygen content (as received) Ogar 39.8 %
Ash content ASH 2.75 %

Higher heating value (dry basis) HHVyg 15.7 MJ/kg

ZEO module modeling

The zeolite filter is able to reduce the total syngas molar flow of about 20-30 % by the
adsorption of COy. The Zeolite 5A is adopted because it has a great selectivity of carbon
dioxide respect the other gases that constitute the syngas. The gas adsorption in porous
solids has been described physically by the Langmuir equation [192] [193]:

 gmi* Bixp;

1 + E?:l Bj * pj

where ¢; [mmol/g| is the adsorbed amount of the component @; g,; [mmol/g| is the
saturation adsorbed amount of the component i; B; [1/kPa| is the Langmuir constant
of the component i; p; [kPa| is the partial pressure of the component i; B; [1/kPa] is the
Langmuir constant of the component j; p; [kPa] is the partial pressure of the component j;
i and j are the gas species of the syngas. Table[5.20]reports the Langmuir constants and the
saturation adsorbed amounts for the Zeolite 5A, instead Figure [5.15] depicts the adsorption
trend of the gases as function of pressure. It can be noted the high COs selectivity of the
zeolite respect others gases.

q; (5.3.10)

The mass of active adsorbent zeolite depends on the molar flow of the dry syngas and
its C'Oy molar fraction. The ZEO filter module can be constantly regenerated using a
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Adsorbed amount of component i [mmol/g]

Table 5.20: Zeolite 5A parameters of adsorption

Component B [1/kPa|

Gm_[mmol /g

CO, 0.019500
Hy 0.000361
Ny 0.000837
CHy 0.002535
co 0.004350

3.91900
0.54464
2.62543
2.75403
2.75800

2.5

2 —
15 —C02 [mmol/g]
=—(N2 [mmol/g]
1 qH2 mmol/g]
=——qCO [mmol/g]
05 qCH4 [mmol/g]
0 a /— T T T 1
0 100 200 300 400 500
Pressure [kPa]

Figure 5.15: Zeolite 5A adsorption curves Vs. pressure
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structured zeolite adsorbent and rotary valve packaged into modules as depicted in Figure
[194]. Assuming steady state conditions and low inertia of adsorption, the active
mass of zeolite that need to be regenerated every cycle with duration of £y [s] can be
calculated as follows:

n
Gm,COs * BeO, * Pads * TCO,

(5.3.11)

Mzeo = tcycle X NDG *

where puqs |kPa| is the total pressure of the syngas inside the ZEO filter, in the
simulation this parameters is set to 500 kPa as suggest in Reference [192] 193] instead
the cycling time of regeneration is set to 60 seconds.

STATIONARY s,l,PURGE
VALVE AGE jememssnss ROTARY

STRUCTURED
ADSORBENTS

FPRODUCT

-

¢EXHAUST

Figure 5.16: Rotary filter with structurated adsorbent [194]

Compressor and storage system modeling

The models adopted in the previous section is applied for this simulation. Table[5.2T]reports
the parameters of the storage and compressor models. The total volume of storage and
the initial syngas amount in the tanks are reduced of about 50% respect the hybrid system
without PPO and ZEO modules. This incredible achievement has been reach because the
molar flow of dry syngas decreases of about the 20-30 % and the syngas filtration in the
ZEO module reduces it of about another 20-30% as shown in the results.

SOFC-MGT modeling

The SOFC-MGT models is the same of the previuos section. Few modification of the
parameters of the SOFC, reported in Tabld5.22] was done in order to simulate the SOFC
operation with a medium H HV syngas obtained from oxygen enriched air gasification and
zeolites filtration.
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Table 5.21: Storage and compressor model parameters

Description Symbol Value
Politropic exponent of the syngas m 1.33
Syngas compressor efficiency Neomyp 92 %
Tanks temperature T 298.15 K
Initial syngas amount in the tanks Nin 1.5 % 10* mol
Number of tanks N 5
Total tanks volume v 250 m3

Table 5.22: SOFC model parameters in the DG-SOFC-MGT hybrid system with zeolite
CO adsorption and oxygen enriched air

Description Symbol Value
Fuel utilization factor Uy 0.85
Recirculation factor r 0.2
Operating temeprature Tsofe 1073.15 K
Anode pressure loss Ap, 500 Pa
Cathode pressure loss Ap, 1000 Pa
Anode pressure loss Ap, 500 Pa
Current density i 300 mA /cm?
Active cell area Acell 81 cm?
Cells for each stack Neell stack 75 cells
Number of stacks Nstack 145 stacks
Cathode air excess vent 1.15
Pressure ratio PR 2.5
Steam to carbon coeflicient STC 14

Electrochemical parameters taken from [85]
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5.3.2 Simulation results

The SOFC-MGT unit has a constant energy production during the year of simulation
in order to preserve the stability of the cells and the gaskets that are very sensible to
the thermal stresses [190]. Starting from that, the syngas molar flow consumed by the
SOFC-MGT unit has been set by Equation which considers the cycling working of
the DG.

Figure depicts the overall model implemented in Matlab Simulink? M software
environment. Table shows the results of the simulations of the PPO module. The
oxygen enriched air flow is lower as air flow in the system without membrane (about 2.38
mol/s), this fact reduces the inlet air passages and, consequently, the dimensione and the
costs of the gasifier.
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Figure 5.17: DG-SOFC-MGT system with the COy adsorption by zeolites and gasification
with oxygen enriched air in Matlab Simulink”™

Table 5.23: PPO module simulation results

Description Symbol Value
Air inlet flow Quir 2.97 mol/s
Permeate molar flow Qp 1.27 mol/s
Retentate molar flow Qr 1.69 mol/s
Molar fraction of Oy in permeate Yo2 48.9 %
Molar fraction of No in permeate YN?2 51.1 %
Electric power consumption Py pro 15.3 kW

Downdraft gasifier model results are summarized in Table The gasification
with oxygen enriched air assures higher gasifier performance as air gasification, the tar
production is very low and the syngas has a good calorific value. Furthermore, the syngas




92 Modeling and simulation wood gasification power plants

outlet flow is lower than air gasification and the temperature increasing is lower than pure
oxygen gasification, whereby the conventional materials adopted in air gasifier can be used
(i.e. stailess steel and refractory brick [6l 21]).

Table 5.24: Gasifier module simulation results (dry basis)

Description Symbol Value

Hj syngas fraction TH, 31.6 %
CO syngas fraction TCo 29.2 %
CH, syngas fraction TCH, 1.84 %
COs syngas fraction oo, 19.1 %
N, syngas fraction TN, 182 %
Syngas molar flow Nsyngas 3.59 mol/s %
Syngas higher heating value HHYV gyngas,ap  8.38 MJ/Nm?
Specific volumetric tar production Miar Nm? 0.30 g/Nm?
Gasifier cold gas efficiency Neold 92.0 %
Average temperature of gasification T 931 K

Instead, Table resumes the simulation results for ZEO module and the storage
subsystem. The filtered syngas has a good heating value similar to oxygen gasification
syngas, the pressure of the storage is in line with the previous range and the zolite mass
is accettable [194]. However, the COy adsorbed by ZEO module can be stored in order to
create a carbon sequestration technology.

Table 5.25: ZEO module and storage simulation results (db)

Description Symbol Value

H> syngas fraction after adsoption TH, 41.5 %
CO syngas fraction after adsoption Tco 32.5 %

C H, syngas fraction after adsoption TCH, 2.21 %
COs4 syngas fraction after adsoption TCO, 0%

N> syngas fraction after adsoption TN, 23.3 %
Syngas molar flow after adsoption Nsyngas 2.73 mol/s %
Syngas higher heating value after adsoption ~ HHV gyngasay 10.2 MJ/ Nm?
Active zeolite mass for every regeration cycle Myeo 20.2 kg
Tanks pressure range Pserb 1.49-12.1 bar

The results concerning the SOFC-MGT module are reported in Table The great
power-production and electrical efficiency is reached as result of high Hy and CO amounts
in the inlet syngas. Furthermore, the syngas consumption decreases of about 27 % respect
the previuos case without ZEO and PPO modules.

Finally, the model results of the overall system are reported in Table [5.27 The
self consumption of the system is greater than previous simulation because there are
a compressor in PPO module and another compressor before ZEO modules in order to
increase the pressure of the syngas to 5 bars. However, the electrical power production
and the overall electrical efficiency are similar to the previous case with the advantage to
have a storage with a volume of 250 m? and a lower specific tar production of 0.3 g/Nm3
compared to 2 g/Nm? of the system without PPO filter module.
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Table 5.26: SOFC-MGT simulation results

Description Symbol Value
Syngas molar flow to SOFC-MGT unit ngopc  2.478 mol/s
SOFC power production Psorc 249.3 kW
MGT power production Pyor 10.42 kW
Total SOFC-MGT power production Pyvar 259.7 kW
SOFC eletrical efficiency NSOFC 55.4 %
MGT eletrical efficiency NMGT 25.4 %
Total SOFC-MGT electrical efficiency  nsorc 45.8 %

Figure depicts the total energy balance of the system. Most of the energy (about
53%) is lost in the SOFC+MGT unit, while the self consumption of the system is about
the 7%. In addition, the total electrical energy production during the year of simulation
is about 1890 MWh obtained by a power of about 216 kW constantly transferred to the
electrical grid. Finally, Figure [5.19| reports the pressure inside the storage during the

simulation.

Table 5.27: Overall system simulation results

Description Symbol Value
Average self consumption Py 43.9 kW
Average total power production Piot 215.8 kW
Average total electrical efficiency Ntot 32.27 %
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Figure 5.18: Energy balance of the system with ZEO and PPO modules
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Figure 5.19: Pressure inside the tanks during the annual simulation of the system with
ZEO and PPO modules




Chapter 6

Economical analysis of small
downdraft gasifier for electrical
power production

The economical sustainability of bioenergy is a big issue for every technologies at commercial
state. The cost of raw feedstocks and the cost of plant maintenance play and important
role for the economical balance. Often, the biomass transportation and pre-treatment are
not taken into account, futhermore the disposal of byproducts is not considered.

The benefits from the bioenergy trade are bigger than others renewable energy sources
such as wind or photovoltaics. The production of bioenergy can be easily planned and
the working hours of a biomass power plant are over 7000 every years in most of the
cases [Bl, 6l 2I]. The specific investment cost is often greater compared to photovoltaics
plants because the biomass plants are more complex and the safety measurements are more
expensive.

However, the annual energy production of a biomass power plant is 6-7 times than a
photovoltaics power plant with the same peak power in Italy. For example, a 100 kW),
photovoltaic plants generates from 100 to 140 MWh every year [195]. A 100 kW, biomass
power plant that works 7000 hours/year generates about 700 MWh.

In such a way, the NPV analysis is vital to understand the break even point and the
economics advantage of these plants [I196]. In this chapter, a briefly description of the
economical analysis of two small power plants installed in Italy is exposed.

6.1 Biomass costs

Potential feedstocks are divided into four main categories as shown in Figure This
division is based on spatial availability and logistics which have an impact on the feedstock
cost and on the economically feasible scale of conversion plants. Table resumes typical
feedstock costs and relative biomass plant capacities.

Indicative cost ranges for each of these categories, along with the scales of power
generation that are most likely to be compatible with the availability of the fuels. In
applications with small downdraft gasifiers, wood chips biomass is the more suitable.
This biomass is an internationally traded feedstock with a HHVy, of about 20 MJ/kg
[6]. Assuming the value of 6-9 €/GJ from Table the cost of 1000 kg of total dry wood
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Table 6.1: Typical feedstock costs and plant capacities [1]

Wastes Processing Localy collected  Internationally
residues feedstocks traded feedstocks
Feedstock cost [€/GJ| negatite to 0 0-3 3-6 6-9
Plant size [M W] 0.5-50 0.5-50 10-50 >50

chips is between 120 and 180 €.

6.2 Plant maintenance and by-products disposal

The maintenance of gasifier power plants is vital to ensure the design performance and
to prevent hazardous events and expensive failures. Channeling phenomena and ash with
low melting point create slugging agglomerates which can interrupt the syngas flow. The
formation of these agglomerates often called klinker is characteristical of bad biomass
feedstocks and /or bad gasification conditions. Unfortunately, a strong maintenance operation
is needed to remove the klinkers. The gas filter medium need to be changed every several
hours of working, furthermore the regular maintenance of the engine (oil, sparks, filters
etc.) is fundamental.

It is difficult to quantify exactly the cost of the maintenance. Normally, full service
contracts are made to cover the ordinary maintenance. In Italy the cost of these service is
about 0.03 €/kW h,; for small and medium scale power plant. Not ordinary maintenance,
such as the replacement of the engine or the reactor, can be estimated for every single case.

Tar disposal is very expensive because it contains high levels of poly nuclear aromatic
hydrocarbons (PAH) [47]. For this reason, tar is classified as hazardous waste, especially
if it is formed at high temperatures [5]. Several technologies are available for treatment
of this contaminant before its final disposal. The disposal costs is higher compared to
municipal solid waste, it is about 0.5 €/kg. The char disposal can be done using the char
as fertilizer if the PAH level is lower than the limit of 6 mg/kgcpq, [197]. If PAH level
ranges from 6 to 1000 mg/kgcnqr the char is considered as regular waste, if the PAH level
is higher 1000 mg/kgchar (few case) it is an hazardous waste [197]. Normally, the cost for
char disposal in case of regular waste is about 0.05 € /kg.

6.3 Italian subsidies for RES-E plants

The Ministerial Decree of July 6, 2012 [198] establishes the procedures for supporting
electricity generation by RES-E plants (other than photovoltaic ones) with a capacity of
at least 1 kW. The Decree provides that the indicative cumulative cost of all types of
incentives awarded to RES-E plants (other than photovoltaic ones) shall not exceed an
overall value of 5.8 billion of €per year. The new support scheme also introduces yearly
supportable-capacity quotas, in each year from 2013 to 2015, divided by type of source
and plant and in accordance with the applicable procedures for access to the incentives.
The decree provides for two separate support schemes, based on plant capacity, renewable
source used and type of plant: all-inclusive feed-in tariff (To) and incentive (1) for plants
with a capacity of above 1 MW.
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For small and medium gasification power system below 300 kW,;, the access of subsidies
is direct with the all-inclusive feed-in tariff scheme where the value of the found is given
by the sum of a base feed-in tariff (whose value is defined for each source, type of plant
and capacity class) with premiums (e.g. high-efficiency CHP, emission reductions, etc.).
The tariffs will decrease by 2% in each of the subsequent years until 2015. The tariffs is
constant for 15 years after the project approval. In case of wood biomass power plants
with electrical power below 200 kW, the base tariff of today is 229 €/MWh, furthermore
a premium of 40 €/MWh is given for cogeneration with high efficiency (CAR) and other
30 €/MWh is given for plants with low emissions [19§].

6.4 Small gasifier NPV analysis

6.4.1 Commercial state small gasifiers

Today, most bioenergy plants are based on conventional steam turbines. A further set of
generation technologies is becoming available, including gasification and use of the resulting
gases in an engine or a fuel cell to produce power.

Such systems potentially offer better generation efficiency and lower capital costs, but
as the systems are so far not deployed on a commercial scale it is difficult to find reliable
cost and operating data.

However, the demonstration of such systems may well open up opportunities for reduced
costs and improved efficiencies, particularly at lower scales, and these technologies are
expected to play an increasing role in the longer term. Now, few producers all around the
world sell small or medium size gasifier [89] [87,, 199, 200, 201]. In this thesis, two producer
are considered: All Power Labs”™ and Spanner’™.

All Power Labs™

All Power Labs (APL) [87] builds a very small scale gasifier power plant called "Power
Pallet" (PP) of nominal electrical power of 10 or 20 kW,;. The plant is compact and cheap
but able to eletrify rural areas or to send the energy into the grid. The system, depicted in
the Figure[6.1], uses by a single throat imbert type downdraft gasifier. An hermetic hopper
full of biomass feedstock is connected to the reactor by a drying bucket where the hot
syngas coming out from the cyclone heats and dries the biomass. An auger pushs the dried
feedstock into the pyrocoil: a double vessel cylinder where the exhaust from the engine
pyrolyses the biomass. After the gasification inside the rector, the char is disposed from
the bottom of the gasifier and the syngas passes through the cyclone, the drying bucket
and the bio-filter full of charcoal or wood chips. The syngas can be burned in a torch in
transient phases or used in an IC engine to move a generator to produce electricity.

Wood biomasses with a total moisture of 30% can be used in the APL gasifier thanks
to its internal heat recovery (TOTTI system [87]), however the autonomy of 6 hours and
no CHP opportunities are two great disavantage of this system. The bio-filter is a great
solution for small scale generator because avoids the expensive tar disposal [5], in fact the
filter medium can be gasified directly in the PP. For these reasons, the system is very cheap
(about 35000 €equivalent to 1750 €/ kW,;) but effective.
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Figure 6.1: APL Power Pallet’™

Spanner Re? GmbH™™

Spanner gasifier [199] is a more sophisticated system which uses a downdraft gasifier with
a pneumatic control system. The gas filter is made of a textile material, in this case tar
disposal is present because after a running time, influenced by the biomass and the plant
operation, the filter need to be washed or changed. The gasifier depicted in Figure [6.2]
works with wood chips of quality G40 or G50 [5] with a total moisture lower than 15%.
The producer garantees about 7000 hours of working every years. There are two plant size
(30 and 45 kW,;) and there is the possibilities to do CHP. However, the cost of the system
of 45 kW, is about 200000 €equivalent to 4445 €/ kW,,.

6.5 Economical analysis of two small power plant

In this section, the economical analysis of two small power plants below 300 kW, installed
in Italy is presented in order to describe the mathematical approach to evaluate the
economical sustainability of gasifier systems. The first plant is the Spanner Re? with
45 kW, of nominal power, the second is a cluster of two APL Power Pallet of 20 kW,
each. In both cases, the following costs and benefits are taken into account:

e The cost of biomass fuel: A poplar wood chips feedstock with total moisture of
30% is considered. The minimum cost of this biomass in dry condition is 0.12 €/kg
[1]. However, the cost is reduced to 0.084 €/kg in order to consider the presence of
the moisture inside the biomass.

e The total cost of the investment: This cost includes fuel storage bins, fuel
feeding devices, utility connection and installation cost. For the Spanner Re?, a total
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control unit textile filter wood chip wood gas reformer
inlet cooler unit

Figure 6.2: Spanner Re? GmbH™TM

investment of 230000 €is considered, instead for the two APL Power Pallet a cost of
100000 €is taken into account.

e The cost of ordinary maintenance: A full service contract with a fixed cost of

0.03 €/kWh,; is adopted in each case.

e The cost of not ordinary maintenance: A cost equal to the 5 % of the total
initial investment cost is considered every 5 years of operation. These money will be
used to change the engine, reactor, filters and pipe parts.

e The cost of insurance policy: A contract with a fixed cost of 10 €/kW,; every
year is assumed for the insurance.

e The cost of the operating labor: A fixed cost of 20 €/hour for the operating
labor is considered. In this analysis, one hour a day is assumed for ordinary operating
procedures.

e The cost of the tar and char disposal: A production of char and tar equal to
the 5% and 2% of the biomass consumed is adopted. A cost of 0.05 €/kgcpqer and 0.5
€ /kgyar for char and tar disposal is considered. Spanner Re? plant needs to dispose
the char and tar, instead APL plant need to dispose only the char.

e The benefits: A basic tariffs of 224.4 €/MWh for the 2014 is applied in each
case. Further premiums are not considered here. After the 20 years of benefits, the
sale of energy produced to the market will be possible. Foe example, a simplified
purchase and resale arrangements (RID) convention [202, will be done. For
this convention, the selling price for bioenergy from small gasification system is 92.3
€/kWh for the year 2014. In this analysis, a duration of 20 years is considered.
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The soft wood biomass consumption suggested by the producer is 1.2 kgy00q/kWh equal
to 48 kg/h for the APL cluster and 1 kguo0q/kWh equal to 45 kg/h for the Spanner Re?.
A value of 7000 hours of working every year is set for the Spanner Re? system and the
APL system. Taking into account these information, an NPV analysis is exposed for each
solution. The following formula was used to calculate the net present value (NPV) at the
N-th year as the sum of the discounted cash inflow in the years from 0 to N [196]:

I o,n CYD n
NPV = Z T tot, )—Io (6.5.1)

(L+1)m

where N is the number of years of interest, this value is set to 20; Ir,, [€] is the
annual incoming calculated from the all-inclusive feed-in tariff (To) scheme; Ciot, [€] is
the annual total operation cost; Iy [€] is the initial total investment; ¢ is the discount rate
[196], its value is considered equal to 1% typical of alternative investments in government
bonds (adjusted for the inflation) or 5% typical of mortgage in Italy [23]. Figure[6.3|depicts
the NPV trend of the Spanner technology. The payback time is about 10 years with i=1%
and about 13 years with i=5%.

Instead, Figure [6.4] depicts the NPV trend of the APL technology. The payback time
is about 6 years with i=1% and about 7 years with i=5%. In each cases, the not ordinary
maintenance at the fifth, tenth and fifteenth year influences significantly the profit and
the NPV curves changes drastically the slope in these years. The numerical results of the
analysis for i=1% are reported in Table

It can be noted that the APL solution the higher internal rate of return (IRR) [196]
of 15.75%. This happens because the initial investment cost of the APL is half compared
to the Spanner and the annual incoming and cost are comparable. Further advantage
of the APL Power Pallet is no disposal of tar and lower not ordinary maintenance as
Spanner Re?. The presence of two indipendet gasifier in the APL cluster permits to have
a continuos operation and energy generation because the maintenance of one gasifier can
be done independently of the other.

Table 6.2: Spanner Vs. APL Power Pallet economical comparison with i=1%
Spanner APL
70686 €/year 62832 € /year

Annual incoming from To

Annual total cost
Biomass cost

O.m. cost

N.o.m. cost
Insurance cost
Operating labor cost
Char disposal cost
Tar disposal cost
Annual net profit
Final NPV value
IRR of the investment

44762.5 € /year
26460 € /year
9450 € /year
11500 € /year

450 € /year
7300 € /year
788 € /year
315 € /year
25923.5 € /year
206546 €
8.45 %

45164 € /year
28224 € /year
8400 € /year
5000 € /year
400 € /year
7300 € /year
840 € /year
0 €/year
17668 € /year
199175 € /year
15.75 %
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Figure 6.3: Spanner Re? NPV analysis
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Chapter 7

An innovative integrated biodiesel
production system from biomass
gasification

In the last decades, with the increasing demand and price of crop derived fuels, a total
utilization of byproducts of crop rotations for energy production is becoming a solution
for the higher profitability of farming. Moreover, the "European Union guidelines for
energy sustainability" encourages the partial integration of fossil fuels with biofuels. Aim
of this chapter is the present an innovative method for on-field biodiesel production from
a vegetable oil conversion. The method proposed here is innovative because there is
a gasification process where the protein cake from seed press is utilized as fuel. The
syngas obtained from the gasifier is used to produce electrical power or to convert it
into methanol. The methanol is used to convert the vegetable oil into biodiesel. An IC
engine is also implemented into the system in order to convert the syngas excess which is
not used for the methanol production, into electrical energy. During a three year cycle
the process was investigated as such: in year one the soy, in year two the rapeseed
and in year three the sunflower. Between the energetic and economic modelling of the
system, its performance proved to be highly effective. This system was simulated using
ASPEN PLUS™and MATLAB™program codes and that it takes 15 hectares of land to
implement 7 kW,; power plant. This is the minimum surface area required to auto-sustain
the system. The calculation was done considering the productivity of the land together
with the characteristics shown by the protein cakes.

7.1 Biofuels production

The production and utilization of biofuels are a central topic for renewable energy for three
reasons [204, 205], 206]:

e The promise to reduce the effect of climate change.
e Cost savings.

e This technology can be distribuited easily in many different location instead of being
supplied by one central location.



104 An innovative integrated biodiesel production system from biomass gasification

In addition, electric or "fuel cell" vehicle such as cars and buses, require major changes
to implement, whereas, biofules can be integrated with fossil fuels or substitute then easily,
needing only minor modifications [207, 208, 209 210, 211].

Biofuels also have a key role in industrial and agricultural businees providing new
sources of income, particularly when related to waste oil management [212] 213| 214 215].

On the other hand, biofuels and especially biodiesel obtained from dedicated cultures
and rotations guarantee high efficiency and reliability of the processes [216], 217]. The
passages that come in succession from the seeds cultivation to the biodiesel sell on the
market can be subdivided into two different macro areas: on one hand there are the
farmers who cultivate the energy crops and sell the seeds on the market, on the other hand
there are the seeds pressing and oil conversion plants which buy the seeds or the vegetable
oil and the methanol from the market and then produce and sell biodiesel [218] 219].

This chapther is aimed at introducing a different way to produce biodiesel through a
synergy of different technologies with two major purposes: maximization of the earnings
of the farmers and increasing of the sustainability of the system through centralization of
all the passages in a single place.

The study is based on a crop rotation composed of oleaginous crops only. The choice
of the rotation had been entrusted to literature where Zegada-Lizarazu and Monti have
proposed in 2010 and 2011 two possible rotations adequate to Mediterranean zones: rapeseed,
flax, sunflower and rapeseed, soy, sunflower [220], 22I]. For this work the second rotation
mentioned was taken into account.

The simulations of the system were based on data obtained from literature about
average oil production from these cultures in the Emilia Romagna region of Italy. In this
region, rapeseed crops can easily produce between 4.0 and 4.5 ton/ha of seeds with 9% of
moisture, with peak production to 5.7 ton/ha [222]. About 46-47% of rapeseed seeds can
be converted into PVO by mechanical processes [222]. Sunflower crops can produce more
than 2.8 ton/ha of seeds [223]. About 45% of sunflower seeds can be converted into PVO
by mechanical processes [224]. The oleaginous soy crop yields 3.7 ton/ha of beans, with a
peak production up to of 4.5 ton/ha [225] 226]. About 20% of soy beans can be converted
into oil by mechanical processes [220].

The system layout proposed here is represented in Figure [7.1] The approach of single
culture cultivation is the following: every year a different crop is cultivated on the whole
surface and the seeds are converted into PVO by a mechanical process. The protein
cake obtained as a byproduct of the oil extraction is gasified in a downdraft stratified
reactor connected to an electrical generator of 10 kW of peak power. A small part of the
syngas is converted into methanol in a chemical reactor. The methanol is then used in the
transesterification reaction of the PVO to produce biodiesel.

The gasifier model is based on the following parameters: ultimate analysis of the protein
cake, dimensions and physical properties of the cake pellets and geometrical parameters
of the gasifier. The geometrical and physical properties of the protein cake are obtained
through a series of experimental analysis, the results of these analysis are reported in Table
(.2

The biodiesel production process is divided into two stages: first the syngas is converted
into methanol, then PVO and methanol are mixed in a second reactor with a catalyzing
agent for biodiesel production. The methanol production conversion reactions are simulated
with an equilibrium-based approach, the biodiesel production is modeled by a stoichiometric
approach with a known conversion rate typical of the catalytic reactions. The whole model
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allows to calculate the mass of biodiesel oil and glycerin obtained every year and the
electrical energy produced by the generator connected to the gasifier. An economical
analysis is made to evaluate the return of the investment.

Protls Pressing PVO

Cake
Biodiesel
Glycerin

Methanol

Methanol
reactor

Gasification

Electrical | To the marke
Energy

Figure 7.1: Basic layout of the system

7.2 Modeling approach

The input data used in the gasifier model can be obtained from literature review, but for a
more specific comprehension of the gasification of the protein cake, different analysis have
been carried out on a sample of sunflower cake pellet.

The gasifier model requires the fuel bulk density and the void fraction, these two values
have been obtained with a gas pycnometer with helium as working gas. The average value
obtained with this measurement was 1790 kg/m3. The void fraction was obtained from the
apparent density of the sample measured by hydrostatic weighting. The average apparent
density is 930 kg/m3. The geometrical properties of the cake pellet were obtained with
a series of 50 measurements with a caliber. The average diameter is 8.5x1072 m and the
average length is 8.8x1073 m. The average particle volume is 4.9x10~"m.

Further analysis were made on the sample for the evaluation of the moisture content,
ash content. Four ultimate analysis was done and the results are reported in Table[7.1] The
geometrical and physical proprieties of the sunflower pellets has been used for description
of all the pellet considered in this section.

7.2.1 Gasifier mathematical model

The kinetic model explained in Chapteifd] was applied to calculate gasifier behaviour with
different protein cake pellets. Table [7.2] rapresents the chemical, physical and geometrical
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Table 7.1: Sunflower cake pellets: experimental results
Ash content 3.82 %

Moisture content  10.81%

Ultimate analysis:

Test number N[% Cl% HI[% S][%]
1 0.87 4718  6.31 0
1I 0.81 46.63 6.5 0
111 0.87 46.41 6.45 0
v 0.97 4691 6.44 0
Average 0.88 46.78  6.42 0

properties of the following protein cakes used as model input in this work: rape, sunflower
and soy. Table shows the geometrical and physical parameters of the gasifier and
generator. Furthermore, Table @ resumes the syngas compositions, HHVyypgqs and the
gasifier "cold gas" efficiency 7014 for rapeseed, sunflower and soy protein cakes.

Table 7.2: Protein cakes parameters

Parameter Rapeseed protein cake  Sunflower protein cake  Soy protein cake
Equivalent pellet diameter dy, 0.01 m 0.01 m 0.01 m
Density Fy 1.79 kg/m3 1.79 kg/m?> 1.79 kg/m3
Void fraction Fy 0.48 0.48 0.48
Moisture 10.8% 10.8% 10.8%

C (wt%) 43.2% 46.78% 55.89%

H (wt%) 6% 6.425% 6.57%

O (wt%) 44.27% 45.91% 28.25%

N (wt%) 5.6% 0.88% 9.29%

S (wt%) 0.93% 0% 0%

Ash (wt%) 7.20% 3.82% 5.36%
HHVyio,dry 15.37 MJ /kg 16.76 MJ /kg 21.34 MJ/kg

Table 7.3: Parameters of the downdraft stratified gasifier and generator

Parameter Value
Gasifier diameter D, 0.28 m
Gasifier area A, 0.0616 m?
Fixed bed height H 0.4 m
Flaming pyrolysis temperature 7 1173 K
Char reduction temperature T 1073 K
Equivalence ratio ER [6] 0.35
Pressure in the gasifier p 1 bar
Generator electrical efficiency nge, [21] 25%

7.2.2 Biodiesel production model

The biodiesel production model was developed in ASPEN”™ Plus software. The model
uses two different kinds of input: the PVO flow rate input is based on the data coming from
a literature review on seeds and oil production of rapeseed, soy and sunflower in Emilia
Romagna region. The model uses the results of the kinetic model applied to simulate the
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gasification of the three protein cakes adopted. The process is reported in Figurd7.2| and
it is subdivided into two steps:

e Syngas to methanol conversion.

e Biodiesel production from the reaction of PVO with the produced methanol.

The amount of oil produced every year from one hectare of crop rotation is known.
The amount of methanol (therefore syngas) for total conversion of PVO in biodiesel is
initially unknown. For this reason, the algorithm of the process needs to be followed from
the bottom up:

e Biodiesel production: The biodiesel production model is used for back-calculating
the required methanol amount for the reaction of the known amount of PVO produced.
The methanol production is modeled in ASPEN plus starting from the composition
of the syngas obtained as output in the gasifier model. The output of the ASPEN
simulation of biodiesel production combined with methanol production is the amount
of syngas necessary for the reaction of the known amount of PVO produced by one
hectare of culture. This is done by the function 'Design Specification’ available
in ASPEN Plus. The gasifier model gives the syngas volume produced by the
gasification of known amount of protein cake. The difference between the syngas
produced from cake gasification and the syngas required for methanol production
represents the gas excess that can be sent to the IC engine for a further electrical
power production. The biodiesel production model from PVO and methanol is based
on the reaction of Transesterification of Triolein [219]:

TRIOLEIN + 3CH30H —%X°H 3 METHYL OLEATE + GLYCEROL  (7.2.1)

In this part of the model the inputs are: the mass of PVO produced by one hectare
of soil during the rotations, the typology of reactor and its operating conditions as
reported in Table [7.4 A "RSOITC" reactor configuration based on stoichiometric
approach with a defined conversion was used for simulating the biodiesel production
process. Due to the presence of highly polar components, an universal quasi-chemical
thermodynamic activity (UNIQUAC) model was used. The outputs are the amount
of biodiesel and glycerine and the amount of methanol required for 95% of PVO
conversion. Figure schematizes the process as reported in ASPEN”TM plus. The
results, reported in Table are used for the second part of the model.

e Syngas to methanol conversion: The methanol formation is based on the
following reactions[227]:

CO+2Hy —- CH3OH (7.2.2)
COs +3Hy — CH3OH + HyO (7.2.3)

CO9 + HyO — CO9 + Hy (7.2.4)
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The conversion from syngas to methanol has been described analytically and modeled
with ASPENTM plus. The reactor configuration used for this part of the simulation
was "REQUIL" which uses an equilibrium approach. The syngas obtained from
biomass gasification is not composed of carbon monoxide and hydrogen only as it
contains also different gases like carbon dioxide, nitrogen and methane. The CO and
COgy are in stoichiometric excess compared to hydrogen, therefore the molar flow
rate of methanol produced in the reactor is limited by the conversion of Hs. For
the operating conditions of the reactor, given in Table [7.4] the hydrogen conversion
is about 15%. The syngas composition depends on the solid fuel used, the thermal
stratigraphy and the equivalence ratio of the gasifier. An average syngas composition
has been used in this part of the model. The inputs are the methanol amount
required by the first part of the model, the syngas composition from the gasifier
model, the temperature and pressure of the methanol reactor, these parametersa
are reported in Table [7.4] The whole system has been resolved using the "Design
Specification" function of Aspen Plus in order to obtain the flow rate of syngas
necessary for producing the methanol required for PVO conversion. The results are
summarized in the Table and are the amount of syngas required for the process
and the amount and the composition of the syngas purged as result of the presence
of inert Ns.

BIODIESL

SEP2 d .X-TX‘
- i
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o—
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Figure 7.2: Biodiesel production model in ASPENTM plus software

Table 7.4: Parameters of the biodiesel production model

Parameter Value
Methanol reactor pressure 76 bar
Methanol reactor temperature 523.15 K
Recycle ratio 8
Biodiesel reactor pressure 1 bar

Biodiesel reactor temperature 343.15 K
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7.3 Results and discussion

7.3.1 Chemical balance

Table [7.6] shows the productivity of one hectare in terms of syngas, oil, biodiesel and
glycerin. Table [7.7] resumes the energy production of one hectare of different crops. The
three cultures chosen for this work produce more syngas than required by the biodiesel
conversion, this makes the system self-sustainable from a chemical point of view. The
soy has the lowest performance in terms of oil production as shown in Figure [7-3] but it
has more protein cake that produce a big amount of syngas. This result outline one of
the major advantage of this approach: the oil productivity of the seeds is not the only
parameter necessary to estimate the economical value of the culture. Crops such as the
soy can recover its low oil production with an high syngas yield and therefore energy
production.
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Figure 7.3: Productivity differences

Table 7.5: Results of the gasification model

Variable Rape seed Sunflower seed Soybean
Hy [%vol| 9.40 % 9.73 % 10.61 %
CO |%ovol| 13.17 % 14.33 % 15.78 %
CHy |%vol] 6.52 % 6.31 % 5.37 %
COq [%ovol] 15.55 % 15.51 % 10.90 %
Ny |%ovol] 54.82 % 54.12 % 57.35 %
Syngas production per hectare 4863 kg 3799 kg 8761 kg
HHVyngas 508 MJ/Nm3 512 MJ/Nm? 5.06 MJ/Nm?
Neold 63.98 % 65.44 % 63.55%

As the system is self-sustainable, it is possible to design the plant on the basis of the
engine peak power value. This value determines the total surface that needs to be tilled
because it is related to the syngas excess previously discussed. One of the major advantages
of the approach proposed is the energy recovery during the process: even if the methanol
reactor has a low conversion rate, the unreacted gas chemical energy is not wasted because
the purge line is connected with the engine. The results obtained show that every hectare
of culture allows the engine to run from 254 to 469 hours depending on the kind of culture
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Table 7.6: Results of the biodiesel production model for 1 hectare of soil

Variable Rapeseed Sunflower Soy
Seeds 4000 kg 2800 kg 3700 kg
PVO 1840 kg 1260 ke 740 kg
Biodiesel 1465 kg 997 kg 583 kg
Glycerin 488 kg 332 kg 194 kg
Methanol required 204 kg 138 kg 77 kg
Syngas required 4160 kg 2718 kg 1173 kg
Syngas purged 3956 kg 2580 kg 1093 kg
Hy purged 4.36 % 4.45 % 4.6%
CO purged 11.28 % 1147 % 14.24 %
CH4 purged 6.85 % 6.78 % 5.69 %
COy purged 19.97 % 19.45 % 14.01%
N, purged 57.41 % 57.76 % 61.30 %
HHV,yged 4.350 MJ/Nm?  4.355 MJ/Nm?  4.345 MJ/Nm?
(see Table [7.7)).
Table 7.7: The IC engine output for 1 hectare

Output Rapeseed Sunflower Soy

Gasified protein cake kg/ha 2160 1540 2960

Operating hours at 7 kWel 254 201 469

Energy produced kWh /ha 1778 1406 3281

The engine has been designed to run at 7 kW of average power, allowing small fluctuations
in the gas production rate or in the gas composition without exceeding the maximum power
production [0, 22]. The waste heat coming from the methanol reactor and the engine can
be used for several application. Furthermore, if the heat produced by the processes is
used entirely, the system can be considered "CHP with high efficiency" and this solution
guarantees a higher subsidy [198].

Basically, regardless of the fuel used, IC engines produce two kind of low-grade heat:
one with higher temperature that is recovered from the exhausts and a low temperature
heat that can be extracted from the engine radiator. Further to CHP applications, both
these kind of heat can be used for cake drying as well as heat supply in part of the plant that
will require it (i.e. for heating up the biodiesel reactor to increase the glycerin flowability).

The data discussed here allows the calculation of the number of hectares necessary to
guarantee the running of the plant for a fixed number hours a day every year. Because the
higher the surface tilled, the less the specific cost of cultivation, the system considers only
one crop a year. If the protein cake is properly dried, there is no reason to consume all the
cake in one year. Under these conditions it is possible to balance the whole system after 3
years of running, when the rotation is ended.

Figure shows two significant results: 1) three lines with low slope which give the
number of hours of engine runs as a function of the surface tilled for every crop and 2) a
line with higher slope obtained as sum of the previuos line.

The cumulative line represents the total number of hours which the engine have to run
in the three year period fixing a surface value. Horizontal dashed lines are placed at 8760
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and 13140. These two values are obtained as 8 or 12 hours a day multiplied by 1095 days
which represent 3 years. Therefore, the values of surface where the cumulative line crosses
the dashed ones represent the surfaces required to ensure the plant run for 8 or 12 hours
a day for three years.

The cumulative line crosses the first horizontal line for a surface between 9 and 10
hectares. Instead, the minimum surface required in case of 12 hours of plant run a day is
15 hectares. From the logistic point of view, because the three cultures do not produce the
same amount of solid feedstock, the system is balanced over a three year period instead of
year by year. For example, the soy seeds collected on the first year can be stored allowing
the plant operations for 12 hours a day for 19 months, sunflower seeds allow the plant
operations for more than 8 months, and rapeseed seeds more than 9. Only at the end of
the third year all the biomasses are consumed and all the oil is converted into biodiesel.

7.3.2 Economical analysis

The analysis was based on a few conservative assumptions:

e The cost for the oil extraction is evaluated starting from the work of Singh and
Bargale[228]. They developed a small capacity double stage compression screw press
for oil expression with an average specific consumption of 0.05 kWh /kg of seeds[228].
This electrical energy is absorbed from the grid and not self-consumed from the power
output of the engine. The considered cost for electricity at the current grid price for
industrial uses is 0.1565 €/kWh,; [229]).

e The annual costs for cultivating the rapeseed, sunflower and soy per hectare of soil
are 680 €, 850 €, 1245 €. These costs were obtained as sum of seed, fertilization
and farming costs[225].

e This analysis does not take into account the electrical energy surplus obtainable
through gasification of the stalks and other vegetable byproducts of seeds crop. This
surplus can be used for increasing the engine power output or, together with the
protein cake, to increase the gasifier performance.

e The income for sale of the glycerin is 0.145 €/kg [230]).

e The electrical energy required for the biodiesel conversion has been taken from the
following work [231] where for the conversion of one kilogram of oil are necessary
0.15 kWh of electrical energy.

With regard to the sale of biodiesel and electrical energy, two different options are
considered, both referred to 8 and 12 hours of plant running a day:

A The selling of the biodiesel at the sale price of 0.982 € /L which is the current value
on the Italian industrial market [232] and the tariff for the energy generated of 0.269
€/kWh,,; in accordance with the current RES-E subsidies program [198] (base tariff
plus premium for CAR).

B The self consumption of the biodiesel which is considered at the net industrial price
of fuel for agricultural uses (about 0.790 €/L in 2012 [232]) and the self consumption
of the electrical energy generated.
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The option B consists in self-consumption of all the electrical energy and biodiesel
produced. It was found to generates a positive cash flow of about 4163 € /year. On the
other hand, the Option A (electrical power and biodiesel sell) generates a more positive
cash flow of about 11636 € /year with 12 hours of plant running a day. A conventional net
present value analysis is showed in Figure [7.5] It is based on an investment of about 50000
€ (1) for the whole system. Considering the option A, the capital cost is amortized within
about 4.5 years with 1% of discount rate typical of alternative investments in government
bonds (adjusted for inflation). Whereas 5 years are needed if the discount rate is that of
typical mortgage, al least 5% in Italy.

The choice of the more suitable gasifier for this application is determined by the
characteristics of the protein cakes processed. For this non-conventional fuel an open core
or an Imbert gasifier are good choices due to the capability of these reactors to process
different kind of biomasses, but only an experimental analysis on a reactor with this specific
fuel can guarantee the sustainability of the process [22] 233]. The market offers different
reactors for the power output size required in this work [88], 87, [89]. For cost estimations
the ALL Power Labs device has been used as an example. The cost of the whole system
has been estimated on the following assumptions:

e A 10 kW gasifier equipped with internal combustion engine can be found on the
market for about 22000 € comprehensive of shipping extra costs [87].

e The costs of the methanol and biodiesel production reactors and the seed-press have
been approximated to be 28000 € [234], 235].

The following formula was used to calculate the net present value (NPV) at the N-th
year as the sum of the discounted cash inflow in the years from 0 to N:

el consumption) I (7 3 1)

N
NPV = Z (Ibd—i-ee - seeds,cultivati.on
s e

where i is the discont rate; Ipgice [€] is the annual incoming from subsidies and
biodiesel selling in the option A and from the self consumption of biodiesel and electricity
in the option B; Isceds cultivation [€] is the annual cost for the cultivation of the crop and
It consumption [€] is the annual cost for the electricity self consumed by the process.

It is interesting to note that 65% of all income of the option A come from biodiesel,
thus about 35% comes from electricity. Increasing the production of syngas and electrical
energy through utilization of stalks and other byproducts of seeds crops can thus improve
significantly the cash flow.

7.4 Summary

The system proposed and discussed was able to convert into biodiesel, glycerin and electricity
the seeds coming from a three years, 15 hectares crop rotation. From a chemical point of
view, the system investigated was advantageous due to the possibility to convert both the
solid and liquid matter obtained from seeds pressing. Furthermore, the economical analysis
showed the high profit obtained through this solution.

For a complete comprehension of the complex phenomena and interactions that occur in
this system, an experimental analysis in a lab-scale reactor is vital. There are many points
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that need to be investigated in future work, such as capability to avoid ashes slagging in the
gasifier or the effect of syngas composition fluctuations on methanol conversion rates. Once
the system model is validated, different rotations can be simulated in order to maximize
the profit.




Concluding Remarks

The purpose of this thesis is to model and optimize power plants for electical energy
production using wood chips as feedstock. The goal has been reached both for conventional
biomass system and for advanced plants equipped with high-tech apparatus. A further
implementation of the gasification of an agricoltural byproducts in order to produce biodiesel
was illustrated.

In Chapter [1] a brief introduction on world bioenergy scenario and prospects was
reported. The advantages of using biomass as energy fuels and the widely used conversion
technologies from biomass to energy were discussed. Furthermore, a comparison with these
technologies found that the gasification of wood and the utilization of the clean syngas in
an IC engine is the more efficient method to convert wood biomass into electrical energy.
For this reason, all the thesis was focused on gasification.

The thermochemical and physical properties of wood biomass were summarized in
Chapter [2 Ultimate and proximate analysis was reported because theirs results are
used in modeling of biomass system. In Chapter [3] was reported a short compendium of
gasification. Here processes, chemical reaction, gasifier classification and fixed bed gasifier
were described.

The modeling of fixed bed gasifier was the topic of Chapter Different modeling
approaches were exposed and an application of a kinetic modeling was applied to justify
the channeling phenomenon in fixed bed downdraft stratified reactors. Chapter 5| was
focused on the modeling and on the simulation of wood gasification power plants. A
conventional medium scale gasifier-IC engine power plant was modeled and the result was
compared with experimental data. Subsequently, the annual simulation of an advanced
DG-SOFC-MGT power system was made in order to assess the long term performance
and the maintenance effects of the gasifier on the eletrical power production. Furthermore,
this system was optimized with the addition of a PPO membrane module to increment the
oxygen in the gasifier agent and with the addition of a ZEO module in order to eliminare
the COs in the dry syngas. Using these apparatus, the tar production and the storage
volume decrease considerably.

An economical NPV analysis of two small gasifier power plants was done in Chapter
[Bl In this chapter prons and cons of gasifier was quantified economically. The cost of
biomass, maintenance and byproducts disposal are some issues that make the investment
advantageous only with high subsidies from the state.

An innovative integrated biodiesel production system from biomass gasification was
described in Chapter[7] This system uses a three year crop rotation to produce seed. From
the mechanical pressing of the seed, oil and protein cake are obtained. The gasification
of the protein cake generates syngas, a fraction of this gas can be converted in methanol
and the rest can be used to produce electricity through an IC engine and an alternator.
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The methanol mixed with oil generates a mixture of about 95% of biodiesel and 5% of
glycerine. The farmer is now able to sell biodiesel to the market instead of seeds with
several advantages. All the cycle was simulated and the results revealed that the surface
necessary for sustainability of the system is about 15 hectares for a pilot plant equipped
with a small 7 kW; engine.

The gasification is a old technology heavily exploited in the first half of the twentieth
century where the char was used as feedstock. Now, the wood or byproducts gasification
for energy production is a field of interest by investors as result of high subsidies and
economical valorization of some feedstocks normally dispose. However, the gasification is
complex and sensible to biomass quality fluctuations, furthermore plant maintenance is
vital to ensure higher level of security and efficiency.

Several issue of biomass gasification such as "channeling" phenomenom, loading frequency,
tar overproduction, maintenance and plant monitoring are also reported. Some solution
to overcome this problem are presented and the validity of these solution is discussed. In
addition, this thesis collects mathematical approaches, experimental data and innovative
researches that can be useful tools to design and simulate gasifier power plant systems.

The surplus value of this thesis from the scientific point of view, is the innovative
kinetic model presented in Chapter [4] able to simulate the gasifier operation when occours
"channeling". Also the application of zeolites to separate COs from the syngas and the
application of a PPO membrane to increase the oxygen of the air as gasification agent
are two novel application in this scientific field. Finally, the biodiesel production using
methanol obtained from the protein cake gasification is a new application of gasification
in the chemical industry.
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