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Abstract

Biorefineries have been conceptualized to substitute the traditional oil refineries, producing heat, electric-
ity and chemicals (among which, liquid fuels) from biomass. In this work, these processes were studied
from a multiscale perspective using computer simulations. Four different software were used: commer-
cial process simulator Aspen HYSYS; energy integration software Aspen Energy Analyzer; GasDS, a
gasification / pyrolysis simulator and the MATLAB programming environment.

Lignocellulosic biomass gasification was described with the aid of a detailed phenomenological model.
In this model, biomass is considered a mixture of cellulose, hemicellulose and three surrogate compounds
that account for the most abundant monomers in lignin. Biomass composition was determined from
an innovative data fitting method based on Lagrange multipliers. The calculated biomass composition
produces lower heating values (LHVSs) that are consistent with experimental observations. The relative
LHYV error was not bigger than 10% for any of the biomasses studied. The developed method represents
an improvement from the previous ‘triangle model’, especially because it uses experimental information
in a more systematic approach to quantify biomass composition.

An entrained flow gasifier was simulated using a detailed, phenomenological model, implemented in
the GasDS program. The model considered a kinetic mechanism based on the above mentioned results
on biomass composition to successfully predict biomass conversion and syngas yield for a given oxygen
consumption. Almond shells and olive pits were the two biomasses with the biggest syngas yield per
oxygen input, with a value of 314 mol syngas / mol Oi*. Biomass conversion values compared well
with experimental values and were close to chemical equilibrium. The simulator displayed numerical
instabilities during the unsteady state operation, due to the strategy used to increase the step size. This
effect is not present during steady state operation and, therefore, does not influence these results.

The coproduction of heat, electricity and chemicals from second-generation biomass was assessed.
Two different scale sizes were considered, with biomass lower heating value inputs of 1 and 100 MW,
respectively. These scales are representative of decentralized and centralized production concepts, each
of which with its own characteristic transformation pathways.

For the centralized concept, biomass gasification was considered. Two final uses for syngas were
considered: production of methanol and production of Fischer-Tropsch (FT) fuels. The FT product
distribution model considered olefin readsorption and it was solved using an innovative power series
solution. Methanol production is the superior process, both in economic and in terms of final conversion
to liquid fuels. The economics of the Fischer-Tropsch process suffers due to the low energetic yield of the
reaction in terms of high valued liquid products. It remains to be confirmed (1) whether if the correlations
used are adequate to represent the FT reaction system and (2) if further income could be expected if
the other reaction products could be sold as high value products. Both processes are economically
unfeasible, with product costs that range (approximately) from 60 to 90 €/MWh (MeOH) and 80 to 210
€/MWh (FT). Even so, methanol production is an interesting alternative to current biogas concepts.
The minimum subsidy cost of this process ranges from half to one third of current biogas subsidy costs.

The decentralized utilization concept considers the anaerobic digestion of biomass for the production of
biogas. Three biogas processes were assessed: HPC (biogas to methanol), BioCH4 (biogas to biomethane)
and CHP (biogas to heat & electricity). The last two processes are already used commercially with the
aid of subsidy policies. The economic analysis indicates that, without these policies, none of these attain
self-sustainability due to high overall manufacturing costs; the estimated minimum support cost (MSCs)
were 108, 62 and 110 €/MWh for the HPC, BioCH4 and CHP processes, respectively. The model could
explain currently practised government subsidies in Italy and Germany. It was seen that the newly
proposed HPC process is economically comparable to the traditional CHP process. Therefore, the HPC
process is a possible alternative to biogas usage. A subsidy policy was proposed: 50, 66, 158 and 148
€/MWHh for available heat, methane, electricity and methanol (respectively). The proposed policy results
in a 10% OpEx rate of return for any of the processes, thus avoiding a disparity in the production of
different products.
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Chapter 1

Energy Security, Biomass &
Biorefineries

In the last decades, world energy demand is constantly increasing as a consequence of population growth
and economic development. According to the International Energy Agency (IEA), total primary energy
supply is increasing [55]. The contribution of fossil fuels is still high thanks to recent developments of
extraction technologies for new reserves [71]. On the other hand, there is urgent need to reduce such
dependency due to the well-known drawbacks of petroleum: (1) its finite supply (2) emissions of green
house gases(GHGs) and global warming and (3) increasing price and unexpected fluctuations [44].

Energy security and climate change mitigation are core elements in current European energy policy.
The EU countries are mandated to meet by 2030 the following targets: 40% reduction in GHG emissions
(from 1990 levels), 32% of renewable energy share and 32.5% improvement in energy efficiency [33].
Among different renewable sources, photovoltaics, wind and biogas have shown the biggest increase in
the latest years [56], mostly due to tax incentives.

Figure 1.1 shows the world oil demand by sector, reproduced from the ‘World Energy Outlook’ report
by IEA [53]. It is clear that the majority of the oil is used for energy applications with only a minor share
being directed to the petrochemical sector. A similar behaviour is also observed for natural gas and coal
[63]. These numbers suggest that the actions targeting GHG reduction should focus on the substitution
of fossil energy sources.

Wind and solar are the renewables with the highest rate of growth in terms of installed units and
power. However, these sources are characterised by high variability, unpredictability and uncontrollability.
On account of these drawbacks, several researchers are reconsidering the role of biomass in future energy
scenario [8]. Biomass energy truly constitutes an opportunity to boost local development because it (1)
can improve energy security, reducing the dependency on foreign energy importations (2) has stable and
programmable production, which does not suffer of variability, unpredictability and uncontrollability (3)
develops local markets, promoting economic growth and reducing poverty (4) supports extra-regional
development without any increase in GHG emissions and (5) is available in enormous quantities world-
wide.

1.1 Thermochemical and Biochemical Conversion of Biomass

Among the different biomass conversion processes, thermochemical and biochemical processes in partic-
ular have been thoroughly studied and developed in the last years.

At the core of biomass thermochemical transformation processes are biomass pyrolysis and gasification
reactions. Pyrolysis is the fundamental chemical reaction process that is the precursor of both the
gasification and combustion of solid fuels. It is defined as the chemical changes that occur when heat is
applied to a material in the absence of oxygen. In pyrolysis the feedstock decomposes and fragments itself
into smaller molecules. At the same time, these fragments, which are unstable and reactive, repolymerize
into different compounds through homogeneous reactions in the gas phase.

Conventional pyrolysis is pyrolysis which occurs under a slow heating rate. Conventional slow pyrolysis
has been applied for thousands of years and has been mainly used for the production of charcoal.Slow
pyrolysis of biomass is associated with high charcoal continent, fast pyrolysis is associated with tar, at
low temperatures (675-775 K), and/or gas, at high temperatures. At present, the preferred technology is
fast or flash pyrolysis at high temperatures with very short residence times. Fast pyrolysis is a process in
which a material, such as biomass, is rapidly heated to high temperatures in the absence of oxygen. For
biomass this yields liquids (almost 75% of the mass), char and non-condensable gases. Biomass pyrolysis

1
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Figure 1.1: World oil demand by sector. Historic data and forecast (years in bold, on the top). Total
values in million oil barrels per day. Reproduced from IEA [53].

is attractive because the liquid products have advantages in transport, storage, combustion, retrofitting
and flexibility in production and marketing.

Gasification of biomass for use in internal combustion engines for power generation provides an im-
portant alternate renewable energy resource. The gasification of biomass is a thermal treatment, which
results in a high production of gaseous products and small quantities of char and ash. Gasification is
carried out at high temperatures in order to optimize the gas production, using air, pure oxygen or even
water and carbon dioxide as oxidants. The resulting gas is a mixture of CO, COy, H2O, Hs, CHy,
other gaseous hydrocarbons, tars, char, inorganic constituents, and ash. The first step of lignocellulosic
biomass gasification is the thermochemical decomposition (pyrolysis) of the cellulose, hemicelluloses and
lignin compounds with production of char and volatiles. Figure 1.2 presents a scheme depicting such
processes and the associated products.

nnnnn

p D L T Oxidant e
L (0, Mo oy s o< o
N O wcon 4
L5 S-Sy
\ ‘

Tars (C,H,0,)

Metaplast
I
Ash ; ‘
“ Syngas

H, H,0 CO CO,

Pyrolysis Gas/Solid Gas-phase
Reactions Reactions Reactions

Figure 1.2: Scheme depicting biomass pyrolysis and gasification reactions, with the associated secondary
gas-phase reactions (reproduced from Corbetta et al [18]).

Biochemical conversion proceeds at lower temperatures and lower reaction rates and can offer high
selectivity for products. For lignocellulosic biomass, these processes require pretreatment by chemical,
physical, or biological means to depolymerize biomass into simple sugars. This set of pretreatments is
often referred to as hydrolysis. The resulting sugars can then be fermented by the yeast and bacteria
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employed in the process. Feedstocks high in starch and sugar are most easily hydrolyzed. Lignocellulosic
feedstocks (which includes the major fraction of organics in municipal solid waste) are more difficult to
hydrolyze, requiring more extensive pretreatment.

Fermentation is generally used industrially to convert substrates such as glucose to ethanol for use
in beverage, fuel, and chemical applications and to other chemicals (e.g. lactic acid used in producing
renewable plastics) and products (e.g. enzymes for detergents). Strictly speaking, fermentation is an
enzymatically controlled anaerobic process although the term is sometimes more loosely applied to include
aerobic processing as well [36].

Bioethanol is an important renewable liquid fuel for motor vehicles which can reduce both the con-
sumption of crude oil and environmental pollution. For lignocellulosic ethanol production, researchers
have focused on a process model of dilute acid hydrolysis of hemicelluloses followed by enzymatic hydrol-
ysis of cellulose. Another important product deriving from the fermentation of biomass is biogas, which
has gained much attention in recent years. Biogas can be burned directly in situ in a combined cycle
to generate electricity, or purified and upgraded to biomethane to be subsequently injected in the gas
grid. With the aid of government subsidies, biogas numbers in Europe have grown at an elevated pace
until recently, when a reduction in the same incentives discouraged its commercialization [8]. A scheme
summarizing the pertinent steps for biochemical processes is seen in Figure 1.3.

Cellulose
Lignocellulosic Microfibril Hemicellulose
. icrofibri
biomass .
Cellulose fiber
Agricultural
wastes

Pretreatment ‘

Open fibers
CHZ0H Hydrolysis -

Biogas Fermentation o —_——r
Glucose (on . - —— —
.:D
« OH OH S —
OH g — —— .
"
Ethanol ‘

Sugars

CH,OH
5. OH

Xylose \oH

OH

Figure 1.3: Scheme depicting biomass biochemical conversion route.

1.2 Biorefineries

Biomass has been classified into different types (‘generations’) according to its origin and composition.
First generation biomass (FGB) is the typical designation of vegetable food crops that are rich in starch,
sugars and oil. The production of fuels from FGBs (such as sugarcane ethanol in Brazil, corn ethanol in
the US, rapeseed biodiesel in Germany, and palm oil biodiesel in Malaysia) is characterized by mature
commercial markets and well understood technologies [36]. Future targets and investment plans suggest
strong growth will continue in the near future. Second generation biomass is residual, abundant vegetable
material that is typically used in low-value applications (e.g. as animal fodder). Examples of such
input are non-food crops, agro-industrial residues (sugarcane bagasse, cereal straw and leaves, corn cob),
municipal waste, pruning/forestry residues, etc [36].

The replacement of fossil fuels and petroleum derivatives with renewables is the basis of what is called
a bio-economy. Second-generation biorefineries are particularly important in this scenario because of their
economic, environmental and social role. Second-generation biorefineries use second-generation biomass



as input and do not compete with other industry sectors for the use of sugar/starchy materials. Dahunsi et
al have demonstrated the techno-economic potential of using papaya peels (a second-generation biomass)
to coproduce biogas and fertilizer, thus avoiding fossil fuel emissions while adding value to a sustainable
production chain [23]. Hagman et al have studied how biogas is an important player inside a biorefinery,
its presence adding flexibility to the plant design, while allowing for the valorization of waste streams.
In fact, process integration is a crucial, fundamental concept that is inherent to the sustainability of the
biorefinery concept as much as circularity is fundamental to the concept of bio-economy [45].

Different biofuels have been exploited world-wide, like wood, biogas, biomethane, bioethanol, biodiesel,
vegetable oil, etc [8]. Different conversion routes are foreseen for obtaining each of these products, among
which are biological, physical, chemical and thermochemical pathways. These routes can be systematically
represented using a superstructure. Superstructures are models used in optimal process design. They
represent all the possible interconnections between the sub-processes inside the main process, together
with their equations and constraints [99]. Corbetta et al used such concepts in order to select the most
economical design for the distillation of complex bio-chemicals [19].

While the selection of the optimal design is usually done with optimization techniques, the construc-
tion of the superstructure model is a matter of describing each step by choosing an appropriate set of
equations. A qualitative description of a biorefinery superstructure was introduced on a previous work
by the author [4]. Such a scheme is presented on Figure 1.4, showing the different processes and their
possible connections. The top box on each block represents the operation while the boxes below rep-
resent products; blue (colored) boxes represent final products, white boxes are intermediate products.
Plus/minus signs are ‘decisional mixers/splitters’; the first one means different inputs may be offered for
a process (e.g. the conditioning operation may receive two types of input: biogas or producer gas); the
second one means the same input can be directed to different processes (e.g. syngas may become one of
two products). Following the scheme of Figure 1.4, computer simulations can be performed in order to
develop the mass and energy balances pertinent to each process. Those balances are necessary to assess
the economics of each transformation pathway. Such indices, in their turn, enable determining the level
of maturity of the corresponding technology and how close it is to commercial implementation.
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Figure 1.4: Biorefinery superstructure scheme depicting possible conversion pathways.

Figure 1.4 collects different biomass conversion processes which take as input a generic second gen-
eration (lignocellulosic) biomass. Among these are biochemical processes (hydrolysis, fermentation),
chemical processes (dehydration, synthesis), thermochemical (gasification and pyrolysis) and physical
(hydrogen purification). All of these products are commodities, consumed globally in massive scales,
with varying levels of sophistication. ~-valerolactone (as much as methanol) is a precursor of different
types of products, such as polymers, solvents, fuel additives and biofuels [3]. This scheme supports the
huge versatility associated with biomass conversion into chemicals. It is a thriving field, especially for
sugar-derived products. Many of such products have reached or are close to reaching commercial imple-
mentation [25]. This is a very interesting feature, especially from the point-of-view of biomass valorization.
On the other hand, this aspect alone has a limited potential to contribute to GHGs reduction.
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Alternatively, a biorefinery production model can focus on energy applications. The issue with bioen-
ergy is its high manufacturing costs and low market prices, especially if compared to the other previously
mentioned bioproducts. This factor combination usually produces economically unfeasible processes.
Some recent attempts at improved process economics include increasing boiler pressure in biomass-fired
turbines. Alternatively, this scenario could be changed by associating bioenergy production to other
high-value commodity chemicals. In a properly structured process, it may well be that the income from
selling valuable bioproducts compensates for the lesser value of bioenergy. This might be a good solution
to promote the diffusion of biomass energy and lastly meet the sought-after environmental targets.

Energy production from biomass has been proposed and re-proposed over the years in different pro-
cesses. For some processes (as is the case of gasification) different sources have presented conflicting
values for production costs. This may originate from a lack agreement in the typical size these plants
would adopt at a commercial implementation of the process. Alternatively, differences in product cost
may result from an overly simplified process assessment. In some new processes (as is the case of biogas),
different process designs may result in more economic configurations. As it will be made clear through-
out this work, the potential reach of this technology is still not well understood. Maybe for this reason,
biomass usage for energy production is an active area of research.

1.3 Objectives & Methods

The aim of this work is to elevate the description of biomass conversion processes for the production of
chemicals, heat and electricity. In this work, these processes were studied from a multiscale perspective
using computer simulations. Four different software were used: commercial process simulator Aspen
HYSYS; energy integration software Aspen Energy Analyzer; GasDS, a gasification / pyrolysis simulator
and the MATLAB programming environment. The results of such assessments provide effective means
of comparing different transformation pathways, while gaining insight in the state-of-art and providing
guidelines to close the gap between research and commercial application on the topic.

On Chapter 2, lignocellulosic biomass gasification was described with the aid of a detailed phenomeno-
logical model. Biomass composition was determined from an innovative data fitting method based on
Lagrange multipliers. An entrained flow gasifier was simulated using a detailed, phenomenological model,
implemented in the GasDS program.

The coproduction of heat, electricity and chemicals from second-generation biomass was assessed.
Two different scale sizes were considered, with biomass lower heating value inputs of 1 and 100 MW,
respectively. These scales are representative of decentralized and centralized production concepts, each of
which with its own characteristic transformation pathways. Chapter 3 describes the centralized concept,
in which biomass gasification was considered. Two final uses for syngas were considered: production of
methanol and production of Fischer-Tropsch (FT) fuels. Chapter 4 presents the decentralized utilization
concept, which considers the anaerobic digestion of biomass for the production of biogas. Three biogas
processes were assessed: HPC (biogas to methanol), BioCH4 (biogas to biomethane) and CHP (biogas to
heat & electricity). The last two processes are already used commercially with the aid of subsidy policies.

This work presents an updated overview on the production of heat, electricity and biofuels from
biomass. Among its main contributions are, in the first place, innovative, robust methods for performing
the energy/mass balances in different process sections. Among such methods are those for the determi-
nation of biomass composition (Chapter 2) and for the product distribution model of Fischer-Tropsch
synthesis (Chapter 3). Secondly, the critical discussion of the techno-economic assessment methodology
brings more accurate values on the cost of production of bioenergy (Chapters 3 and 4). The calculated
cost of energy compares well with the estimates given by other authors and are supported by the reported
values of the governmental subsidy offered by different countries. In the third place, the economic as-
sessments presented here indicate either more economic ways of producing bioenergy (by increasing the
scale-size) or logistically interesting, comparable alternatives to the actual schemes (such as with liquid
biofuels).






Chapter 2

Lignocellulosic Biomass Gasification

Abstract

Lignocellulosic biomass gasification was described with the aid of a detailed phenomenological model. In
this model, biomass was considered a mixture of cellulose, hemicellulose and three surrogate compounds
that account for the most abundant monomers in lignin. Biomass composition was determined from
an innovative data fitting method based on Lagrange multipliers. The calculated biomass composition
produces lower heating values (LHV) that are consistent with experimental observations. The relative
LHYV error was not bigger than 10% for any of the biomasses studied. The developed method represents
an improvement from the previous ‘triangle model’, especially because it uses experimental information
in a more systematic approach to quantify biomass composition.

An entrained flow gasifier was simulated using a detailed, phenomenological model, implemented in
the GasDS program. The model considered a kinetic mechanism based on the above mentioned results
on biomass composition to successfully predict biomass conversion and syngas yield for a given oxygen
consumption. Almond shells and olive pits were the two biomasses with the biggest syngas yield per
oxygen input, with a value of 314 mol syngas / mol Oi*. Biomass conversion values compared well
with experimental values and were close to chemical equilibrium. The simulator displayed numerical
instabilities during the unsteady state operation, due to the strategy used to increase the step size. This
effect is not present during steady state operation and, therefore, does not influence these results.

2.1 Lignocellulosic Biomass

“Biomass is biological material derived from living, or recently living organisms. In the context of biomass
for energy this is often used to mean plant based material, but biomass can equally apply to both animal
and vegetable derived material” [10]. Lignocellulosic biomass is vegetable derived material which is a
mixture of the following components: cellulose, hemicellulose, lignin, extractives, ashes, sugars and starch
[88].

For what concerns the kinetic modeling of pyrolysis and combustion of biomass, among the main
components considered are cellulose, hemicellulose and lignin. Following such guidelines a method was
defined for determining biomass composition in terms of these species. For this analysis, cellulose and
hemicellulose are considered pure components, in opposition to lignin, which is further divided in three
subtypes. These lignin subtypes are surrogate compounds that account for the most abundant monomers
that compose lignin chains. Information on these components is summarized on Table 2.1 below, while
further details are given on the work of Ranzi et al [79].

Problem statement: given a biomass atomic composition C (determined experimentally) and given
the biomass components’ atomic composition C; (seen on Table 2.1 above), find the mass fractions (k;)
of the biomass components that solves the following atomic mass balance (AMB):

C=> Tk (2.1)
0<k;<1 (2.2)

d k=1 (2.3)

The problem description is represented graphically in Figure 2.1, where the C; are plotted (blue
squares). The enclosed region in Figure 2.1(a) shows the locus of C for any given convex combination of
the single species (i.e., a combination that satisfies Equations 2.2 and 2.3). When considering the inverse
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Table 2.1: Components used for describing lignocellulosic biomasses; atomic composition and lower
heating value (LHV). All of the values are for DAF (dry, ash-free) biomass.

Component — CELL HCELL LIGC LIGH LIGO

Element Number of atoms in the biomass species

C 6 5 15 22 20

H 10 8 14 28 22

0] 5 4 4 9 10
Element Atomic mass fractions (%)

C 44.4 45.5 69.8 60.6 56.9

H 6.17 6.06 5.43 6.42 5.21

0] 49.4 48.5 24.8 33 37.9

LHV (MJ/kg) 16.2 16.7 26.8 24.2 20.8

situation, it may be that different convex combinations of the C; produce the same C. This multiplicity
is due to the system being overdetermined, i.e., there are more biomass components (variables) than the
number of atomic elements characterizing the system (equations). This is seen in Figure 2.1(b), in which
the hypothetical biomass falls inside two different triangles (LIGO-CELL-LIGH and LIGC-CELL-LIGH).
A past approach to deal with this issue was the ‘triangle method’, represented in Figure 2.1(c) [78]. In
this approach a determined proportion is assumed between the mass fractions (k;) of certain biomass
species. This effectively increases the number of equations so that the system becomes determined. An
equivalent representation of the system resulting from this approach is the substitution of the original
species by the ‘equivalent species’, labeled ES1-ES3 in Figure 2.1(c). The C; of each ES is calculated
through a linear combination of two of the original species by considering the predetermined proportion
between them. A positive aspect of this method is that the calculated atomic composition (C) matches
exactly the experimental value. The negative aspect of it is essentially the need to reliably estimate the
ratios between biomass components.

In this work an alternative procedure is proposed in order to tackle the difficulties presented by
the triangle method. The problem is initially tended in the same manner: the number of variables is
reduced from five to three. This is done so by using the experimental mass fractions (k;) of cellulose
and hemicellulose. Even for this new AMB, the previously established bounds usually prevent an exact
solution to be found, i.e., the biomass C cannot be matched exactly by a convex combination of the
C;. It is possible, though, to estimate a solution which is the closest possible to the experimental values
through an optimization process. The criterion chosen for evaluating the goodness of the solution is
the SSRR (sum of the squared relative residues) of the AMB; this choice avoids high relative errors on
the estimation of the hydrogen massive content, which is much lower than oxygen and carbon. For the
mathematical details on the solution of the AMB the reader is referred to Appendix 2.A.

Different biomasses were analysed in order to test determine their composition in terms of the 5
previously mentioned components. Both the new and the triangle method were used to determine biomass
composition. Biomass parameters were taken from the Phillys2 database [27]; their C; can be seen on
Figure 2.1(d). Two entries from the database were used when any single entry could not provide all
the required information. For each biomass type, the predicted composition was used to calculate the
lower heating value (LHV), which was compared to the experimental values. For the triangle method the
proportion between biomass components are those used by Ranzi et al [78]:

e ES1: 60% CELL and 40% HCELL
e ES2:  80% LIGH and 20% LIGC
e ES3: 80% LIGO and 20% LIGC

These proportions generate the ES seen in Figure 2.1. The results for the composition analysis are
shown on Table 2.2. The Table is divided into three parts; in the top part there is biomass information
from the Phillys2 database [27]. The middle part displays the results for the new method. In the bottom
part the results for the triangle method are shown.

Not all of the biomass types have been successfully processed by the triangle method. Clearly this
could be tended by choosing a more appropriate set of ES. For the new approach, none of the biomasses’
atomic composition (C) could be matched exactly. It is interesting to notice that there is no direct
connection between the SSRR and the LHV relative deviation. In terms of the calculated LHV the new
approach performed slightly better than the triangle model, which overly predicts wheat straw LHV by
14%. Biomass predicted composition differs greatly between the two methods, not only quantitatively
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Figure 2.1: Scheme representing the problem posed by Equations 2.1 to 2.3. (a): The polygon represents
the set of the atomic compositions deriving from a convex combination of the biomass components. (b):
Multiple solutions may arise when number of biomass components is bigger than the number of atomic
elements. (c¢) The ‘triangle method’, from Ranzi et al [78]. (d) triangles represent the atomic composition
(C;) of the biomass species analysed in this work.

but also qualitatively. For every biomass, the new approach predicts that one of the lignin components
(the least similar to C) is absent from biomass composition. Contrarily, the triangle method predicts
a biomass composition that is distributed between all of the components. Without making use of the
experimental information on the values of either cellulose or hemicellulose, the triangle method presents
a considerable deviation for at least one of these components in each case.

It is clear that the application of the triangle method is considerably simpler than the newly proposed
method. The former requires much more information than the previous. On the other hand, the triangle
method has an associated lower accuracy, since it does not use information on cellulose and hemicellulose
composition. The newly proposed method is somewhat more general in the sense that it does not depend
on estimating the compositions of the ES. The new method gives an unambiguous answer to the posed
problem while the triangle model may give different compositions for a different choice of ES.

The main implications of these stunning differences arise when considering the different reactivity
of biomass components during biomass pyrolysis and gasification. Among the biomass components,
hemicellulose is the most reactive, followed by cellulose and lastly by the lignin components.

The above findings point in favor of the proposed biomass composition analysis method, even though
real biomass composition is significantly more complex. It is important to realize that the results presented
here depend strongly on the methods used to determine cellulose and hemicellulose composition. The
most recent analytical methods for determining these components quantify them directly and produce
much more exact values than the older ones, which determine these quantities indirectly (e.g., by sugar
analysis, for instance).

2.2 Biomass Gasification

Gasification is a process that converts carbonaceous materials into a mixture of gases by reacting the
material with a controlled amount of a gasifying agent, which can be oxygen, steam or carbon dioxide.



Table 2.2: Results for the composition analysis of lignocellulosic biomasses. Top: biomass atomic com-
position C; Middle: biomass composition for the new approach. Bottom: biomass composition for the
triangle method. Except when noted otherwise, all of the values refer to DAF (dry, ash-free) biomass.

Biomass type Corn  Wheat Switch Sugarcane Almond  Olive Birch

stover straw grass bagasse shells pits  wood
Phillys2 # 889 977 2436 2342 / 2314 1978 / 2066

2806 2290

Ash (Dry wt%) 74 135 5.4 1.6 3.3 3 0.2
C exp (wt%) 50.6  53.7  50.6 49.9 50.2 48.3  48.3
H exp (wt%) 6.32  6.03 5.7 6.04 6.28 6.11  6.02
O exp (wt%) 43.1  40.3  43.7 44.1 43.6 45.6  45.7
C calc (wt%) 50.3  50.3 504 49.8 49.2 49.4  49.8
H cale (wt%) 6.2 596 594 6.01 6.01 599 5.8
O calc (wt%) 43.5  43.7  43.7 44.2 44.8 44.6  44.3
SSRR (%2) 5 113 18 0 30 14 27
Cellulose (wt%) 39.7 333 407 43.1 52.4 29 358
Hemicellulose (wt%) 274 452  34.8 35.9 29.9 38.4 252
Lignin C (wt%) 26 215 195 17.6 17.7 0 0
Lignin H (wt%) 30.3 0 0 3.4 0 14.1 6.7
Lignin O (wt%) 0 0 5 0 0 18.6 324
LHV cale (MJ/kg) 19.1 187 18.7 18.5 18.2 184 184
Arel LHV (%) -0.4 1.9 7.6 3.1 0.9 5.7 5.6
ES1 (wt%) 70.2  46.8 58.9 69.1 71.9 79.5 784
ES2 (wt%) 46.2 374 -7.4 18.4 40.9 16.5 8.4
ES3 (wt%) -16.5 158 485 12.5 -12.8 4 133
Cellulose (wt%) - 281 - 41.5 - 47.7 47
Hemicellulose (wt%) - 187 - 27.6 - 31.8 314
Lignin C (wt%) - 106 - 6.2 - 4.1 4.3
Lignin H (wt%) - 299 - 14.7 - 13.2 6.7
Lignin O (wt%) - 127 - 10 - 3.2  10.6
LHV cale (MJ/kg) - 21 - 19 - 18.2  18.1
Arel LHV (%) - 142 - 5.6 - 48 42

The main reactions for a generic biomass gasification are presented on Equation 2.4, with the gasifying
agent being identified as species G:

CeH,0,+aG+—bCO +cHy (2.4)

G a b c

Os (xr—2)/2 x y/2
H50 T —z T r+y/2—z
CO, r—z 2z — 2 y/2

The main output of the gasification process is called producer gas, which is a mixture of methane,
light hydrocarbons, carbon monoxide, carbon dioxide, hydrogen, water, and volatile organic compounds
[89]. The producer gas can then be upgraded to syngas through a series of operations called conditioning
operations. Syngas is a CO/Hs-rich mixture that can be processed to synthesize chemicals (such as
methanol) or liquid fuels (such as diesel and gasoline). From the process point of view, gasification is a
very flexible process: (1) it is capable of processing inputs with differing qualities; (2) the process output,
syngas is also extremely flexible in terms of process design; (3) almost every organic molecule can be
produced from syngas.

Gasification is a mature technology, it has been used commercially for many years in oil refineries
to obtain syngas from heavy oil residues [7]. In recent years it has been considered in applications with
biomass. In fact, biomass gasification could be used as a valorization process that is organic with the
current energetic scenario, especially in developing countries where input is abundant and cheap. There
are still unresolved issues, especially regarding scale sizes and the feeding of biomass in pressurized vessels.
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In any case, biomass gasification has been deemed as a promising, evolving technology, with a huge field
of application [35].

The gasification of biomass was simulated by considering an ‘entrained flow’ gasifier. The entrained
flow configuration is the most diffused gasification technology in the world [62]. In this arrangement the
fuel follows concurrently with the input gas stream (which is usually rich in oxygen). The operation
is carried out at high pressures which promotes high temperatures and fast reactions. The combined
effect of these features is the production of low-tar syngas at high output capacities and with high fuel
conversion. This technology is currently applied in the gasification of coal feedstock [9]. Application of
such a process with biomass feedstocks could have a strong potential for the valorization of such feedstock.

Different entrained flow gasifier models have been proposed. Kunze & Spliethoff [62] have considered a
‘thermodynamic approach’, in which the operation output was correctly predicted by considering chemical
equilibrium; coal gasification with 85% pure oxygen in considered (among others). Billaud et al [9]
considered the steady state atmospheric gasification of biomass using a ’kinetic approach’. These authors
considered a detailed gas-phase kinetic mechanism for the gas-phase reactions but considered a lumped,
single step mechanism for the biomass. Chen et al [16] have considered describing such system using a
CFD simulation. The higher degree of refinement in terms of the description of the velocity patterns
inside the reactor was compensated by a simplification on the kinetic schemes. Coal was used as fuel and
the system was considered in steady state.

A good compromise must be established between the levels of description of the model as it becomes
more sophisticated. In this work the gasification reactor is simulated with two different approaches in
order to predict output composition and temperature. For the first approach, simulations were performed
with the biomass gasification / pyrolysis simulator GasDS. Among the main features of the model are
the unsteady operation of the equipment with detailed kinetic schemes both for the solid and gas-phase
reactions. For the second approach, gasification output is determined by letting the GasDS output attain
adiabatic chemical equilibrium through minimization of Gibbs energy. The ‘Gibbs reactor’ unit, inside
the HYSYS process simulator, is used to perform the calculations.

Figure 2.2 presents the a scheme for the reactor model simulated in the GasDS software. This
program is an implementation of a phenomenological model that can simulate pyrolysis and gasification
of coal and biomass. The reactor model is divided into layers, which are considered a series of perfectly
mixed reactors. Biomass particles are discretized in spherical concentric shells, thus representing the
intra-particle temperature and composition gradients. A detailed mechanism is used for the gas-phase
reactions while the solid-phase kinetics are based on the biomass composition model presented on the
previous section (cellulose, hemicellulose and 3 types of lignin). The unsteady operation of the equipment
is described by a system of differential equations, which is presented in Figure 2.3. The system is solved
using a smart implementation of the Adams-Moulton and the Gear methods using the BzzMath, a
sophisticated and performant numerical library written in C4++ which exploits the features of object-
oriented programming [14]. This simulator has been extensively validated on both coal and biomass
feedstocks [20, 18, 78]. Further details of the GasDS simulator are presented in Cabianca et al [15]. For
the simulation of entrained flow gasifier, biomass and the oxidizing gaseous stream enter the equipment
from the top while the product streams exit from the bottom. The reaction occurs at high pressures
(approximately 40 bar) and no heat loss is considered.

Table 2.3 details the parameters used in the simulations. The considered biomass LHV input is reached
by assuming an ‘year-effective’ value of 100 MW. This is the lower bound of the values suggested on the
report by IRENA for this gasification technology [57]. The value of 111 MW is attained by considering
the previous power input distributed over 90% of the days in the year (i.e. the plant availability). The
oxygen input was estimated at 230% of the stoichiometric value for the partial oxidation of biomass (the
first reaction of Equations 2.4). This value was reached by taking the reported input values for coal
gasification and correcting the value for biomass reactivity. Since biomass is more reactive than coal,
it can be converted at a lower temperature, which reduces the amount of oxygen required. Kunze &
Spliethoff [62] report of an industrial gasifier running on coal with O2/C = 45% (inlet molar ratio). In
this work, the reported stoichiometric ratio of 230% produces Os/C = 40% for corn stover and similar
values for different biomasses, as it will be seen ahead. The equipment size (diameter and height) was
estimated arbitrarily since no previous literature reference could be found for those parameters.

The steady state results are presented on Table 2.4 for the case of corn stover. Almost all of the DAF
portion biomass is consumed, the remaining part being completely composed of char, which is the less
reactive solid component. Calculated output temperatures are around 1400 °C, which is in agreement
with the values of 1500 °C reported by Kunze & Spliethoff. Its worth reminding that these authors report
not only a bigger output temperature but also a bigger oxygen input.

On Table 2.5 the value obtained for the carbon conversion is compared between different references.
The carbon conversion for the GasDS output and the equilibrium calculation match each other closely.
It is clear that the values calculated by the gasifier model are very close to equilibrium. This is expected
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Figure 2.2: Scheme detailing the different scales of the GasDS simulator model (from Ranzi et al [78]).

Table 2.3: Parameters used in the simulations.

Parameter Value
LHV biomass input (MW) 111
O Stoich. Ratio (%) 230
Outlet pressure (bar) 42
Diameter (m) 2
Height (m) 6
Simulated reactor layers 10
Simulated particle layers 1
Particle size (pm) 200

since the reactions proceed fast at high temperatures. Additionally, the use of high pressures promotes an
equilibrium shift towards volume reduction, which is usually associated to exothermic reactions. Among
such reactions are the methanation and the inverse Boudouard reaction, which are particular cases of
Equation 2.4. Kunze & Spliethoff report a similar value for a industrial unit running with coal, which
is much less reactive than biomass. Billaud et al report a slightly smaller value for biomass gasification
at much less severe conditions (atmospheric pressure and only steam as oxidant). Therefore a good
agreement is seen between experiment and the model.

The steady state profiles of the main system variables are seen on Figure 2.4. The reactor position
is measured from the top of the reactor and increases in the same sense of the gas / solid movement
shown in Figure 2.2. The profiles quickly reach values that are very close to the outlet values, which is
indicative of how fast the reactions are progressing. The slow descent on the temperature profile after the
initial combustion is characteristic of the endothermic char gasification reactions (with steam or carbon
dioxide). Char is much less reactive than biomass and the downstream portion of the reactor is depleted
of oxygen. For any reactor position the added mass / molar fraction of components O, Ha, H2O, CO
and COs (i.e., the five components whose profiles are shown in Figure 2.4) is always more than 99.5%.

Figure 2.5 shows the results of the unsteady state operation of the simulator representing the start
up procedure for the gasifier. In such a procedure, a stream containing fuel provides heat to the equip-
ment so that it can achieve a temperature configuration in which the gasification is self-sustained (a.k.a.
‘autothermal’). For this simulation the inlet gas stream was provided at a temperature of 2000 K and
was diluted with combustion products (methane was the considered fuel). Biomass input was 30% of
the steady state value seen in Table 2.3 while the oxygen input (after methane combustion) followed the
same proportion (to the stoichiometric ratio) used in the steady state simulation. Figure 2.5(a) shows the
temperature profile for the different reactor layers. Steady state is reached after about 3000 seconds (50
minutes). The temperature at the first stage presents a sharp rise at ¢ = 500 s, when it reaches a temper-
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Figure 2.3: Gas- and solid-phase mass and energy balances for the GasDS model (from Corbetta et al
[18]).

ature of about 600 K (330°C). At this point the biomass on that layer has been completely pyrolyzed.
The pyrolysis process are endothermic; their interruption makes the temperature rise by heat transfer
from the gas. With the temperature increase the volatiles and char are rapidly oxidized, which raises
even further the temperature. The other stages follow the same pattern of the first stage but at a slower
rate since the gas is cooled down and oxygen is consumed through the reactor. Figure 2.5(b) reverses the
disposition of time and axial coordinates to show the reactor temperature profiles for different time values.
An important observation must be made at this point. Qualitatively, the heating of such an equipment
should follow a pattern of a ‘break-through’ curve. Such a curve possess a single concavity inflexion
along its profile, which is in direct contrast to the multiple inflexions seen at the temperature profiles
for 600s <t < 1100s. The cause for such a behaviour could reside in an inadequate solution strategy
of the ODE solver, which would cause numerical instabilities and produce non-physical oscillations. The
ODE solver adjusts the step size with the predicted error. As the derivatives become less steep the step
size becomes bigger, eventually violating stability constraints. This hypothesis is supported by Figure
2.5(c), which shows the accumulated time-steps taken by the solver for the integration of the differential
equation system. 35% of the time-steps are used up to ¢ = 500 s, which can be attributed to biomass
pyrolysis. At ¢ = 600 s, another 45% of the computational effort was spent in calculating the oxidation of
volatiles and char. At this point the time step increases considerably, at the same time that oscillations
begin to appear. Even if these perturbations may add numerical errors to the unsteady state profiles, it
should be noticed that they eventually fade away, and that the results of the steady state simulations are
not influenced by this phenomenon.

A comparative analysis was carried out by performing the gasification simulation with the biomasses
seen on the previous chapter. The same conditions seen on Table 2.3 were used for every biomass and the
operation is considered at the steady state. The results are seen in Table 2.6. After a visual inspection
the biomasses were grouped according to their characteristics. The biomasses from group D had the
highest syngas-to-oxygen ratio. A striking remark is that, for the biomasses from groups B, C and D, an
increase in the amount of oxygen did not produce extra syngas, but only converted more carbon. Corn
stover gave the highest amount of syngas for slightly less oxygen than Group B, but with the same carbon
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Table 2.4: Results of the simulation of corn stover gasification with GasDS.

Parameter Inlet  Outlet
Gas mass flow (kg/h) 11325 33431
Syngas mole flow (kmol/h) - 1110
H,/CO molar ratio (%) - 57
Solid mass flow (kg/h) 23850 1744
Solid mass flow - DAF (kg/h) 20992 78
Carbon mass flow (kg/h) 10549 78
Gas temperature (°C) 27 1402
Solid temperature (°C) 27 1402
Pressure (bar) 46 42
Porosity (%) 87 100

Table 2.5: Comparison of carbon conversion from different references.

Reference GasDS  Equilibrium  Kunze & Spliethoff [62] Billaud et al [9]
Carbon conversion (%)  99.3 98.4 98.5 95.0

conversion. In any case it seems that such a system could be optimized in terms of the trade-off between
oxygen consumption and syngas yield. This is, of course, an economic consideration, not a physical one.

Table 2.6: Comparison of the (steady state) gasification simulation results for different biomasses.

Biomass type Corn  Wheat Switch Sugarcane Almond Olive Birch

stover straw grass bagasse  shells pits  wood
Syngas produced (kmol/h) 1110 1067 1071 1070 1071 1084 1071
O input (kmol/h) 354 360 361 345 329 332 345
Syngas / O molar ratio (%) 314 207 297 310 326 326 310
05 /C' inlet molar ratio (%) 40 40 40 39 37 37 38
Carbon conversion (%) 99 99 99 97 96 95 96
H,/CO outlet molar ratio (%) 57 55 54 56 60 60 55
Biomass Group A B B C D D C

2.3 Conclusion

Lignocellulosic biomass gasification was described with the aid of a detailed phenomenological model.
Biomass composition was determined from an innovative data fitting method. The developed method
represents an improvement from the previous ‘triangle model’, especially because it uses experimental
information in a more systematic approach to quantify biomass composition. A further extension of
such model could use the LHV information to establish an additional relationship involving biomass
composition. Eventually, this problem could effectively be transmuted into the data reconciliation prob-
lem. In this case, cellulose and hemicellulose compositions would also be variables in the fitting process
but penalty parameters would be introduced to take into account their deviation from the experimental
measurements.

An entrained flow gasifier was simulated using a detailed, phenomenological model, implemented in
the GasDS program. The model displayed good accuracy for the assessments performed at steady state
and compared well to experimental observations. Numerical instabilities were seen during the unsteady
state operation due to the step size adjustment procedure. The component description of the model is
very rich while its spatial resolution is still fairly poor. It seems that better compromise between the
levels of description of the model would yield more insightful results. If the the gas-phase kinetics could
be effectively shrinked a CFD reelaboration of the model would enable the investigation of innovative
aspects of biomass gasification. Among such aspects are the unsteady state operation of the gasifier, the
modeling of the slag flow, the quantification of the temperature profile along the reactor walls, etc, all of
which considered at the high spatial resolution of a CFD simulation.
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2.A Biomass Molecular Composition

This section clarifies the method used to determine biomass composition in terms of its molecular com-
ponents. For this analysis, cellulose and hemicellulose are considered pure components, in opposition to
lignin, which is further divided in three subtypes. All of the components are considered on a dry, ash-free
(DAF) basis. Problem statement: for a given biomass atomic composition € (determined experimentally)
and given biomass components’ atomic composition C; (from the model by Ranzi et al [79]), find the
biomass components mass fraction k; that solves the following atomic mass balance (AMB):

C=> Cjk;
0<k; <1 (2.5)
Skj=1

The vectors and their elements on the equation above are the following:

CT = [x,y, ] (26)

Cj = [xj,v;, 2]

which z, y, z are the normalized carbon, hydrogen and oxygen mass fractions in the biomass; x;, y;, z; refer
to the same mass fractions of species j. To solve Equation 2.5, it is instructive first to consider a simpler
case in which no constraints are imposed. Any combination of three different molecular components
form a linearly independent basis (LIB); since any LIB is able to span R?, this means that at least one
solution should be found for every LIB. As a consequence, the linear system above may have multiple
solutions even if the constraints are imposed (it will definitely have multiple solutions for the no constraint
case). The problem can be tended by reducing the number of independent variables to three, by using
the experimentally determined composition of cellulose and hemicellulose. If these two quantities are
respectively denominated as « and 3, the problem can be redefined in the following form:

(D*Oé@a*ﬂ@g:Z@jﬂ{j
0<kj<l-a-p (2.7)
Z]kal—a—ﬁ

For this new AMB, k; represents the DAF mass fractions of the three lignin compounds. Such a system
is well defined, for it has the same number of equations and variables (three). Even so, the previously
established bounds usually prevent an exact solution to be found, i.e., the atomic experimental composi-
tion cannot be matched exactly by a convex combination of the C;. It is possible, though, to estimate a
solution which is the closest possible to the observed values of the AMB through an optimization process.
The criterion chosen for evaluating the goodness of the solution is the SSRR, (sum of the squared relative
residues) of the AMB; this choice avoids high relative errors on the estimation of the hydrogen massive
content, which is much lower than oxygen and carbon. The AMB can now be rewritten with the following
definitions:

C=YCk+R
of - [2.8,3] - px,.v;, 2 23
C" =[1,1,1] — aCY - BC}

Other than the vector of residuals it is interesting to notice that the system was rescaled with the z, vy, z
parameters and, therefore, X,Y, Z do not sum up to 1. This rescaling is useful to produce the desired
relative values for the optimization process. For the vector of residuals it can be seen that

R=C-Y C;k;

Ri=1-Y ik,

or, _ (2.9)
ok; 7

i=X,Y,Z
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and the sought-after cost function (the SSRR) and its partial derivatives are written as

f=3 R

of OR;
k; 220 ok;

(2.10)
— 2%, Rii; = —2IL;

L; =R C;

Since this is a problem of constrained quadratic programming, the method of the Lagrange multipliers
can be used in order to find the solution. The constraints are used to write terms that compose the
Lagrangian:

e Yki=l-a-43:
h=) ki—-1+a+p (2.11)
o k;>0:
9i = —kj (2.12)

The last constraint (k; < 1) is automatically satisfied if these two constraints are enforced. The La-
grangian can be written as

L:f-i-)\h-l-z,ujgj (213)

L=f+ XXk —1+a+8) -3 uk,

From the optimality conditions (OCs) the following expressions can be derived:

oL
Zlkal—a—ﬁ

(2.14)

1k =0

By using the last OC, p; is eliminated from the first OC:

QILJ' - A + Mj =0
CL; = A+ pj)k; =0 (2.15)

A
(Lj2>1kj0

By summing the last expression over all the j and using the second OC, the value of A is found:

\ (2.16)
2Lk = S(1-a-p)

As it will be seen further ahead, this last step is not necessary in obtaining a solution. For the sake of
having a cleaner notation the previous expression is maintained

<]Lj - ;) k=0 (2.17)

For such an expression to be valid, either k; or the term between parentheses will be zero.
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Hypothesis 1 (H1): no k; is zero

We allow the term between parentheses to vanish. It is interesting to note that this implies p; = 0 since

(2.18)

The system of equations deriving from H1 is the same as if no inequality constraints were adopted; this
means that the solutions deriving from this hypothesis will not always be able to respect the inequality
constraints. With the current system of equations it is now clear why it is not necessary to calculate the
value of \: since all IL; = %, the constant can be cancelled out by shifting indexes and subtracting two
consecutive expressions

(2.19)
L, — L =0

The downside of that strategy is that the number of independent equations fall by one, which leaves the
system undetermined; this can be promptly compensated by use of the much simpler equality constraint

Y kj=l-a-p (2.20)
The definition of IL; is plugged in Equation 2.19 to yield
R-(C;j—Cjt1)=0 (2.21)

The resulting system of equations can be written in a more concise vector form

AR =0
AT = D3 — Dy (2.22)
D = [(Dl7 (DQa CS]

In the equation above, D is the matrix that has vectors Cy as columns; subscripts 1 to 3 in Cy, refer
to each of the three lignin compounds; Dy, is the matrix that results from removing k-th column of matrix
D. Plugging in the definition for the residual the following expression is obtained:

0=A(C-Dk)
(2.23)
ADk = AC
Lastly, since
ki=c'k=1-a-
2k P (2.24)
' =[1,1,1]
the following constitutes a system of equations with equal number of variables and equations
Bk=1b
BT = [(4D)",¢| = [DTAT, (] (2.25)

b7 = [(A@)TJ—OL—@ = [CTAT,1—a - f]

in which the square parethesis and comma denotes the concatenation of the elements of different vectors
into one single array. The calculation algorithm is summarized below. Some terms were redefined to
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reduce the number of passages. Start by defining and calculating auxiliary terms in the following order:

of = |4 Y% 2
J {x y oz

C" =[1,1,1] - aC - BT

D = [Cy,Cy, C3]

' =11,1,1] (2.26)
A=D,-D

BT = [DT A,

b7 = [CTA,1—a—f]

Calculate the mass fractions of each component by solving the linear system

Bk=1b (2.27)

Hypothesis 2 (H2): some of the k; are zero

This will be the case if, after solving the system using H1, some of the compositions are negative. In
this case, the smallest composition is set to zero and the system is redefined to remove that variable and
the system is solved again with H1. Supposing lignin 2 must be set to zero, the procedure to solve such
system is basically the same. Start by calculating the following auxiliary terms:

@T:[%’ Yi Zﬂ]

y )
J 'y z

C" =[1,1,1] - aCf - BC

D = [Cq, Cs]

(1] (2.28)
A=D, -D,

BT = [DTA, ]

Again, calculate the mass fractions of the remaining components by solving the following linear system:

Bk=b (2.29)

20



Chapter 3

Biomass Gasification for the
Production of Methanol and
Fischer-Tropsch Fuels

Abstract

Two processes were considered for the coproduction of heat, electricity and chemicals. Both of these
involve biomass gasification for the production of syngas, which can then be used to produce methanol
(MeOH) or Fischer-Tropsch (FT) fuels. The transformation pathways are described through a rigorous
techno-economic assessment which uses a combination of four different softwares: commercial process
simulator Aspen HYSYS; energy integration software Aspen Energy Analyzer; GasDS, a gasification /
pyrolysis simulator and the MATLAB programming environment. The FT product distribution model
considered olefin readsorption and it was solved using an innovative power series solution.

Methanol production is the superior process, both in economic and in terms of final conversion to
liquid fuels. The economics of the Fischer-Tropsch process suffers due to the low energetic yield of the
reaction in terms of high valued liquid products. It remains to be confirmed (1) whether if the correlations
used are adequate to represent the FT reaction system and (2) if further income could be expected if the
other reaction products could be sold as high value products.

Both processes are economically unfeasible, with product costs that range (approximately) from 60
to 90 €/MWh (MeOH) and 80 to 210 €/MWh (FT). Even so, methanol production is an interesting
alternative to current biogas concepts. The minimum subsidy cost of this process ranges from half to one
third of current biogas subsidy costs.

3.1 Introduction

Methanol is a key compound widely employed as building block for producing intermediates or synthetic
hydrocarbons, solvent, energy storage medium, and fuel [12]. The catalytic synthesis of methanol from
syngas is a well-established process, with multiple commercial technologies developed by different com-
panies [89]. Methanol production from biomass gasification has been proposed by different authors as a
sustainable alternative to fossil fuels [89, 47]. A similar alternative to methanol are Fischer-Tropsch (FT)
fuels. FT synthesis is one of the most developed strategies for producing liquid fuels from syngas [11].
However, its economic feasibility is strongly connected to production in large, centralized facilities with
syngas being produced from fossil fuels [11]. The same is true for methanol production, the majority of
which comes from the steam reforming of natural gas in plants with capacities on the order of 1 Mt of
methanol per year [22] (around 1 GW lower heating value methanol output).

It should be made clear that biomass availability is not an issue, even in Europe. This is seen in Figure
3.1, which brings projections for energy statistics in the European Union. It is seen biomass supply
greatly surpasses its consumption, which is indicative of the greater costs associated with bioenergy.
Transportation costs, in special, might have a significant impact on process economics. In the US, the
nominal mill size for pulp processing receives a black liquor input of around 400 MW (lower heating value,
LHV) [28]. It must be noted that, for such an enterprise, dedicated wood crops are used. In a similar
fashion, the average Brazilian sugar cane mill generates around 200 MW LHV of residues [24]. For this
process, the sugar cane is transported in trucks that travel an average of 20 km. This scale corresponds
to the current scenario at the Sao Paulo state, which alone produces over 60% of the total Brazilian sugar
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Figure 3.1: Projections for energy statistics in the European Union. Consumption data was taken from
the report by TEA [53] while biomass supply was obtained from the BEE Project report [80].

cane harvest.

If current sustainability and social directives are to be followed, biorefineries will most likely receive
residual lignocellulosic biomass that is collected from sparse sources. Given the above numbers for agro-
industrial processes, it seems reasonable to think that the typical scale of such plants should lie between
100 and 500 MW biomass (LHV) input. If the process energy yield in terms of biofuels can be estimated
at 50%, even at 500 MW biomass LHV input the biofuel production capacity is virtually one order of
magnitude below that of the fossil fuel industry. In any case this gives a reasonable estimate to work
with. Accordingly, if the same 50% energy yield is assumed, process output in terms of biofuels should
lie between 50 and 250 MW.

Several references report results on the production of biofuels with models having different levels of
detail. Anex et al [5] did an assessment on the production of different biofuels. Only superficial results
are shown for the technical assessment, with almost no detail on the considerations taken at each step.
The economic assessment has good premises but uses at its core a methodology which is dubious with
parameters that are chosen arbitrarily. The discussion is very poor and the only comparison made with
other literature works is purely qualitative.

Hamelinck & Faaij [47, 46] present authoritative assessments on the production of commodity chemi-
cals from biomass gasification. Innovative technologies have been investigated, with a high level of detail
in their models. The authors analysed scales ranging from 80 to 2000 MW LHYV input, the upper bound
being far out of the previously estimated limit of 500 MW. Unfortunately, the gasification technology
chosen by the authors does not correspond to that which is most adequate to this scale (entrained flow).
Evidence of this is the need to reform the resulting syngas, which contains reasonable quantities of tars.
Lastly, methanol production costs are too low, even for the shortest possible scale. This can be largely
attributed to the low biomass costs assumed (2€/GJ LHV).

In this work we propose a detailed techno-economic assessment concerning the production of chem-
icals from the gasification of second-generation biomass. Four different software were used together in
order to obtain a rigorous description of the process. Every transformation step is evaluated with rig-
orous phenomenological models, either by using thermodynamic equilibrium or through kinetic models.
Updated prices of raw materials and coherent correlations between equipment parameters and their cost
were used in the economic evaluation step. This allows for the accurate estimation of process economic
indicators, such as the cost of production of final products.

Figure 3.2 summarizes information on methanol production costs from the report by IEA & IRENA
[54] together with calculated values from this work. Second generation (residual) biomass was considered
in this techno-economic assessment. It is seen that the production cost of methanol remains high compared
to fossil sources, even at great output quantities. In any case, these values represent an advantageous
opportunity compared to current renewable energy concepts, as it will be shown ahead. Th