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Summary of contents. (Abstract).

The following document corresponds with the final work presented as mandatory
requirement in the obtention of the chemical engineering bachelor’s graduate. This
document has been elaborated with the support of two high education institutions;
Universidad Complutense de Madrid and Åbo Akademi University, under the supervision
of two co-tutors from the former mentioned universities. The redaction of this report has
been performed during an Erasmus stay in Turku, Finland. Then, attending to
convenience reasons and with the approval from both institutions, the topic of this work
has been conducted in a way that makes suitable to exploit the research performed in the
host university. 7KLVGRFXPHQWFRUUHVSRQGVZLWKWKHHQJOLVKWUDQVODWLRQRIWKH6SDQLVK
FRS\SUHVHQWHGLQ6SDLQDVDUHTXLUHPHQWIRUEDFKHUORUVJUDGXDWH
The aim of the following report is to study the valorization of agroindustrial
residues and side streams. Attending to biorefinery principles, the focus is made on the
key industries and materials found on the receiving institution region: forestry and
pulping. Because of that after the title of the report, an explanatory text is found,
defining the key insight about the contents developed in this document. From all
potential valorization strategies and technologies, hemicellulose hydrolysis has been
selected. The high potential of implementation in already existing industrial settings,
and the current limited usage of hemicelluloses on traditional pulping processes are
the key factors for this selection.
Main contents of this final bachelor’s thesis are structured in a way similar to the
studies and documents used for chemical engineering projects planification and
development. First, key theoretical insights and objectives of the project are exposed
(chapter 1) as well as a previous study of the materials and technologies that make it
feasible (chapter 2). Then the technical memory is presented, showing the
thermodynamic and kinetic properties involved in the process (chapter 3) and shaping
the basic schemes for process operations (chapter 4). Once the process is defined,
basic engineering calculations are exposed, while equipment’s and process’
specifications are provided (chapter 5).

Later, safety and environmental studies of

the project are also performed and detailed (chapters 6 and 7). Eventually economic
viability of the process is studied (chapter 8), determining the potential real
implementation of the proposed operations and overall process.
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CHAPTER 1
Introduction and objectives.

1.1 Scope and objectives of the project. Conceptual framework.
Recently, interest in developing a transition from the current fossil-resource based
production model to an economy independent of fossil sources has grown significantly.
There are two main reasons that fuel this trend; The growing interest in the environmental
impact of economic activity, as well as the greater awareness of the need for sustainable
production models. It implies, societal and economic development without assuming a
depletion of the resources used or damaging the environment.
In the chemical industry, concerns about environmental impact and sustainability
have been addressed for a couple of decades through the green chemistry and process
intensification approaches.
Likewise, in recent years, the growing interest in the development of a new
production model based on the principles of the circular economy has given rise to the
concept of biorefinery within the chemical industry sector. This new production
philosophy advocates the use of biomass as starting point for product obtention.
1.1.1 The Biorefinery as a conceptual framework.
The concept of biorefinery has evolved significantly during the last decade,
establishing itself as a set of principles and philosophies based on the sustainable use of
organic matter of biological origin, available on a recurring bias. This concept offers a
framework for multiple fractionation technologies for biomass conversion into multiple
products of interest, in a manner inspired by the current fractionation and processing
technologies carried out with fossil-based materials.
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The principles of this
approach consist in the integral
use of all the components
present

within

biomass,

starting from the products with
the highest added value to the
recovery and processing of any
valuable compound, eventually
ending with

the residual

components

1
valorization, Figure 1. Preferential biomass fractionation in biorefinery.

often as fuels or burnable materials for energy production.
Figure 1 depicts the priority order to follow in every biomass fractionation.
Biomass processing is develop following the
order defined by products market price.

Likewise, due to the greater complexity and variability of different biomass
sources, the technologies and processes involved within a biorefinery should be very
specific to the local conditions of availability and characteristics of the biological
resources available in the region. In this way, the concept of biorefineries advocates the
creation of installations of moderate size and productive capacity, distributed
homogeneously with the aim of limitations and accessibility of the different forms of
biomass available.
The following work is focused on green biorefinery, using lignocellulosic biomass
as feedstock. The aim of the project consists on the design of appropriate technology for
the valorization of the hemicellulosic fraction once separated from the starting material.
The distribution of the components in the hemicellulosic material is observable in figure
2.
Hemicelluloses are heteropolysaccharides composed of different pentoses and
hexoses (arabinose, xylose, ribose, galactose, glucose and mannose) besides acidic sugars
(galacturonate, glucuronate) linked by O-glycosidic bonds. Its biological role is mainly
structural, being part of the cell walls of plant cells in combination with cellulose, lignin and
pectin.
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Unlike cellulose, hemicelluloses form amorphous structures that help stabilizing the
cell walls. Due to its integration with other polymeric molecules, its extraction from the
material is limited, in addition to its solubility, by its ability to diffuse through the matrix.

Figure 2. Main components of the lignocellulosic material.
Likewise, there is a great variety of hemicelluloses, where their chemical
composition and properties differ widely between plant species. In general, softwoods are
highly abundant in galactoglucomannan, while hardwoods have xylanes as the main
hemicellulosic constituent. It should be noted that there are other types of hemicelluloses
found in annual plants. As an example Eglucans are commonly found in cereals.
In addition to the different types of hemicellulosic polymers, characterized by a
similar distribution of bonds and similar composition, the ratio of each constituent
monomer can vary with each species.

1.1.2 Definition of work.
In the following work, the design of an unit for the biorefinery processes is
described: A hemicellulose catalytic hydrolysis unit for obtaining monosaccharides.
The following work is carried out in collaboration with the Finnish university Åbo
Akademi during a mobility program, due to this reason the proposed unit is especially
oriented to the use and conversion of resources with greater availability in the formerly
mentioned region; wood and its derivatives. Norway Pine, Spruce and Birch are the main
industrially available tree species. So that, galactoglucomannan (GGM) has been selected
as the starting material model, and mannose (Man) as the main product of interest.
The objective of the following work is to establish a general procedure for the
designing of hemicellulose hydrolysis units. Despite working with two well-defined
compounds, the design can be easily extrapolated to a wide range of possible
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hemicellulosic materials and final products. Thus, it aims to define a design example for
hemicellulose hydrolysis units using heterogeneous catalysts.
Hemicellulose hydrolysis units are one more element involved into the complex
scheme of possible stages involved in a typical green biorefinery process (based on
lignocellulosic materials usage). In accordance with the principle of making a full use of
the different available materials, the hemicellulose recovery stages consist on an
intermediate step in multiple processes. Consequently, the designed unit constitutes a
model applicable to different industrial processes, where streams rich in hemicelluloses
capable of being valued as hydrolysates rich in monosaccharides of interest are present.
As main examples, the unit can be introduced coupled to thermomechanical
pulping processes, where the aqueous liquid fraction obtained in the conditioning stages
of the lignocellulosic material has a high content of hemicelluloses, where
galactoglucomannan is the fundamental constituent for the main woods used in these
processes.
Another possibility is the direct extraction of hemicelluloses using pressurized hot
water, also obtaining streams rich in hemicelluloses, and a material composed of cellulose
and lignin that can be subsequently fractionated.
In that way, the following work proposes the design of a typical unit within the
framework of the green biorefinery, taking as an example those compounds most
commonly found in current industrial processes based on lignocellulosic biomass.
1.2 Product definition. D-Mannose. 2
D-Mannose (Man), also known as seminose or carabinose, is a glucose C-2 epimer
monosaccharide with the molecular formula C5H11O5CHO. It is a white crystalline solid
that is generally obtained in the form of a powder, the presentation in aqueous solutions
is also common. Likewise, there are two main forms of the molecule; D-mannopyranose
or D-mannofuranose, where the first mentioned is the most common. It is water soluble
(248g / 100 mL) and slightly soluble in ethanol.
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Furthermore, during the crystallization of
aqueous solutions, about 60% crystallize as D-DMannopyranose, while the remaining 40% do so as
E-D-mannopyranose. The first form presents a soft
and sweet flavor, while the second is bitter, due to
this, the crystallized D-Mannose presents a sweet
flavor with a bitter aftertaste.
Figure 3. Mannose molecules in
The sweetening power is 0.6 times less than DandEconformation.
that of table sugar. Figure 3 shows the two main forms
D-D-Mannopyranose

and

E-D-Mannopyranose.

Table

1

resumes

the

main

physicochemical properties of D-Mannose.
Table 1. General D-Mannose physicochemical properties.
Property
Molecular Formula
Molecular Weight
Appearance

Value
C6H12O6
180.16 g/mol
White Crystalline Solid (Powder)

Melting Point

132 ºC

Optic Activity

-17º (forma E) / +34º (forma D)

Solubility

248g / 100 mL (17 ºC in H2O)

Density

1.54 g / cm3 (Crystalline Solid)

Caloric Value

3.75 kcal / g

Likewise, D-mannose is a product with a wide range of applications both at
industrial level and as a final consumer product. Its main applications are in the food
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sector (food additive, texturizer3.), Cosmetics (emollient agent) and pharmaceutical
(direct use, synthesis of anti-tumor4 or immunostimulatory agents5). Likewise, there is a
growing interest in D-Mannose due to its potential applicability in new sectors, such as
livestock (feed additive6), or as a new base compound for the synthesis of drugs and
other UHOHYDQW chemicals. Figure 4 summarizes some of the main current applications of
the product.

Figure 4. Principal applications of D-Mannose.
In addition, as hydrolysis sub-products UHOHYDQW amount of D-glucose (21%) , DGalactose (13%) and other monosaccharides (12%) are found.7 These compound should
also be considered as potential products for further usage within the biorefinery process
or for direct market sell.
1.3 Process Feedstock. Galactoglucomannan.
Galactoglucomannan (GGM) is a heteropolysaccharide composed of a linear
backbone of β-D-mannopyrose and β-D-glucopyranose with (1→4) bonding,
accompanied by monomeric units of (1→6) α-D-galactorpyranose linked in some of the
mannose units as chain side group. Likewise, some acetyl groups are present in the C2
and C3 positions of mannose. Acetylated galactoglucomannan has a higher solubility in
water, easing its possible extraction from the initial lignocellulosic material. The
solubility increases with the degree of acetylation. The average molecular weight of the
GGM is from 30,000 to 60,000 Da.8,9,11
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It should be noted that depending on the origin of the GGM, the degree of
acetylation, the ratio of monosaccharides in its composition, as well as its average
molecular mass, may differ. In general, the Man: Glu: Gal ratio in the GGM is 0.5-1: 1:
3-4.9 However, some softwoods exploited industrially nowadays have much richer
compositions in D-Mannose. In Picea Abies wood (Norway Spruce), the Man: Glu: Gal
ratio is 2-4: 1: 0.6, appreciating a majority content of D-Mannose as the main
constituent.7,12 Figure 5 shows the GGM molecular structure.

Figure 5. Generic molecular structure of a chain of o-acetyl-galactoglucomannan.
Galactoglucomannan is the main constituent of hemicellulose in softwoods,
reaching 10-20% of the dry weight of the starting material. Likewise, there are different
extraction techniques, where the use of pressurized hot water as a solvent has become one
of the most promising options, due to its simplicity and saety.7,10
Forestry is one of the main sources of GGM potentially available today. In the
case of the pulping industry, process water can be directly used12 as well as new wood
pre-treatments for simultaneous hemicelluloses extraction and feedstock conditioning its
subsequent processing.7,8,10,11,12 Other residues such as sawdust can be used in similar
extraction procedures.13
On another side, hardwoods have a very different composition, their main
hemicelluloses are Xylanes, representing 15-30% of the dry weight of the material. These
are polysaccharides consisting of a linear skeleton of 30 to 100 units of β-D-xylopyranose
with (1→4) bonds. Some Xylans also have side monomers of arabinose (arabinoxylans),
glucose

(glucoxylanes),

galactose

(galactoxylanes)

or

glucuronate

acid

(glucuronoxylanes) attached to the C3 of xylose.14 These materials could also be used as
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a potential source of monosaccharides of interest in hydrolytic systems similar to the one
proposed. However, the main interest of the work will focus on the use of softwoods with
wide industrial use nowadays.
Considering the exposed information, the GGM used as starting material should
be selected according to its origin, presentation and composition in order to be considered
as an acceptable raw material for the majority production of D-Mannose in the hydrolysis
unit.
Thus, the galactoglucomannan from Picea Abies is considered as the model raw
material, due to their availability and high D-Mannose content. To produce other
monosaccharides of interest other types of woods could be taken into account though.

1.4 Process Technology
The following section sets out the main technological foundations that allow the
development of the biomass fractionation and conversion operations previously proposed.
The technology for obtaining galactoglucomannan is also superficially considered, while
greater emphasis is developed on the technology for the hydrolysis process.
1.4.1 Extraction of galactoglucomannans
Most of the galactoglucomannan is partially acetylated, reaching values of 0.280.37 in the material from Picea Abies. Because of that, its solubility in water is high
enough to be extracted using water as solvent.
The process waters used within the production of thermomechanical pulping
processes are aqueous solutions composed by dissolved hemicellulose, which is mainly
GGM in the case of softwoods. The use of these process streams can be a direct source
of GGM, however, there are new processes with a higher degree of hemicellulose
recovery.
Hemicellulose extraction methods include water vapor pretreatments14 or
microwave irradiation.11,15 These pretreatments are usually subsequently combined with
other solvents or different chemical agents in order to dissolve the hemicellulosic fraction.
Attending to bibliography, extraction using pressurized hot water (PHW) is the
technology with the greatest number of adNPVtages. It is a process based on the direct
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extraction of GGM and hemicelluloses using liquid water at temperatures of 100-180 ºC.
Water usage as a solvent, allows for direct extract usage on its subsequent hydrolysis,
besides the use of moderate temperatures. In addition, the operation in a single stage allow
to reduce the overall operation cost compared to the technologies mentioned above (a
subsequent recovery of solvents or purification of the extract).
The main disadNPVtage of PHW processes lies in the tendency of
hemicelluloses to hydrolyze under process conditions, reducing their degree of
polymerization and average molecular weight. Likewise, due to hydrolysis, the degree
of acetylation is also reduced, which can negatively affect the solubility of the
hemicellulosic material. Furthermore, acidification of the solution by deacetylation
could favor hydrolysis phenomena. For these reasons, the extraction conditions must be
optimized in a way for each raw material and specifications to be reached in the extract
obtained.10
In the situation where the hemicellulosic extract is going to be used for its
subsequent hydrolysis, the reduction of the degree of polymerization by partial hydrolysis
is not a very important problem, since it allows to accelerate the hydrolytic process.
However, the conditions must be controlled in order to minimize other possible
degradation products of the material (5-hydroxymethylfurfural and furfural mostly).

1.4.2 Galactoglucomannans hydrolysis.
There are two main routes for the hydrolysis of hemicelluloses; chemical
hydrolysis (acid hydrolysis) and enzymatic.
Enzymatic processes operate under milder conditions and minimize undesired
material degradation. However, they are also slower and require multiple enzymatic
hydrolysis steps. Likewise, due to the variety of possible hemicelluloses, the hydrolysis
of each material requires an adequate selection of the enzyme cocktail. Because of the
complexity of the process and its lower reaction rate, chemical hydrolysis is preferred.
Acid hydrolysis processes take place through the protonation of O-glycosidic
bonds and subsequent breakdown of the polymeric chain, consuming one molecule of
water to regenerate the terminal hydroxyl groups in each molecule produced. Acid
hydrolysis processes have traditionally been developed using homogeneous catalysis in
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acid solutions, however, the possibility of using heterogeneous catalyst is nowadays a
viable option. Figure 6 shows the mechanism of the hydrolysis process, where a water
molecule is protonated, subsequently reacting with the polymer, splitting it into two
polymeric moieties that will continue to react to the basic sugar monomeric units that
compose them. The rate limiting step is the last bond cleavage occurring simultaneously
to the fast water addition.
1.

2.

3.
Figure 6. O-glycosidic bonds hydrolysis mechanism by acid catalysis in polysaccharides.
According to their features, using heterogeneous catalysts makes possible to
overcome some of the disadNPVtages found in conventional homogeneous acid catalyzed
processes.
In homogeneous catalytic processes, the concentration of the acid must be
controlled in order to avoid reducing the yield, due to the subsequent decomposition of
the monosaccharides produced through secondary reactions. Furthermore, the main
disadNPVtage of homogeneous catalysts relies on the subsequent need for neutralization.
Using organic acids, acid recovery can be achieved by evaporation, whereas with mineral
acids (H2SO4 or HCl as the typical acids), they must be precipitated as salts that must be
subsequently removed from the reaction media.
The use of heterogeneous acid catalysts allows to solve neutralization
requirements, reducing operation costs associated with a greater number of processing
steps. Furthermore, the use of solid acid catalysts prevents the degradation of sugars to
undesired compounds, since the hydrolysis conditions are similar to those of
homogeneous catalysis with dilute acids.
Apart from the above, the use of solid catalysts allows the development of
continuous processes, which possess greater releNPVce and applicability at the industrial
scale. The processes based on homogeneous catalysis are usually carried out almost
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exclusively in batch reactors, increasing operating costs and more difficult system’s scaleup lt. However, it is worth noting the existence of proposed systems that employ
homogeneous catalysis in a continuous regimen with residence times close to 100
minutes. The study of which may also offer useful information for further development
of heterogeneous processes without the need for subsequent neutralization.
Due to these reasons, the use of heterogeneous acid catalysis is considered the
most efficient option currently for the hydrolysis of hemicelluloses, by combining
acceptable reaction rates, ease of industrial scaling and avoiding neutralization
operations.18

1.4.3 Heterogeneous Catalysts
Hydrolysis process by means of solid catalysts develops via the mechanism shown
in figure 6. The protonation of water takes place through the release of a proton from the
solid, where later during the bond cleavage step the solid catalyst accepts a proton again.
There are multiple materials that combine high specific areas and a strong acid
character or the ability to be functionalized with acid groups. Table 2 shows the main
catalysts studied.
Table 2. Solid catalysts used for hemicellulose acid hydrolysis.
Material.

Acid Function.

Reference.

Acidic Zeolites (H form)
Zeolites

-SO3H
Metals (Ru or Ti)

16, 17,19.

Metal Oxides (WO3/ZrO2)
Cation Exchange Resins

-SO3H

Functionalized
Mesoporous Silica

-SO3H
Metals (Ru or Ti)
-SO3H

Functionalized
Mesoporous Carbon

Metals (Ru or Ti)

Heteropolyacids

Heteropolyacid

10,17,18.
19.

19.
20.
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The main drawbacks of solid catalysts are their possible deactivation and activity.
The first, derived mainly from the loss of activity due to leaching or reaction of the acid
groups. The second one is mainly controlled by diffusional effects, especially at the
beginning of the hydrolysis, when the hemicellulose molecules feature a high degree of
polymerization. Likewise, the selectivity to monosaccharides is also affected by the type
of acid function, the presence of metals can favor other secondary reactions (oxidations
or isomerizations mainly).
Zeolitic materials have great versatility of functionalization, high specific areas,
as well as a high concentration of acid sites in some cases. However, its possible
instability in aqueous media, added to their reduced pore size (great diffusion
impediment), represent a disadNPVtage for its application in direct hydrolysis processes
of hemicellulose.10,19.
On the other hand, cation exchange resins (polymers functionalized with acidic
groups), or functionalized mesoporous materials can exhibit more pronounced
deactivation phenomena, due to the leaching of functional groups during operation. This
requires greater control of operating conditions and proper catalyst selection.17
Considering these aspects, catalysts with sulfonic groups are considered as a
preferred option, due to their strong acid character and high immobilization capacity on
different supports.
Likewise, in order to minimize diffusional and deactivation phenomena, cation
exchange resins are selected as the most convenient catalyst. Based on the available
literature, sulfonate-group functionalized polymeric resins can feature open fibrous
structures, which greatly enhance the diffusion of large molecules into catalyst particles.
In this way, fibrous structures guarantee a shorter diffusion length, increasing catalytic
activity. Among the various commercially available exchange resins, the Smopex®-101
material is selected as process catalyst. Mainly due to its proven high activity in multiple
reactions that take place through acid catalysis, besides the existence of documentation
on its previous usage for GGM hydrolysis processes and its good stability in terms of loss
of acid function. 10,17,18,21
However, other acid catalysts similar to Smopex®-101 are also available. Some
of them feature a higher degree of functionalization (more active centers), which could
be used in an similar way by adjusting the catalyst concentration for the same medium
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pH. These materials include Dowex® HCR-W2, Dowex® M-31 and Amberlyst®-15
resins. The main difference of these resins in comparison with Smopex®-101 is their
structure, being meso or macroporous spherical particles with a moderate specific surface
(20-50 m2 g-1), and diameters in the range of 0.4 – 1.2 mm.
Under the process conditions, the inactivation of the catalyst is not considered a
UHOHYDQW phenomenon, because the feed to the system is free of impurities that
negatively affect the catalyst. Likewise, deactivation phenomena have not been
documented in the literature.
However, there is evidence of acid activity loss in ion exchange resins over time.
The catalytic step does not consume the protons associated to the resin by means of
sulphonic acid residues, therefore, the reduction in activity over time is mainly due to the
deactivation of the acid sites by interaction with other compounds. The exchange with
metal cations present in the medium (mainly Ca+2 and Mg+2) is the main cause, as well as
the interaction with other molecules as a secondary process that motivates the reduction
of the activity of the catalyst. Due to these phenomena, the possibility of regenerating the
catalyst by immersion in sulfuric acid is considered if a significant loss of activity is
observed. Further discussion of these aspects can be found in chapter 6.
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CHAPTER 2
Viability Studies.
2.1 Market Study.
2.1.1 Production, consumption, supply and demand studies.22,24,25.
D-Mannose as well as other rare sugars is a chemical compound derived from
biological sources with a growing and developing market. D-Mannose market is currently
divided into four main sectors; The food, nutritional, pharmaceutical and animal feeding
markets, other applications still developing though. Within all of them, due to the reduced
implementation of industrial processes based on D-Mannose as raw material, the direct
sale of D-Mannose as nutritional supplements (capsule format) is the largest sector,
covering near the 50% of global market .
D-Mannose is mainly sold as a crystalline solid with 99% purity and less than
0.5% humidity. The standard industrial sales format is 25 kg drums. However, the product
can also be encapsulated in the production installations, and be sold directly to the
consumer market. Within pharmaceutical applications or other sectors, there are higher
purity products with a lower market volume.
D-Mannose global market is currently growing, featuring an estimated compound
annual growth rate (CAGR) close to 3.5% (period 2017-2025). In 2017 the global market
value reached US $ 700 (€ 620 Ma). Figure 7 shows the historical development and
projections for the global D-Mannosa market.
At the supply level, the main industrial players are multinational companies. VWR
Corporation, Atrium Innovations Inc, Ferro Pfanstiehl Laboratories, Inc, Now Health
Group Incorporation, Hänseler AG, Kyowa Hakko Kirin Co Ltd, EI du Pont de Nemours
and Company, Biotech Pharmacal Inc, Jarrow Formulas Inc. and Nutraceutical
International Corporation., are the main producers of D-Mannosa worldwide.
Anticipating the market growth, Now Health Group Inc., Nutraceutical International
Corp., EI du Pont de Nemours Company as well as Jarrow Formulas Inc. have announced

a

Calculated according to the overall 2017 US $ to € change.23
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their interest in increasing their production capacities, focusing on their penetration within
emerging and developing markets through other local agents involved on them.
Regarding demand, the main actors for its development are the European market,
the North American market and the Asia-Pacific market. In the first case, the
dietary supplements sector is the most UHOHYDQW, while for the North American and AsiaPacific markets, the preferred use is the broad introduction of the use of D-Mannose in
multiple consumer and personal care products. The estimates represent an increase
equivalent to the CAGR of the demand for D-Mannosa until 2025, mainly driven
by these three markets.

Figura 7. D-Mannose market value. Historical values and future projections.
Eventually, it is also remarkable the possibility of a new emerging market
development in the medium term; the application of D-Mannose as a starting base product
for the industrial production of other formerly mentioned higher-value compounds
(Mannitol, Drugs, etc.) Its massive implementation in the livestock industry as a
substitute for antibiotics is also a future possibility. The potential development of these
markets would imply a significant increase in global demand and production of DMannose.
2.1.2 Price Analysis.
D-Mannose.
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The overall price for food grade D-Mannosa (99% purity, 0.5-1% moisture with
no significant microbial contamination.26), is highly variable depending on the quantity
of product, due to its sale from small format (capsules) to the sale by the tons. However,
the medium format (25 kg drums) is the most used currently.
The current price of D-Mannosa is estimated by means of the average price offered
for the sale of D-Mannosa in medium or high volume (minimum of 25 kg of product).
The average obtained through different online purchase portals27,28 of industrial products,
gives a value of 51 kg-1.
It should be considered that the estimated price refers to a global average, where
in the European and American market the final sale price may be increased. This factor
should be considered in future studies in greater depth. However, for the following work,
the value of 51 EUR kg-1 will be used as a reference for further estimations.
Raw Materials.
Aqueous solutions of hemicelluloses rich in GGM are the raw material. Picea
Abies wood is chosen as the preferred raw material. Since the designed unit operates
coupled to a biorefinery platform with greater complexity and diversity of products, the
price of the material fed to the unit will be estimated as the price of the raw material plus
a fraction of the operating costs required to obtain the hemicellulosic extract.
Although there exist several methods for obtaining the hemicellulose extract that
are detailed above. For the sake of simplicity and current implementation of the facilities,
the thermo-mechanical processing of wood to obtain pulp (Thermomechanical pulping,
TMP) will be considered, where the hemicellulose extract is found as the waste stream of
process water leaving the initial wood treatment unit.
Costs are thus conservatively estimated, considering the price of the wood as well
as the fraction of the operating costs of TMP. This fraction is established from the mass
ratio of extracted hemicellulose to the total mass of the processed material.
The cost estimate is made considering the main items for a TMP plant: Raw
material, electricity, heating and process water. The cost of energy together with the raw
material are the main determining factors in the cost of production. Labor and other
maintenance costs are not considered in this case, as they are accounted as shared with
other parts of the installation.
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The amount of GGM dissolved in the process water is 8% of the total content in
the wood;18% on a dry basis. Using this amount as a basis for calculation. The amount
of water required is estimated as the process water fed to the system. Tables 3 and 4 show
the data used for the estimation. Annex 1 sets out the calculation procedure in a more
detailed way.
Price estimations are made considering the average inflation in Sweden and
considering the value of the average exchange rate in 2020. In the case of the price of
process water for industrial use, the highest value found in reference to the Nordic
countries is selected, due to its great variability and complexity of obtaining an accurate
value.
A second cost value for the starting GGM solution is established as the cost of
extraction and concentration of the hemicellulosic material coming from thermomechanical processing via ultrafiltration and nanofiltration technology based on
membranes.32 The estimated final cost of obtaining the GGM by this route is 670 € t-1
Table 5 shows the results of the different cost estimates for feeding the process.

Table 3. Prices of the main resources and services involved in TMP operation.
Item

Value

Units

References

Comments

Wood price

240

SEK t-1

30

Picea Abies wood 2005. Sweden

Heating price

80

€ MWh-1

33

2005 Price. Sweden

Electricity price

75

€ MWh-1

33,34

2005 Price. Sweden

Water price

2

€ m-3

1,3

%

Inflation

35,36,37,38 Average water price 2020. Sweden
39

2000-2020 Average. Sweden
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Table 4. Data used to estimate the cost of GGM solutions. Price and consumption of
services referring to tones of pulp obtained on a dry basis.
Item
Wood Price

Value

Units
€ t-1

27,5

References
30

Comments
Picea Abies wood. Sweden.
Updated 2020

Wood

60

%

12

Usable fraction of wood

Processability
Wood-to-pulp

material
88.2

%

31

Accepted pulp yield from

ratio
Wood GGM

usable wood
18

%wt

7,11,12,32

Average content on Picea

content
Extracted GGM

Abies wood.
8

%

31,33

Total GGM extracted from

during TMP

Wood.
3

m3 t-1

33

2,5

MWh t-1

33

0,03

MWh t-1

33

Heating price

97

€ MWh-1

33

Updated 2020. Sweden.

Electricity price

91

€ MWh-1

33,34

Updated 2020. Sweden.

Water Price

2

€ m-3

35,36,37,38

Average water price. 2020

Water
consumption
Electric
consumption
Heat
consumption

Sweden

Table 5. Cost estimations of aqueous solutions of GGM from TMP process.
Item

Value

Units

References

Direct process water from TMP

200

€*t-1

--

GGM concentration by membranes

670

€*t-1

32

GGM extract concentration (membranes)

30

g*l-1

32

5,26

g*l-1

--

GGM extract concentration (TMP)

30
It should be considered that the estimated concentration is an approximation based
on the documented ratio of extracted GGM in TMP processes and available process water.
The amount of recoverable process water is equivalent to the water fed to the facilities.
However, according to bibliographic sources it can be considered lower, close
1.15 g l-1 of dissolved hemicellulose.40 Changes on operating conditions can enhance de
extracted GGM within the process water.
2.1.3 Location.
The proposed hemicellulose hydrolysis unit should always be coupled to a larger
process. In the case of this work, a TMP installation is chosen as a model.
The location of the installation is projected in Sweden, as a processing unit
integrated within a thermo-mechanical-pulp mill, both planned and pre-existing.
As a reference, Hallsta paper mill, which belongs to the Swedish company
Holmen, is selected. Hallsta Paper Mill is found within the north of Upland Province,
Sweden, 10 km away from the Baltic Sea. As the mill is currently in operation, the
introduction of an additional processing unit would involve changes to other aspects of
the plant.33,42
The main reasons for selecting this site are the high availability of Picea Abies
wood in the region and the growing interest in and political and economic support for the
development of integrated biorefinery processes. The availability of information and the
high concentration of the timber industry in the region are also determining factors in this
choice.
2.1.4 Design Capacity.
The design capacity of the unit should be established in accordance with two main
factors; processing capacity of the plant, and maximum demand for the final product.
Attending the data showed in this section, the demand for D-Mannose, as well as other
sugars (Mainly Gal and secondly Glu), may be considered sufficiently high not to limit
production capacity. Consequently, hydrolysis unit design capacity is established as the
excedent process water used in the thermo-mechanical processing of the pulp.
The capacity is set according to the volume of excedent process water available
in the plant after TMP wood processing, which depends on the amount of wood
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processed. From this information, an estimation for available GGM and D-Mannose can
be calculated. The calculation is presented in Annex 1. A design capacity of
approximately 2400 t year-1 of D-Mannose is defined.
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CHAPTER 3
Process thermodynamics and kinetic studies.
3.1 Process thermodynamics analysis.
Galactoglucomannan hydrolysis thermodynamics have not been studied in
depth.

However, there is available information on the hydrolysis of other

polysaccharides of similar nature to GGM (Xylans, starches or celluloses). The
precise measurement of thermodynamic parameters of polysaccharide hydrolysis is
complex and most of the available information is based on complex mixtures of
lignocellulosic materials.
The most UHOHYDQW thermodynamic parameters considered are reaction enthalpy
(ΔHR), reaction entropy (ΔSR) and Gibbs free energy (ΔGR). The enthalpic term allows
to know the energy released or required during the reaction. The other two terms allow
to determine the spontaneity of the process, determining its tendency to occur and the
characteristics of the chemical equilibrium.
Given the observed similarity between the main thermodynamic parameters of
polysaccharide-based materials, as well as their similar chemical nature, an average
value obtained from different bibliographic sources will be considered as a
reference for calculations. Available information for celluloses and starches is used,
due to the fact that they are also made of hexoses and have a density of O-glycosidic
bonds close to that found in GGM. In addition,

crystallinity of the material is

considered as a key factorwith great impact on thermodynamic parameters. Given the
amorphous nature of GGM, only the thermodynamic parameters of hydrolysis of noncrystalline materials are studied.
According to the available information, a reduced value for hydrolysis enthalpy
is observed. This reduced value, allows explaining the variability found between
different polysaccharides (finding values in the range of 5-100 J g-1). In any case,
within this range, the reaction enthalpy for the hydrolysis of hemicelluloses at
low to moderate concentrations (1 - 100 g L-1) would not have a great impact on the
final temperature of the system. (Increase lower of 1 ºC at complete conversion).
According to the literature43,44,45, both the reaction enthalpy and the 'Gr of the
hydrolysis process show some insensitivity to temperature. Table 6 shows
the thermodynamic information, taken as a reference for the hydrolysis process. Due to
the
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different degree of polymerization of the polysaccharide to be hydrolyzed, the parameters
are expressed on a mass basis and per molar unit of the produced monosaccharide.
Table 6. Reference thermodynamic parameters selected for GGM hydrolisis.45
Parameter

Value (J g-1)

'HºR (J G-1)

-100

'HºR (J MOL-1)

-16.4

Likewise, the reaction is considered to be an irreversible non-equilibrium
reaction, where the hydrolysis process is not limited by the temperature increase in the
studied range (80-130ºC), nor by monosaccharide re-polymerization phenomena.46
Thus, ΔSR and ΔGR are not studied in depth, since the reaction can be considered as
irreversible.

3.1.1 Specific heat of mixtures.
The specific heat of the GGM solutions and products obtained is considered
similar, allowing their grouped study with the same thermal behavior. Experimental
correlations47 are available for glucose solutions as a function of temperature and
concentration (Equation [3.1]), as well as bibliographical information for the specific heat
of aqueous solutions of D-Mannose, D-Glucose and D-Galactose48.
The influence of temperature on the heat capacity is studied through the previously
mentioned correlation, where the parameter a1 can be modified for the reference value of
each sugar.
For the studied temperature range (25-120 ºC), the dependence of the Cp. of the
solutions with the temperature is not UHOHYDQW (< 0.1 J g-1 ºC). Consequently, the Cp
value of the mixtures is considered an exclusive function of the concentration and type
of monosaccharide. Figure 8 shows how the Cp of the solutions decreases with
the concentration of sugar.
The bibliographic values47 are adjusted to a linear model in order to obtain a
correlation of Cp as a function of concentration. Table 7 shows the parameters of these
adjustments.
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The specific heat for the GGM solution or mixture is finally estimated considering
the contribution of each sugar in the reference ratio 3:1:0.6, Man:Glu:Gal. The weighted
mean is made with the parameters obtained by linear regression of the experimental data.
The correlation obtained will be used in the calculation of the Cp of the sugar solutions.

[3.1]
=

( ∙

∙

, ∙
,

)

= 4.144 − 1.673 ∙

(

[3.2]

∙º )

Figure 8. Specific heat for D-Galactose, D-Mannose and D-Glucose aqueous solutions.46,47

Table 7. Lineal correlation parameters as a function of sugar concentration (%wt).
ai
(J g

-1

-1
ºC )

bi
(J g

-1

R2

-1
ºC )

Man

4.144

-1.665

0.995

Glu

4.149

-1.744

0.995

Gal

4.136

-1.600

0.991
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3.1.2 Viscosity of mixtures.
The viscosity of the solutions used during the process is also studied. Due to their
different behavior, solutions with high GGM content and those rich in monosaccharides
are studied separately.
Aqueous GGM solutions have a higher viscosity than the sugars ones. In high
concentration (> 10%wt), they display a non-Newtonian viscoelastic rheopectic behavior,
reducing their apparent viscosity in the when the applied force is increased. The viscosity
also depends on the state of the suspended polymer, as well as its degree of
polymerization. At reduced concentrations the non-Newtonian behavior becomes less
UHOHYDQW.
Under the premise of working at moderate concentrations (< 100 g L-1 of GGM),
documented data of viscosity49 at different concentrations of GGM are used, obtaining an
exponential correlation as a function of the GGM content, useful in the range 0.5 % - 10
%. (Equation [3.3]).
(

∙ ) = 22.9 ∙

.

∙

² = 0.97

[3.3]

Likewise, monosaccharide solutions are studied as a group. Considering a similar
nature for all monosaccharides, with a behavior comparable to glucose solutions.
Viscosity values at different concentrations and temperatures are obtained from
bibliographic sources50 and are detailed in Annex 2.

3.2 Process kinetics and catalysts analysis.
3.2.1 Heterogeneous acid hydrolysis process.
GGM hydrolysis using acid heterogeneous catalysts relies on the surface reaction
of GGM molecules with the acid groups of the cation exchange resin used as a catalyst.
The chosen exchange resin (Smopex-101) is a non-porous material, where the
sulfonic acid residues act as active centers, being exposed to the reagent on the external
surface of the resin. In addition, due to the fibrous structure of the catalyst, the mass
transfer phenomena can be considered negligible, operating under non internal diffusion
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limiting conditions. Likewise, it has been verified that a minimum pH of 1.5 is required
for the hydrolysis kinetics to be appreciable. In the case of heterogeneous catalysis, this
value is easy to achieve. However, in heterogeneous catalysis, only some materials with
a high concentration of acid sites meet these requirements.
Acid hydrolysis of GGM and other polysaccharides shows first-order kinetics
depending on the concentration of protons in the medium as well as the concentration of
non-hydrolyzed GGM. In the case of using heterogeneous catalysts, the process occurs
showing an autocatalytic behavior. There is an initial latency period where the reaction
rate is low. After this period, hydrolysis takes place according to the pseudo-first order
kinetics observed during homogeneous catalysis.
The autocatalytic behavior of the reaction is determined by the interaction of the
GGM molecules with the catalyst. In the initial stages, the molecules are spheroidal
polymeric chains coiled up on themselves. The random collisions of these molecules with
the polymer surface are what allow the initial hydrolysis of monosaccharides, reducing
the size and length of the polysaccharide with every collision. The decrease in the degree
of polymerization of the GGM leads to a more open and unfolded conformation of the
polymer, allowing a greater interaction with the surface of the catalyst.
It has been proven that hydrolysis of monosaccharide residues takes place in a
random way. In the case of heterogeneous catalysis, during the initial stages there is a
greater tendency to lateral galactose residues preferential hydrolysis, as they are more
easily accessible. However, as the degree of polymerization of GGM is reduced and the
polymer structure becomes more open, hydrolysis develops in a random manner, where
the ratio of released Man:Glu:Gal is constant. In addition, no appreciable content of
oligomers is observed, as these are rapidly degraded to the final monosaccharides.
Likewise, the hydrolysis process is highly
temperature-dependent, where activation energies
for monomer formation have been documented at
100-140 kJ mol-1 of sugar obtained.16 The
calculated activation energy depends on the
monosaccharide whose production kinetics have
been studied. An average value of 120 kJ mol-1 is

Figure 9. Smopex 101 fibers
micrography51.
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selected as the activation energy of the reaction, where the kinetic constant is temperaturedependent on an Arrhenius-like fashion.
According to the manufacturer52 the selected catalyst is designed for operation at
temperatures close to 100 ºC. However, the fibers hold at temperatures up to 200 ºC
without showing significant degradation. Excessively high temperatures could mean the
need to operate under pressure to avoid water evaporation, however, the kinetics of the
process would be greatly favored.
Furthermore, the possible degradation of monosaccharides to other by-products
should be considered. Hexose has a higher thermal stability than pentoses often found in
other hemicellulosic materials, allowing to consider negligible the degradation of
obtained monosaccharides over a wider temperature range. According to the available
documentation, it is observed that at temperatures below 130 ºC there is no significant
degradation of the monosaccharides obtained.53,54
Because of this, an operating temperature range of 90 - 125 ºC is selected as a
design condition.
3.2.2 Kinetic model.
The design of the hydrolysis unit requires a kinetic model capable of predicting
the hydrolysis of each monosaccharide, as well as including the documented autocatalytic
phenomena. Thus, the kinetic model must allow the calculation of the concentration of
GGM and monosaccharides and their integration within the mass balance on the reaction
unit.
A kinetic model developed specifically for the hydrolysis of GGM is selected.18
In the proposed model, the reaction mechanism outlined in Chapter 1, Figure 6, is
considered. The first two stages are considered to be in quasi equilibrium, while stage 3
is the control stage. Thus, the hydrolysis rate is defined individually for each monomer,
considering instead of the total GGM only the fraction of O-glycoside bonds to be
hydrolyzed belonging to each specific type of sugar. The quantity of total O-glycoside
bonds in the GGM can be estimated from the average degree of polymerization of the
GGM (DP) as well as the ratio Man:Glu:Gal. The hydrolysis ratio for each
monosaccharide is defined by equation [3.4]. Considering the initial concentrations of
monosaccharides forming part of the polymer, the amount of unhydrolyzed
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monosaccharide units per material balance is expressed, applying the same reasoning for
water consumption during the reaction (equation [3.5]).
= ′ ∙

∙
= ′ ∙

∙

∙

∙

[3.4]

∙

−

∙(

−

[3.5]

)

Also, considering the nature of the catalyst, the kinetic constant is defined as a
grouping of the intrinsic constant (k'i) and the concentration of interchangeable protons
in the resin (CH). In addition, the reaction rate is referred to the volume of catalyst to be
used, considering the density of the material (b). This defines the general kinetic constant
of the process (ki).
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.

∙

The autocatalytic behavior is modeled considering the evolution of the hydrolysis
kinetic constant with the conversion of the reaction (X), which can be followed according
to the reduction of the degree of polymerization of the GGM (DP), since the number of
monomers forming each molecule can be defined as DP+1. (Equation 3.6).
According to a model of potential increase mediated by the exponent, equations
3.7 and 3.8 can be developed, considering the limit situations with null conversion
(beginning) and total conversion (end of the reaction).
It is considered that in X=0 , ki = ki0 and in X=1 , ki =

. So that, two possible

models dependent only on two parameters are proposed to define the autocatalytic
behavior. equations 3.9 and 3.10 show these models.
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Because of its simplicity, equation 3.10 is chosen as the expression for kinetic
constant calculation. Both the parameter D and E are considered exclusive functions of
the catalyst nature. Table 8 shows the kinetic information for the selected catalyst.
Likewise, the activation energy of the process and the temperature are used for
calculation of the Arrhenius pre-exponential factor for each monosaccharide (

), the

Arrhenius equation is used (Equation 3.11).
=

[3.11]

∙

Table 8. Kinetic parameters for the acid hydrolysis of GGM over Smopex-101 cation
exchange resin. Values determined at 90 ºC. It is considered a single Ea for all hydrolysis
Parámetro

Valor

(

°)

(L mol-1 min-1)

0,694 ∙10-6

(

°)

(L mol-1 min-1)

0,600 ∙10-6

(

°)

(L mol-1 min-1)

0,721 ∙10-6

E

35,5

D

0,7

(a (kJ mol-1)

120

(L mol-1 min-1)

1,26 ∙1011

(L mol-1 min-1)

1,09∙1011

(L mol-1 min-1)

1,31∙1011
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CHAPTER 4
Process description.
The following chapter gives brief insight within the basic units of the proposed
process for thermo-mechanical pulp processing plant excedent process water. According
to the block diagram attached in annex 3, the process is divided into three main sections:
pre-treatment, reaction and downstream. Annex 4 also shows the process flow diagram.
Given the peculiarities of the described process, D-Mannose production is
considered as the main objective. However, some basic unitarian operations could be
included or modified in the different sections of the designed system, in order to increase
the adaptation of the process to different contexts and demands of different products.
The proposed design is based on the characteristics considered optimal for the
TMP facility used as an example for the integration with an hemicellulose hydrolysis unit.
Other possibilities are briefly discussed in the following sub-sections.
4.1 Pretreatment section
Within TMP facilities, excess process water is usually stored in tanks for further
treatment or discharged in a controlled manner to the environment. Although the process
water can be sent to the hydrolysis unit directly, the content of suspended solids,
impurities, as well as the low GGM concentration, establish the requirements for a
pretreatment stage. An adequate pre-treatment can drastically reduce the demands of the
reaction and purification stages, lowering the final cost of the process. Pretreatment is a
crucial stage for the viability of the unit.
The selected pretreatment consists of two consecutive stages. The first consists on
a microfiltration unit to purify the process water, reducing the content of suspended solids.
Then the filtered solution is concentrated by membranes usage from an initial average
value of 1 g L-1. to a value of 60 g L-1. In this way, a GGM solution is obtained with a
reduced content of organic matter and impurities. Based on the composition documented
using this type of technology, the GGM solution obtained has a reduced content of
impurities and a high concentration of GGM that will favor the kinetics of the hydrolysis
reaction.
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Figure 10 shows an extension of the block diagram of the process. In the same
way in figure 11 the main equipment of the unit is detailed.

Figure 10. Block diagram of the pretreatment section.

Figure 11. Process flow diagram of the pretreatment section.
In summary, the excess water from the TMP process is fed to the pre-treatment
section, eliminating suspended solids during a first stage, and subsequently concentrating
the GGM by means of membrane technology. A main stream rich in GGM is obtained,
as well as two waste streams.
In the microfiltration stage, the solids consisting mainly of lignocellulosic
fines and microscopic solid suspended particles constitute a waste flow. In the
ultrafiltration stage, a solution mainly composed by low molecular weight solutes from
the previous thermo-mechanical treatment of the wood is obtained also as a side stream.
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It should be noted that, for the proposed process, a specific pre-treatment section
is designed to take adNPVtage of a excedent process water stream from the TMP
processes, due to the fact that these are industrial facilities currently in operation.
However, depending on the integration of the hydrolysis unit in different contexts,
the pre-treatment section is the most susceptible to severe modifications.
As an example, starting from a hypothetical biorefinery installation, based on the
total fractionation of the lignocellulosic material A first stage of hemicellulose extraction
from chipped wood, using a PHWE process, would allow a stream to be obtained with a
very high GGM content (60 - 70 g L-1)9 and reduced impurities, without requiring
previous concentration and purification stages. At the same time, this type of pretreatment increases the processability of the remaining solid material, allowing the
subsequent use of the lignin and cellulose fractions. The main adNPVtages of this
approach rely on the reduction of both costs and the energy and organic solvents usage.
On the other hand, the lack of implementation nowadays of integral lignocellulosic
biomass fractionation installations makes the current implementation of the process in
that context difficult.
4.2 Reaction Section.
Reaction section consists mainly on the hemicellulose hydrolysis reactor. A fixedbed reactor design, operating in adiabatic regime is selected. The enthalpy of the
hydrolysis reaction is moderate, and the processed solutions have a reduced GGM
concentration. As a result, the reaction develops close to isothermal conditions. Figures
12 and 13 show the reaction section in the block and flow diagrams respectively.
The exit stream from the pretreatment section is preheated before it is fed into the
reactor bringing it up to reaction temperature. After the reaction, a solution with a
negligible GGM content and a mixture of D-Man, D-Glu and D-Gal sugars, as well as
other minority impurities, is obtained. This stream is directed to the purification section
in order to recover the sugars released during the reaction.
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Figure 12. Reaction section in the block diagram.

Figure 13. Reaction section in the flow process diagram.
4.3 Purification and separation. Downstream section.
The obtained aqueous solution of D-mannose, D-glucose and D-galactose at the
outlet of the reactor is then pumped into the downstream section. In the developed design,
the purification of the hexoses by chromatography is proposed, obtaining a high purity
solution of D-Mannose, D-Galactose and D-Glucose (> 99.9%). Likewise, an effluent
stream with other impurities found in the reaction mixture is also obtained, mainly acetic
acid and non-hemicellulose organic matter.
The hexose solutions obtained can be subsequently crystallized, obtaining the
product in its final presentation for direct sale in the consumer market.
D-Mannose has a high market price and a growing demand, as does D-Galactose,
making it viable to sell them directly in the market under they crystallized form. On the
other hand, due to the low price of D-Glucose in comparison with the other obtained
sugars, D-glucose stream can be derived to other units that allow its valorization. As it is

44
a purified product, hydrogenation by heterogeneous catalysis to obtain sorbitol is
considered an economically viable possibility.
Likewise, another alternative for the pure sugar solutions obtained is evaporation.
This allows them to be marketed as syrups or other preparations, avoiding the costs of
crystallization operations.
Figure 14 shows the block diagram of the section, in the same way that figure 15 shows
an extension of the proposed flow diagram.

Figure 14. Downstream section in the block diagram.

Figure 15. Downstream section in the process flow diagram.
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4.4 Mass and energy balances of the process.
The design of the process is centered on the reaction section, consequently the
balance of matter around the hydrolysis section shown in Figures 12 and 13 is made.
Since the section has a battery of 5 tanks in discontinuous operation, the results are
presented for the loading and unloading streams of the unit, both at the beginning and at
the end of the operation. Table 9 shows the results of the material and energy balances
for the system, referring to the different streams. The details of the calculation are
detailed in chapter 6 of this report. Annex C includes the extension of the material
balance sheet with mole fractions.
Table 9. Mass and energy balance for reaction section
C

N

m

COMPOSITION
xH2O

nº

xGGM

kmol min-1 kg min-1

xMan

xGlu

xGal

(g L-1)

T

P

ºC

atm

8

19,804

377,94

995,7

60

0

0

0

30

1

9 A-I

19,804

377,94

995,7

60

0

0

0

30

2,1

10 A-I

19,804

377,94

943

60

0

0

0

120

2,1

11 A-I

19,885

377,94

943

5,99

35,48 11,36 7,16 120

2,1

12 A-I

19,885

377,94

943

5,99

35,48 11,36 7,16 120

2,1

13 A-I

19,885

377,94

992,4

5,99

35,48 11,36 7,16

2,1
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CHAPTER 5
Engineering and process design.

The chapter on detailed engineering covers those aspects related to the demands
and technical specifications for the construction of the process installation. The main
content of this work consists of the exhaustive design of the hydrolysis reactor (R-101),
including its dimensioning, construction specifications, fluid dynamic and heat exchange
aspects. Also included are basic definitions of the operating principles and equipment
required in each section of the process proposed in the previous chapters. The possibilities
for energy integration of the process are also considered.
The proposal of an instrumentation and control system for the whole process is
included. Finally, the layout of the different sections and equipment of the process is
considered in an implementation or layout

plan according to design rules.

The design proposal for the pre-treatment and downstream sections of the process
is consolidated around different publications and bibliography. Documented operating
configurations are selected as effective for processes with a high degree of similarity to
those required in each section.

5.1 Pre-treatment section.
The proposed pre-treatment is mainly based on the publications of T. Persson et
al. 32,55. The possibility of isolating the hemicellulose fraction dissolved in the excess
water of a thermo-mechanical pulp processing plant is demonstrated. In the same
publication, a techno-economic evaluation is also carried out, demonstrating the viability
of the process.
For the microfiltration stage, the use of a rotating drum filter is proposed. The
filter medium consists of a 30 m polystyrene film.
After microfiltration, the solution is purified and concentrated by diafiltration and
ultrafiltration. Polyvinylidene fluoride (PVDF) ultrafiltration membranes with a
molecular weight cut-off of 10 kDa are used for this purpose.
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The configuration of the membrane unit is considered as a multi-stage waterfall
with recirculation. The membranes are of the coiled spiral type, presenting the same area
in all stages of the process.
Likewise, the operating temperature limit of the membranes is 60 ºC, since the
average temperature of the excess water from the TMP processes is close to 80 ºC, heat
exchange equipment is also required to lower the temperature of the feed. A shell-andtube heat exchanger is the proposed solution for this purpose.
It should be noted that in the above-mentioned publication, the concentration of
the solutions is selected up to a value of 30 g L-1, however, the proposed process could
be used to obtain solutions with a concentration of up to 66 g L-1. The increase in the cost
of the operation could be considered as a compensable fact with the higher concentration
of GGM and the consequent reduction in the flow of solution to be treated in the
hydrolysis reactor and in the subsequent downstream stages. Likewise, the content of low
molecular weight impurities is reduced as the concentration of hemicellulose increases.
Membrane technology is selected in preference to other concentration routes
because of its ability to simultaneously remove impurities present in the feed, as well as
to present a sufficiently low operating cost to allow the process to be viable.
5.2 Separation and purification.
The separation and purification stage of the products, or downstream of the
process, consists of two main operations; chromatographic separation of the sugars in the
mixture and conditioning as a final product by continuous crystallization or evaporation.
The sequence of operations considered is based on the bibliographic evidence.
The reactor effluent does not present a high content of impurities or degradation products
and does not require pre-treatment before being fed to the separation unit. Furthermore,
the concentration of sugars present is in the usual range for chromatography operations
documented in the literature.
Chromatographic purification is proposed under the simulated moving bed (SMB)
operation configuration. It consists of a set of interconnected chromatographic filler
columns, using poly-4-vinyl-pyridine (PVP) as the stationary phase. Chromatography
purification is selected due to the high degrees of purity required for the
commercialization of the final product. Likewise, the study of new chromatographic
separation processes is one of the fields with the greatest development during the last
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decades, existing at present a great range of technologies with potential to be implemented
industrially. According to the literature, it is possible to separate mixtures of hexose in
solution, achieving the fractionation of the sugars of interest, as well as the separation of
impurities during the same operation. The estimated cost is 0.012 $ L-1* of processed
food, being within the limits of viability of the process. Based on the bibliographical
references, SMB chromatography processes allow the resolution of ternary mixtures of
compounds in continuous with a high performance, reduced consumption of resources
(energy and eluent), besides presenting a much lower cost than the classic
chromatography. The resolution of ternary mixtures can be performed in SMB systems
based on five zones, which represent a modification of the usual processes based on 4
chromatographic zones. There is evidence of the process design for the separation of 5
different monosaccharides which can be adapted for the resolution of the 3 hexoses of
interest in the process.
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Likewise, there is enough study of this type of SMB

chromatography for the resolution of ternary mixtures to be able to consider them a real
possibility in their industrial implementation. 57,58,59,60
The reactor effluent is cooled down to the optimum temperature for
chromatographic separation (60 - 70 ºC) and fed into the chromatographic separation unit.
On leaving the unit, three streams are obtained with a concentration of D-Man, D-Glu
and D-Gal of nearly 99% purity.
After chromatography, the D-mannose and D-galactose streams are directed to the
crystallization unit. It consists of two continuous crystallization units. This type of
operation is selected due to the need to obtain a high-purity solid product ready for
marketing, as well as the high degree of development of this technology. 61,62
Likewise, the D-glucose stream is directed to an evaporator where it is
concentrated into a concentrated solution (> 100 g L-1). This glucose rich stream can later
be used in other sections of the process. Since it is a purified sugar, it is proposed to
hydrogenate it by means of heterogeneous catalysis. 63,64
5.3 Design of the reaction section
The design of the reaction section involves the definition of multiple interrelated
operating variables. The objective is to define the characteristics and operability of the
unit so that the operation carried out develops in an optimal way.
*

Price updated to 2020 considering an average inflation of 2% per year, corresponding to the region of
the study.
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Among the possible design methodologies, it was decided to follow a holistic
approach, considering those factors influenced by the performance of the reactor, in
addition to those with influence on the hydrolysis reaction. To this end, the interaction of
all preliminary designs with the rest of the factors is studied, using this information for
the optimization of the initial design. In the following chapter the final design of the
reactor is detailed, explaining pertinently those modifications on preliminary designs in
view of the results.
5.3.1 Reaction conditions.
Based on the above information, the reaction can be considered as virtually
thermo-neutral at the operating concentrations. The reaction kinetics is relatively slow,
with an initial latency period and a very high activation energy. Likewise, the
concentration of reagent in the food is reduced and the process takes place by
heterogeneous acid catalysis. The pH of the reaction medium must be between 0.5-1 to
allow for hydrolysis of the material without apparent degradation of the products.
The catalyst used is an ion exchange polymer resin, functionalized with sulfonic
groups responsible for the acid activity. Given its nature, the catalyst has a low density
and a high tendency to swell. Likewise, the particles offer pressure dropes that can exceed
5 bar m-1 according to the manufacturer.
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This set of characteristics motivates the

following design decisions for the reaction section.
Considering the operating limit of the catalyst and the kinetics of the process, an
operating temperature of 120 ºC is selected, finding a compromise between the resistance
of the catalyst and the significant increase in the kinetics of the reaction with the
temperature. Operation in a liquid medium at 120 ºC implies the need to pressurize the
reactor. Therefore, the operating pressure will be 2.1 atm, corresponding to the saturation
point of the water and considering a safety margin of 0.1 atm.
The catalyst concentration is defined by the required pH of the medium.
According to the literature a pH between 0.5 and 1 is optimal for hydrolysis. A pH value
of 0.75 is selected. The kinetic model used has been obtained at pH = 1, however, taking
into account the reaction ratios with homogeneous catalysis at lower pH the kinetic
increase is moderate. Operating at a slightly higher catalyst concentration allows to avoid
conversion reductions below specifications even after moderate deactivation of the
catalyst. The catalyst concentration is calculated considering the ion exchange capacity
of the resin.
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Given the low concentration in the feed and the slow kinetics, the concentration
gradient operation is favorable. Therefore, the possibilities of operation in fixed beds,
tank batteries and batch reactors have been evaluated.
Based on simulations carried out for fixed-bed reactors with piston flow, high
residence times (order of hours) are required and the required bed length offers an
unacceptable pressure drop. Pumping the fluid at high pressures implies the compression
of the catalyst. In addition, the acidity of the medium must be adjusted. In fixed-bed
reactors, mixing the catalyst with an inert filler is required, increasing the volume of the
reactor.
The use of a tank battery can solve the problem of load loss, being a configuration
usually used in the operation with this type of resins in metal recovery. However, the
exchange kinetics in these processes is fast. Simulations in stirred tank batteries with
catalyst retention offer similar results to piston flow conditions when the number of tanks
is greater than 15. This, added to the difficulties of separating the catalyst during
continuous operation, makes it an option with a high investment and operating cost
(pumping requirements and loss of charge in each stage of catalyst recovery). However,
the data from the tank battery simulation allows an approximation of the amount of
catalyst required for a given residence time. This value is used as an initial iteration in the
sizing of the reactor.
The batch operation is proposed as a solution for hydrolysis. The storage of the
concentrated GGM and the hydrolysate produced in buffer tanks allows the transition
from the discontinuous operation (hydrolysis section) to continuous operation (rest of the
plant). There are multiple reasons for selecting this type of reactor.
Considering the deactivation observed during the use of acid catalysts in similar
reactions 66,67,68 (mainly esterification), a significant loss of activity (10-20%) is observed
after 5 reaction cycles. Given the high life span of these catalysts (15-20 years), the
regeneration of the catalyst is necessary. Batch operation offers the advantage of
operating with multiple reactors, optimizing the times to regenerate the catalyst in one of
them while the rest remain in operation, loading or unloading.
Because of this, a "slurry" reactor is selected where an agitated tank is used to
contact the solid catalyst and the liquid. The reduced density of the catalyst allows for
easy dispersion. The high degree of mixing, added to the slow kinetics of the reaction,
allows operation under kinetic control conditions, where the transfer of matter is not
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significant in fibrous or macroporous materials . The discontinuous operation provides a
greater flexibility to the process, where variations in the composition of the
hemicellulosic fraction to be hydrolyzed can be quickly adapted by adjusting the reaction
times and operation cycles. In addition, the discontinuous operation allows to avoid
problems derived from the pressure drop.
A crucial consideration for the design of the equipment should also be mentioned
in this section. Despite the advantages offered by fibrous catalysts such as Smopex®-101,
documented evidence of swelling phenomena and lack of information on their physical
characteristics during hydrolysis (density, water content, porosity...) prevent reliable
design of process equipment. This fact adds to the problems observed with long filtration
times due to the possible agglomeration of fibers under pressure.
Consequently, based on studies at Åbo Akademi University , a different catalyst
with similar properties to Smopex®-101 is selected where the parameters of the catalyst
are available, and both the activity and the matter transfer phenomena are comparable.
The catalytic activity will be extrapolated to that studied in Smopex®-101 considering the
acidic capacity of the new resin, defining the volumetric catalyst load to obtain the same
concentration of acid centers.
The new catalyst is evaluated between Dowex® 50W-X8 resins with a particle
size of 0.15-0.3 mm in diameter and Dowex® HCR-W2 with a larger capacity and sizes
of 0.42-1.2 mm (diameter). The slightly higher capacity of the second resin, its high
thermal resistance (allowing operation at 120 ºC) and its recommended use for ester
hydrolysis processes lead to the selection of this second material as a catalyst. The main
disadvantage compared to Smopex®-101 is the higher stirring power required for
dispersion in the reactor.
the use of small-sized catalysts, the recovery of the catalyst is planned in three
stages. After the reaction, agitation is stopped, allowing solid-liquid separation by density
difference. Subsequently, there are two discharge intakes. A first tangential outlet at a
enough height above the deposited catalyst. Most of the liquid in the tank is pumped
through this. A second discharge point is located at the base of the tank, where a filtering
medium is placed. The filtration of the remaining liquid allows the recovery of most of
the hydrolysate, where a marginal amount remains inside the tank together with the
Based on unpublished studies at the time of submission of this paper.
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catalyst. After this process, the system is ready for a new reaction cycle or regeneration
of the catalyst. The filtration of the hydrolysate is aided by the operating pressure, acting
as a driving force in conjunction with gravity. Due to the future implementation of
materials from the Smopex®-101 family with reduced pressure drop68 this mode of
operation is considered a possibility for future operations.
After the modification of the catalyst used in the process, the high particle size
allows the total recovery of the liquid by means of particle retention with perforated metal
filter.
The regeneration of the catalyst is carried out with 2% sulphuric acid and 14%v/v
solid concentration according to the manufacturer's recommendations.

68

After a

regeneration time of 10 hours, it is considered that the resin activity has been fully
recovered. Published studies observe increases even over the initial activity. After
regeneration, the excess acid is removed by rinsing the equipment with two partial water
loads, up to
In addition, objective conversion should be considered. Based on previous
simulations with continuous stirred tank batteries (CSTR) and in piston flow beds, an
initial latency period, a region of rapid hydrolysis (pseudo-first order) and a region limited
by low reagent concentration are observed. Figure 16 shows the conversion against
reactor volume for an arbitrary flow fed to the process concentration. Given the similarity
between batch operation and continuous piston flow operation, this simulation is used to
determine the target conversion.
Based on the results obtained, a conversion for the GGM of 90% is set. The slight
increase in conversion is not compensated for by the significant increase in operating time
(or residence time). Likewise, during the subsequent catalyst-hydrolyzed separation the
reaction will continue to take place, allowing a slight increase in the final conversion.
Unreacted GGM is not a hazardous component. Despite its possible recovery by
means of membrane technology, the recovery costs are higher than the benefits derived
from its recirculation to the process, therefore it will be emitted together with the process
wastewater stream.



Volumetric ratio 1:6 catalyst - regeneration solution
Based on unpublished studies at the time of submission of this paper.
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Figure 16. X-V curve of the reactor. Piston flow simulation.
5.3.2 Material balance and dimensioning of the reactor
The reactor can be sized on the basis of the reaction time, which can be calculated
from the material balance in the reactor. As the reaction is in a liquid phase (constant
volume), the reaction time will depend on the concentration of the feed and the amount
of catalyst. The volume of the reactor will be defined by the amount of liquid to be
processed per batch.
Apart from the reaction time, the loading and unloading times of the product are
calculated. For catalyst conditioning, a contribution of 20% of the regeneration time
(equal distribution of the regeneration time between the number of cycles between each
regeneration stage) and flushing time is considered for each operating cycle.
The general material balance equation for a batch reactor (equation 5.1) is
considered, where r

represents the total molar generation ratio in the system. The

production rate of each compound from the available kinetic model (combination of
equations 3.5, 3.10 and 3.11) and the total volume of catalyst in the reactor. The detailed
calculations of the material balance are given in Annex D, where the other equations used
in the resolution are expressed below.

Material balance in a batch
reaction system
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Initial concentration of nonhydrolyzed monosaccharide
fractions in the GGM
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Figures 17 and 18 show the results of the material balance in the reactor under the
above-mentioned reaction conditions. With an initial concentration of 60 g L-1 of GGM,
a volumetric catalyst load of 8.1%, at an initial temperature of 120 ºC and 2.1 atm of
pressure, gives a result of 1660 minutes as reaction time for a 90% conversion. The
reaction shows an increase of 1.23 ºC during the hydrolysis reaction under these
conditions.

Figure 17. X-t curve for the hydrolysis
reaction in a batch reactor.

Figure 18. T-t curve for the hydrolysis
reaction in a batch reactor.
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Based on the result obtained, the number of annual operating cycles is calculated
as 290, with a volume of liquid per batch of 215 m3 (234 m3 considering the catalyst). Given
the high volume to be processed per batch and the reduced cost of the batch-agitated tank
type reactors, parallel operation with 4 agitated tanks is possible. Consequently, the
reaction volume in each tank will be 58.5 m3. This decision is justified due to the lower
cost associated with conventionally sized equipment. Likewise, operating at lower
reaction volumes allows the effect of possible failures in one of the equipment to be
mitigated. The number of cycles used in the calculation considers the loading, unloading
and conditioning times of the reactors to be negligible, allowing the sizing of the
equipment to be carried out. The above calculations define the final information obtained
after the simulation and optimization of the system.
The reactor can be sized based on the volume. It was decided to use a reactor with
a Klopper (torispherical) bottom, in accordance with DIN-28011. The use of rounded
bottoms facilitates the dispersion of the solid and reduces the probability of the formation
of dead volumes in the system. Likewise, a relationship between the filling height and the
diameter defined in equation 5.10 is considered, in accordance with the typical
dimensions for stirred tank type reactors72,73. To calculate the total volume of the reactor,
a safety factor of 25% is taken into account for the tank height (DIN-28110 standard).
The filling volume will correspond to 75% of the tank height. Equation 5.11 allows the
calculation of the tank volume with the previously defined specifications.
=1

=

∙ 0,0314 ∙

+

[5.10]
∙

4

∙ 0,8065

[5.11]

By solving equation 5.11 for a fill volume of 58.5 and applying the 25% safety
height correction, the tank height and diameter are obtained.
Annex D contains the sizing calculations. The equipment is finally designed with
the measures set out below, where the filling design capacity is 77% of the total volume
of the equipment. The remaining volume serves as a margin for the accommodation of
auxiliary equipment (agitation, sensors, etc.), as well as safety volume.
= 7,65

= 6,1

= 78,3

= 58,5
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The reactor loading and unloading times are then defined according to equations
5.12 and 5.13
(

)

=

[5.12]
(

=

)

+

[5.13]

For the reactor discharge, the phenomena of sedimentation of the catalyst and
external flow of the hydrolysate in the bed formed by them are considered.
Knowing the dimensions of the reactor, it is possible to calculate the dimensions
of the catalyst bed formed when the system is stopped. The calculated height is 0.71 m.
The pressure drop data provided by the manufacturer70 are studied to determine the
influence on the discharge. For the discharge flow established at 0.358 m3 min-1 , the
pressure drop is practically nil, due to the width of the bed and the reduced linear speed
of emptying the equipment (2 m h-1 ). The result of the calculation (see Annex D) gives
the following results.
The catalyst settling time is
calculated

considering

the

prevented settling of the catalyst,
such as spherical particles with an
average diameter of 0.0008 m. The
terminal velocity is 0,36 m min-1,
with a consequent settling time of
17 minutes.
Figure 19. Pressure drop (20°C) in beds
operated with DOWEX® HCR-W2 Resin. 70

Based on both results, the
reactor

discharge

time

will

be

considered as the maximum possible, corresponding to the sum of the total sedimentation
time and the fluid discharge time through the catalyst bed. However, the discharge
operation shall begin immediately after the agitator has stopped. The fluid height shall be
reduced over time, and the initial pressure drop during fluid discharge shall be less.
Therefore, the actual discharge time of the product will be slightly less than estimated.
Thus, the total discharge time of the reactor is estimated at 167 minutes. The load flow
will be 0.385 m3 min-1. The loading operation will take 150 minutes.
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Although the reaction time is high, the loading and unloading times of the product
are not negligible for the initial value of the number of operating cycles. Considering the
loading and unloading times, as well as the kinetic aspects derived from heat dissipation,
the real number of annual operating cycles is 233, increasing the total volume to be
processed per cycle to 268.4 m3. This value can be achieved by increasing the number of
battery tanks to 5, while maintaining the previously exposed dimensions for the system.
The regeneration time is also not negligible (with a contribution of almost 3h extra
per reaction cycle). For this reason, the possibility of operating with two 5-tank batteries
is being considered. Where one of the batteries remains in regeneration, while the second
is used for the reaction. The dead time present after regeneration allows a certain
flexibility to carry out maintenance and cleaning operations of the equipment. The
advantages of operating with two batteries are also discussed in the section on energy
integration.
The material selected for the construction of the reactor is AISI-316 stainless steel,
due to its resistance to corrosion. The reagents are not corrosive, however, when working
with aqueous solutions at temperatures above 100 ºC and with an acid pH in the reaction
medium, a steel with high resistance to corrosion is required. The properties are shown in
table 10. Also, since the reaction is carried out in an adiabatic regime, the reactor must be
isolated from the environment, a layer of glass fiber is selected as the system's insulator,
due to its inert nature and reduced thermal conductivity.
Table 10. Properties of AISI-31676 steel
Composition

Maximum

Limit

Elongation

Hardness

Thermal

C

Cr

Mo

Ni

Effort

Elastic

Maximum

Maximum

conductivity

(%)

(%)

(%)

(%)

(MPa)

(MPa)

(%)

(HB)

(W m-1 K-1)

565

248

< 0,07

16,5 -

2-

18,5

2,5

12

55

149

16,3

Finally, the reactor thickness is calculated, following the ASME standard, Section
VIII, Division 1, for the design of closed process vessels under pressure.
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The calculated

thickness (0.85 mm) is below the minimum threshold recommended by the standard,

After recalculating the material and energy balance considering the heat loss (section 6.2.6), the
reaction time is 80 minutes longer than calculated in the initial material balance.
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consequently and due to the industrial availability of the material, a thickness of 1/16 inch
(1.6 mm) is selected.

Table 11 shows the calculated times for loading, unloading, regeneration and
reaction operations of the reactor. Detailed calculations and considerations are given in
Annex D.

Table 11. Main parameters of the reactors in the hydrolysis unit
Parameter

Value

HL (m)

6,1

(m)

7,65

(m)

6,1

(m3)

78,3
(m3)

=
=

(

)

(m3)

(kg)
e (mm)

58,5

Parameter
(min)
(min)
(min)
(min)
Reactivity ratio. Regenerating.

Value
1740
150
167
800
5:1

53,75

Reactors per cycle

5

5.781

Annual Cycles

233

1,6

Isolation

Fiberglass

5.3.3 Fluid dynamics. Agitation and transport of matter.
Given the kinetic characteristics of the process, catalysis is not limited by matter
transfer phenomena even under low turbulence conditions. The relatively slow kinetics
of the process control the reaction, where catalysis takes place almost exclusively on the
surface of the catalyst, without encountering material transport limitations. Studies
carried out at Åbo Akademi University, continuing the line observed in references [16,
17], for the selected catalyst, have proven this phenomenon.
Due to this, the fluid dynamic study of the system is limited to the design and
dimensioning of a suitable agitation system, which allows the homogeneous distribution
of the catalyst particles in the reactor.
The design of an adequate agitation system implies making a high number of
choices of the elements of the system, where any change in the type of elements, their
Considering the catalyst once hydrated under reaction conditions.
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arrangement or dimensions will produce a different flow pattern in the system. In addition
to the flow pattern, the viscosity of the working solution will define the type of agitator
and its speed range.
Since the working solution reduces its viscosity during hydrolysis, but when
operating at high temperatures it is reduced and remains in the same order of magnitude,
the initial viscosity will be used for the selection and design of the agitation system.
In solid-liquid systems where the objective is the dispersion of the catalyst
particles, axial flow is the preferred component. Also, the formation of vortices that
dissipate the stirring energy without contributing to the mixing must be avoided. For this
reason, an agitator type with a high axial component is selected; a high efficiency pitch
blade turbine, with the blades inclined with respect to the plane of the agitator (see figure
20). The installation of 4 deflector walls is also considered, which increase the flow
turbulence and prevent the formation of vortices in the system.

Figure 20. High efficiency pitch blade turbine for solids suspension.
The typical dimensions for an agitation system are shown in figure 21. These
ratios will be used to size the agitation system. Table 12 shows these parameters for the
defined system. It should be noted that given the unitary relationship between the
diameter and height of the tank, only one agitation element will be required. Likewise,
the suspension of solids is favoured when the agitator is close to the bottom of the
reactor72 .

60

Figure 21. Parameters and dimensions of a standard agitation system.73,79
Table 12. Parameters and dimensions calculated for the agitation system
DT = HL (m)

6.10

E (m)

0,87

(m)

2.03

L (m)

0.51

J (m)

0.51

W (m)

0.41

DA

In addition, a fundamental parameter in the suspension of solids is the agitation
speed. Depending on the type of agitator and characteristics of the system, there will be
a minimum speed that allows the dispersion of the particles without any of them
remaining static on the bottom. The calculation of the minimum speed is made in
accordance with correlation 5.19.73 where the available empirical parameters "" and ""
correspond to the use of simple turbine agitators, with a lower efficiency in the dispersion
of solids. Therefore, this minimum agitation speed is considered to be the design speed
of the agitator that guarantees the homogeneous dispersion of the solid.
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The minimum calculated speed is 38 rpm, since standard gearboxes for stirring
offer stirring speeds of 37 and 45 rpm78 , a stirring speed of 37 rpm is selected, since the
suspension efficiency of the selected type of stirrer is considerably higher than those of
turbines with flat blades defined by correlation 5.19.
Later, the agitation power is calculated from the power number (Po) (equation
5.20) , which is obtained through empirical correlations of this against Reynolds' numbers
(Re) (equation 5.21) and Froude (Fr). This second term is considered negligible, as it
measures the relationship between gravitational and inertial force of the fluid, considered
due to the use of deflector partitions and the elimination of the vortex.
=
=

∙
∙

∙
∙

[5.20]
[5.21]

After calculating the stirring Reynolds, the stirring of the system in turbulent
regime is confirmed (Re = 272,475), since in values of Re > 10,000 the value of Po is
constant, the number of Po is calculated from the values documented for the type of stirrer
selected73 . In this way Po = 0.21 for the designed agitation system.
From the system Po and equation 5.20 the maximum stirring power required is
calculated. Finally, a stirring motor efficiency of 70% is considered, calculating the
electrical power consumed by the stirring system.
37
0,21 ∙ 965 ∙ 60 ∙ 2,03
=
= 2.340
0,7
The type of agitator is crucial in the exposed agitation system. The initial design
of the system considered a standard pitch blade stirrer with 4 blades at 45º, where Po =
1.27 and a final agitation power of 14.4 kW. Due to the inefficiency of the system, it was
considered to revise the initial selection of the agitator type.

5.3.4 Thermal exchange and energy integration
The heat exchange of the process is considered from two sides. Firstly, the design
of the auxiliary heat exchange equipment is studied. Both for the preheating of the
feedstock and the medium pressure steam heater. Secondly, the heating needs of the
Page 577, figure 7-15, for a high efficiency agitator.

62
reactor are studied. For this purpose, the heat loss of the reactor during the reaction time
is estimated, evaluating the insulation needs. The detailed calculations are set out in
Annex D.
For the preheating and heating stages the use of shell-and-tube heat exchangers is
selected because of their efficiency and moderate size. The supply temperature is defined
as 30ºC, considering that the fluid stored in the buffer tank, despite its isolation, loses part
of its heat to the outside environment.
Equations 5.22, for the calculation of the required heat and 5.23, 5.2479 for the
design of the exchange area in a shell-and-tube type exchanger operating in
countercurrent are used. According to the usual design heuristics, the hot fluid will in any
case flow through the tubes and the cold fluid through the casing.

79

Medium pressure

steam (10 atm, 185 ºC) is used for the final heating. Finally, a minimum effective heat
exchange temperature variation between the hot and cold fluid of 10 ºC is considered.
The overall heat exchange coefficients (U) are obtained by considering the values
documented in the literature for shell-and-tube type exchangers as a function of the fluids.
80

The values shown in Table 13 are considered.
Table 13. Global heat exchange coefficients
Fluids in heat exchange

Value (W m-2 K-1)

Water - Water

800

Steam condensing - Water

1200
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After carrying out the relevant operations, an exchange area is obtained in the
exchangers of 241.75 m2 for the casing-tube preheater and 20.84 m2 for the steam heater.
The required steam flow will be 0.115 kg s-1.
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Also, based on the standard dimensions according to the TEMA standard for the
selected exchanger type (type E, single flow through casing and tubes), the use of tubes
with an external diameter of ¾ in (19.05 mm), baffles with a cut-off section of 25% of
the casing area is considered. The tube arrangement shall correspond to a triangular pitch
of 1.25 in (31.75 mm). 83 The material shall be AISI 316 steel. The pressure drop is also
defined on the basis of the maximum values commonly found in this type of equipment.
Due to the small size of the steam heater, the pressure drop is considered as an overall
value for both heat exchangers. 84 Table 14 shows the characteristics of the E-202, E-203
exchangers.
Table 14. Characteristics of the reaction section exchangers
Parameter

E-202 (A-I)

E-203 (A-I)

Exchange rate83

T(0$ -E

T(0$ - E

Exchange area (m2)

242

21

Cold fluid flow (kg s-1)

5,97

5,97

Hot fluid flow (kg s-1)

5,97

0,115

Heat flow (kW)

1934

242

Pressure drop (kPa)84
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Heat losses from the reactor are studied considering only the heat loss across the
cylindrical section of the equipment. Internal convection and conduction to the reactor
wall are considered negligible in relation to the resistance offered by insulation and the
natural convention with the outside air.
First, the critical radius of the insulator is determined (equation 5.25), checking
its possible use (rc = 3.5 mm). The heat loss is evaluated by considering the transverse
conduction through the reactor walls to the outside. The combination of heat transport
resistance (conduction in the insulation and natural convection in the air) is evaluated by
equation 5.26.81 The ambient temperature is considered as the annual average (6 ºC, see
Chapter 8). The coefficient of natural convection in air is defined as 9.4 W m-2 K-1,
according to the empirical values obtained in vertical cylinders under natural convection
circumstances. 82
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After the simulation of the heat loss, without insulation, a sharp drop in
temperature of up to 86 ºC is observed during the operation time. Consequently, due to
the thermal sensitivity of the reaction, the need to insulate the reactor or provide heat is
assessed. After the simulation of the process, the use of a 20 cm thick insulation jacket is
considered, which allows operation in a practically isothermal regime. This unusually
high thickness is decided upon due to the low cost of the insulation compared to the
implementation and operating costs of the installation of a heating system in the reactor.
Figure 22 shows the thermal profile in reaction mixture time for an insulation thickness
of 0.2 m.
In view of the results obtained, the temperature profile obtained is used to correct
the reaction kinetics in the reactor model, obtaining greater precision in the operating time
required.

Finally,
mentioning
integration

it

is

worth

the

energy

aspects

of

the

process. Firstly, the integration
of

the

unit

in

the

TMP

processing plant allows the use
of the surplus heating steam
Figure 22. Temperature of the reaction medium with
heat dissipation

generated

in

the

facility.

Likewise, within the designed

section, the need to recover the heat from the mixture after the hydrolysate is discharged
is considered. In spite of being at a low temperature (120 ºC), the volume of solution is
very high and carries a large amount of energy. Energy integration is implemented by
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crossing the output stream with the new supply to the reactors, allowing the recovery of
a large part of the energy used in heating.
As mentioned in this chapter, two 5-reactor batteries are used, so that while one
opera is being discharged, the second operates in charge, thus allowing the energy
integration of both streams. During plant start up and shut down, the use of accessory heat
exchangers should be considered to supply/remove the heat normally exchanged at this
integration stage.
The regeneration of the catalyst is carried out at lower temperature and pressure.
Therefore, after the regeneration of the catalyst, the heating of the food must be done with
an auxiliary system. Due to the shorter time required for regeneration, the use of the
reactor half-shell or an additional auxiliary heater is considered.
5.3.5 Pumping equipment.
The fluids used in the reaction section are controlled by the P-201 A-I and P-205
A-I pumps. Due to the handling of high flows of fluids with a reduced viscosity (< 100
cP), the use of centrifugal pumps is considered, also considering their low cost and
standardization. Each pump in the P-201 / P-205 sets can work independently, however,
in the usual operation they act synchronously, operating 5 at a time for the loading /
unloading of the reactors.
The pumping power required by both pump assemblies for reactor loading and
unloading shall be calculated. The fluid is admitted by means of a pipework in the upper
region of the tank (above the filling height). Discharge is from the bottom of the tank,
under conditions of external flow over the catalyst particles settled at the bottom of the
tank. In this case the maximum possible pressure drop at the point of tank discharge shall
be taken into account. The loading pump is placed prior to the heat exchange, pressurising
the flow to 2.1 atm, allowing operation in the liquid phase at the reaction temperature.
The pumping power calculations are made by applying Bernoulli's
equation (5.27) and approximating the friction losses by means of the Fanning (5.28) and
Colebrook-White (5.29) equations. The length of the pipes is estimated considering the
safety distance between the process equipment. However, after the detailed design of the
plant layout, it will be necessary to recalculate the power of the pumps based on the length
and dimensions of the pipes used.
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Pressure drop in heat exchangers is included as an extra term. To determine the
electrical power consumed in pumping, a total efficiency of 65% is considered. The
diameter of the pipes is defined according to the design heuristics set out in equation
5.3079.

2·

−

2·

+(

−

) +

= 2·

(

·

−2 log

∙

)=

4∙

+

=

[5.27]

·

[5.28]

2,51

[5.29]

1

=

(

)+∆

−

3,7

= 1+

+

12 ∙
6

;

in.

[5.30]

According to the above equations, a diameter of 4.28 in. A diameter of 4 in is
selected according to the nearest industry standard. According to the flow rate and the
diameter of the pipes, the velocity of the fluid will be 0.64 m s-1 , within the usual range
(0.5 - 5 m s-1 ) for liquid impulsion.
According to the calculated value of Re at the initial (30º) and final (120ºC)
viscosity (Re of 2320-7225), the flow regime in the tube develops in laminar and
transition flow (Re < 10,000 therefore, a1/2 = 0.5).
The length of the pipes is estimated as the sum of the safety distances between the
equipment involved. Due to the heat exchange between the discharge and output streams,
both are considered equal. For reasons of simplicity, the main line section is considered
as part of the individual feed streams to each reactor. The total length of pipe is estimated
at 120 m. The roughness is considered to be 0.046 mm. 79 Likewise, accidents in the pipes
are estimated as equivalent length referred to the diameter79. The flow division is
considered to be the contribution of 8 T-joints, in addition to 20 elbows at 90º necessary
to redirect the fluid. Both the length and the accidents are considered as half for the reactor
loading section, and the remaining half for the unloading. The pressure drop in both
sections is established as symmetrical (however, the feed will have a somewhat lower
loss in the heat exchanger due to its flow through the casing).
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The discharge/loading into the buffer tanks is considered at the level of the base
of the tank. The hydrostatic pressure due to the fluid column in the tanks is modeled
considering the filling level, simplifying it as an average of 5 meters, however, the driving
power will vary slightly as the tank level is reduced. Equation 5.27 applies between the
upper surface of the fluid from the tank (T-200) or reactor (R-204) and the final discharge
point in the reactor (R-204) or tank (T-206). The results of the pumping power
calculations are shown in table 15. Details of the calculation are given in Annex D.
Table 15. Characteristics of the reaction section pumps
Parameter

P-201 (A-I)

P-205 (A-I)

Centrifuge

Centrifuge

Flow rate Fluid (kg s-1)

5,97

5,97

Theoretical Power (kW)

2,94

1,9

Electrical Power (kW)

4,52

2,92

Suction Pressure (kPa)

150,3

262,4*

Pressure Discharge

202,6

150,3*

Pump type

5.3.6 Instrumentation and control.
The adequate operation of any chemical plant depends to a great extent on the
design of the control and instrumentation of its equipment, allowing it to operate within
the established operating margins. The following chapter describes the control and
instrumentation study for the system reaction unit.
Due to the parallel operation with a battery of tanks, the study of instrumentation
and control is carried out on a single reactor, considering the implementation of the same
system in the rest of the equipment in parallel.
Reactor control and instrumentation.
The reactor operates in discontinuous mode, therefore once the load is done it is
considered a watertight system where the temperature and pressure of the system must be
controlled. Likewise, the implementation of instrumentation for the measurement of
glucose concentration is considered

Pressure relative to the height of fluid in the discharge tank. It is considered an average value of
fluid height. The pumping power shall be controlled to maintain a constant flow rate.
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The temperature of the reactor must be controlled due to its high impact on the
reaction kinetics. Although initially the isolation of the reactor allows the reaction to take
place in an isothermal regime, an alarm system for excessively low or excessively high
temperature must be included. Both situations would compromise the reaction (slow
kinetics or catalyst degradation). In the case of low temperatures, the implementation of
a heating jacket of half a cane is considered, which would allow the punctual heating of
the fluid, being controlled by a control loop. This control loop would regulate the heating
steam flow in the half pipe as a function of the reactor temperature, acting for this purpose
on an automatic valve.
The pressure of the reactor is a fundamental parameter, since it allows operation
in the liquid phase at temperatures above 100ºC. The installation of alarms in the event
of excessively low or high pressure is considered essential. Likewise, the pressure inside
the reactor is regulated by injecting air from an auxiliary compressor. A control loop is
designed, where in case of pressure reduction, the compressor is acted upon to maintain
the design value. No pressure increases are expected in the system, however, in the event
of excessive pressure the relief valves would allow the system to be returned to operating
pressure.
Control and instrumentation of auxiliary equipment.
Apart from the reactor, the pumps P-201 A-I, P-205 A-I and the heat exchangers
E-202 A-I, E-203 A-I, require control systems to ensure that loading and unloading
operations are carried out in accordance with the established values.
With respect to the pumps, closed flow control loops will be implemented, where,
based on the measured flow rate feeding the reactor, a control valve present after the
pump discharge will be actuated. Each pump will be installed in duplicate, allowing
operation in the event of failure of one of the units through a bypass. Each line of the
bypass will have a flow valve connected to a flow control loop downstream of the bypass
(reactor feed). In addition, maximum and minimum flow alarms shall be included.
Finally, the pump discharge line shall have a pressure indicator, connected to a high
pressure alarm, and a check valve to prevent possible reverse flow
The pumps will be installed in duplicate on a bypass, since, in the event of failure
of one of the pumps, it will be possible to continue operating through the bypass. The
flow control loop has a flow indicator, connected to a flow transmitter that measures and
sends an electrical signal to the flow controller, which compares the signal with the
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setpoint and sends an output signal to the flow valve. Each line of the bypass will have a
flow valve connected to a flow controller loop located downstream of the bypass. In
addition, two high and low flow alarms are connected to the flow indicator.
As for the heat exchangers, maintaining the temperature of the feed to the reactor
is a crucial factor for the process. Because of this, a control loop of the feed output
temperature is established. This loop measures the food discharge temperature in the
reactor, acting on an automatic valve that controls the flow of heating steam fed to the E203 A-I heater. In addition, maximum and minimum temperature alarms will be included
in the fluid discharge, allowing operators to be alerted of possible deviations in operation.
Also, an indicator for the admission of the hydrolysate to the E-202 A-I exchangers will
be included, allowing the temperature of the discharged hydrolysate to be monitored.
The implementation of these systems is reflected in Annex E.
5.4 Plant layout. Layout
In this section, the distribution of the different process equipment is determined.
Although this report mainly deals with the design of the reaction section, the layout of the
pre-treatment and product purification sections will also be outlined. The objective is to
determine the adequate distribution of the different process areas, as well as the optimal
location of equipment and auxiliary services. The spatial arrangement and relative
distances between the equipment obey passive safety, economic and operational criteria.
A correct distribution of the equipment increases the safety of the plant, prevents damage
in the event of an accident and optimizes the use of space while guaranteeing the
operability of the installations. 84,85
The proposed process is designed taking as an example its implementation in a
previously existing industrial facility. The distribution diagram considers the
implementation of the process section on the ground in a clear area of land, close to the
mentioned facility. However, typical areas in any facility, such as parking area,
laboratories, control rooms, offices and common facilities, in addition to the electrical
services, heating and effluent treatment sections, are considered as part of the previously
existing facility. Because of this, the previously mentioned areas are not included in the
plant layout.
The distribution of the process areas and equipment is carried out according to
implementation heuristics, considering safety criteria and spatial layout of the equipment.
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Likewise, a representation of the access roads and evacuation routes in case of emergency
is included, arranged appropriately.
The main elements of the layout include storage section for reagents and products,
the pre-treatment, reaction and purification sections. Also included are pipe racks, fire
safety and fire defense equipment, access routes, and the layout of bulky equipment in
each of the process areas. The list of such equipment is included in the table below the
diagram.
Annex F contains the implementation plan or layout of the plant.
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CHAPTER 6
Safety Studies.

In the following chapter, the process safety analysis is carried out, studying the
dangerousness of the compounds used and the risk associated with the different
equipment in the reaction section.
6.1 Dow’s fire and explosion index.
Given the nature of the compounds handled, there is no high degree of hazard
associated with the substances and mixtures in the process. Likewise, the operation takes
place at low temperatures (maximum 120º) and moderate pressures (2.1 atm). The
compound with the greatest risk in the installation is the acid used during the regeneration
of the catalyst, where the appropriate measures will be taken to reduce the possible risk
associated with its storage and handling.
In order to assess the possible risks associated with the compounds and mixtures
during their handling in the process, the fire and explosion rate is calculated for the critical
unit of the process, the reactor. The calculation is made in accordance with the 5th edition
of the DOW Chemical Company calculation manual.86
Tables 16 and 17 show the calculation of the general (F1) and specific (F2) factors
of the process, allowing the subsequent calculation of the fire and explosion rate of the
unit.
Table 16. Calculation of general risk factor for the process.
Item
Exothermic chemical reactions
Endothermic processes
Material handling and transport
Confined processing units
Access
Drainage and leakage control
F1

Interval
0.3 – 1.25
0.2 – 0.4
0.25 – 1.05
0.25 – 0.9
0.2 – 0.35
0.25 – 0.5

Assigned Value
0.3
0
0.5
0.5
0.2
0.25
1.75

72

Table 17. Calculation of the specific risk factor for the process.
Item
Toxic substances
Below-atmospheric pressure
Operation at or near flammable limits
Dust explosion
Very low temperature
Pressure relief devices
Amount of flammable or unstable
material
Corrosion and erosion
Leaking seals and gaskets
Presence of ovens
Thermal oil heat transmission system
Rotary equipment
F2

Interval

Assigned Value

0.2 – 0.8
0.5
0.3 – 0.8
0.25 – 0.8
0.2 – 0.3
0.1 -1.13
0.15 – 4

0.2
0
0
0.25
0.2
0.15
0

0.1 – 0.75
0.1 – 1.5
0.1 – 1
0.15 -1.15
0.5

0.1
0.3
0.1
0
0.5
1.75

The material factor of the reaction mixture is also determined. The adiabatic
decomposition point and auto-ignition temperature of glucose and epimers are
considered, as well as their presence in dilute aqueous solution (60 g L-1). The material
factor assigned is 1 (MF = 1), representing low flammability and reactivity of the mixture.
Eventually, equation 6.1 is applied to calculate the fire and explosion rate of the
unit. The value obtained for the hazard and explosion index is 3.06, reflecting the reduced
degree of danger of the operations and substances handled during the operation.
= ( 1 ∙ 2) ∙

[6.1]

6.2 Análisis de riesgo y operabilidad. Estudio HAZOP.
As a main component of the plant safety study, the following chapter presents the
HAZOP (Hazard and Operability Study) analysis of the reaction unit. This methodology
makes it possible to identify potential risks to the equipment and the process, and to take
corrective and preventive measures. Those streams where a significant variation in their
characteristic variables (Pressure, Temperature, Flow, Composition...) is found will be
studied by means of the use of key words (more, less and not). Those meaningless
deviations for a stream will not be considered.87
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HAZOP analysis is performed on the process reactor feed and discharge streams.
As it is a discontinuous operation, possible deviations in each stage of the process will be
considered.
It should be noted that the regeneration stream with dilute sulfuric acid (1%) and
wash water is considered as a specific case where the problems derived will be the same
as those found for the reactor loading and unloading streams. However, there is an added
risk of acid spillage in the event of pipe breakage, which must be considered in order to
adopt adequate safety measures for operation with acid solutions during the regeneration
stage.
Finally, information on risks derived from possible deviations from normal
operation will be used for the implementation of the process control and instrumentation
systems. The detailed analysis by streams is included in Annex G. The results are
reflected in the measures implemented in the instrumentation and control of the process.
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CHAPTER 7
Environmental study.

All industrial activity has an impact on the environment where it takes place.
The study of the environmental impact is the ideal tool to identify the different
components of this impact, as well as its magnitude. In this way, the environmental
impact study is an indispensable tool in the decision-making process when faced with
the different possible alternatives for the development of the target activities. The aim of
this chapter is to make a first general evaluation of the different sources of pollution and
environmental impact of the process. In this way, adequate knowledge is obtained for
the selection of those options that safeguard the general interest and purpose of the
installation.
7.1 Plant location and Environmental legislation.
The selected location is the municipality of Hallstavik, within the municipality of
Norrtälje, County Stockholm, Sweden. The installation is planned as an integrated unit
within the paper mill belonging to the company HOLMEN, located in the region. Figure
23 shows the above-mentioned facilities.

Figure 23. Helicopter view of Holmen's plant near Hallstavik.
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The Hallstavik region is mostly flat, with an area of 4.69 km2 . The average height
of the terrain is 31 meters above sea level.88 The region's climate is continental wet Dfb,
according to Köppen's classification. Rainfall in Hallstavik is significant, with an annual
average of 536 mm and rainfall of over 30 mm even during the driest month (February March). The average annual temperature is 5.7 °C.89 In addition, there is a moderate wind
all year round, mostly from the south. The average wind speed is 10 m s -1. The
predominant soil type is glacial till.90 The plant is located 10 km from the Åland Sea and
is situated on one of the shores of the sea inlets on the land. Figure 24 indicates the wind
in the region, Figure 25 shows the exact location of the plant.

Figure 24. Annual wind distribution in the Hallstavik region Annual wind hours by
direction and wind speed.89

Figure 25. Geographical location of the TMP facilities.
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On a legislative level, the main environmental directive is the Swedish
environmental code (SFS 1998:808), which has been in force since January 1999. The
code unifies 15 central acts for environmental regulation, constituting the guiding
document in this respect. Each act in the code details the legal provisions and rules
applicable to each area. Likewise, multiple modifications of the code have taken place
until now, with the objective of adapting to European objectives and those of the
country itself, becoming more restrictive and precise in terms of environmental
regulation.91,92,93
For aspects related to waste treatment, the European Waste Framework Directive
(2008/98/EC) has been adapted within the Swedish environmental code. Likewise, the
waste ordinance (2011:927) covers the legal aspects of waste management and disposal
in Sweden. 94
7.2 Environmental Impacts.
The impact of the process on the environment can be studied by distinguishing
according to the different environments likely to be affected by the activities carried out.
The identification of potential environmental risks and corrective measures is based on
an integrated analysis of all the elements involved in the proposed process, from its
construction to its normal operation. This analysis is based on previously published
literature.95,96,97,98,99
7.2.1 Soil and land impact.
Aspects related to land use are dealt with in the Swedish environmental code in a
fragmented way among the different acts that form it. The Agriculture and Land
Management Act and the Natural Resources and Environmental Damage Act are the main
documents. The waste management ordinance, as well as the new adaptations to the
environmental code adopted in 2020, also set out the directives governing the
environmental impact on soil.
The main impact on soil will take place during the construction phase. Excavation
work, foundations and the continuous passage of heavy machinery will lead to soil
compaction and the destruction of the soil's surface horizon, altering its properties.
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During the normal operation of the plant, the main impacts on the soil will be the
occupation of the land by the facility itself, as well as the potential risk of spillage and
infiltration of working solutions and products stored in the process tanks.
However, due to the location of the process line within a previous installation, the
pre-existing infrastructures can be used for the transport of materials. In addition, the site
of the installation has been previously conditioned.

Likewise, the nature of the

compounds used in the plant does not present a potential risk to the soil in any of the
cases. No obstante, debido a la ubicación de la línea de proceso dentro de una instalación
previa, pueden emplearse las infraestructuras preexistentes para el transporte de
materiales. Además, el terreno de asentamiento de la instalación ha sido previamente
acondicionado. Así mismo, la naturaleza de los compuestos empleados en la planta no
presenta un riesgo potencial para el suelo en ninguno de los casos.

7.2.2 Impact on water.
The water act, as well as the waste to water act and the environmental damage
act, of the Swedish environmental code consists of the main legislation regarding water
pollution. It states that any operation requiring water operations may only be carried out
when the benefits of the operation from a unified public-private interest point of view are
greater than the potential damage associated with the operation. Likewise, access to and
use of water in Sweden is controlled by different public institutions, where the SwAM
(Swedish Agency for Marine and Water Management) is the main body.
The potential alterations to the aquatic environment will take place on the
groundwater and surface water courses up to its mouth in the sea. The environmental
impact is due to the contribution of allochthonous materials that can modify the quality
of the water, that is, the contribution of materials that are not naturally present in the
waters of the region.
The greatest impact will take place during the construction works of the facility.
The main sources of pollution are the dispersion of dust, fine particles in suspension or
even construction waste that eventually end up in the surface water altering its solid
content and related properties. Special attention should also be paid to the possible
dragging of cement and oils into watercourses. The strongly alkaline nature of cement
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can increase the pH of the aquatic environment, severely affecting the organisms present
and potentially making it unsuitable for life. On the other hand, oils are a widely studied
potential source of pollution, reducing the transfer of oxygen between water and air, and
even causing the drowning of small animals.
During the normal operation of the plant, a minimum impact on the water
environment is expected. Huge amounts of water are used during the process where,
almost exclusively, the water comes from a secondary stream from the adjacent pulp mill.
In addition, much of the water is subsequently recovered in the form of steam, which can
be used for various purposes within the process and finally after being partially condensed
and recirculated as process water. The main aspect to be considered is the thermal load
of the process flows. Given that prior to emission into the environment, the temperature
must be reduced to avoid an impact on the surroundings of the plant.
Likewise, the waste flows of the process are mainly composed of water, unreacted
galactoglucomannan and other compounds from the wood. Small amounts of bases
(sodium hydroxide) and acids (mainly acetic) can also be found in the process effluent.
However, given their nature and degree of dilution these substances do not pose a
potential environmental risk and are practically harmless. Any solids removed during the
process water filtration and conditioning stages can be used in the plant's existing energy
recovery facilities.
7.2.3 Atmospheric impact
The potential alterations to the aquatic environment will take place on the
groundwater and surface water courses up to its mouth in the sea. The environmental
impact is due to the contribution of allochthonous materials that can modify the quality
of the water, that is, the contribution of materials that are not naturally present in the
waters of the region.
The greatest impact will take place during the construction works of the facility.
The main sources of pollution are the dispersion of dust, fine particles in suspension or
even construction waste that eventually end up in the surface water altering its solid
content and related properties. Special attention should also be paid to the possible
dragging of cement and oils into watercourses. The strongly alkaline nature of cement
can increase the pH of the aquatic environment, severely affecting the organisms present
and potentially making it unsuitable for life. On the other hand, oils are a widely studied
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potential source of pollution, reducing the transfer of oxygen between water and air, and
even causing the drowning of small animals.
During the normal operation of the plant, a minimum impact on the water
environment is expected. Huge amounts of water are used during the process where,
almost exclusively, the water comes from a secondary stream from the adjacent pulp mill.
In addition, much of the water is subsequently recovered in the form of steam, which can
be used for various purposes within the process and finally after being partially condensed
and recirculated as process water. The main aspect to be considered is the thermal load
of the process flows. Given that prior to emission into the environment, the temperature
must be reduced to avoid an impact on the surroundings of the plant.
Likewise, the waste flows of the process are mainly composed of water, unreacted
galactoglucomannan and other compounds from the wood. Small amounts of bases
(sodium hydroxide) and acids (mainly acetic) can also be found in the process effluent.
However, given their nature and degree of dilution these substances do not pose a
potential environmental risk and are practically harmless. Any solids removed during the
process water filtration and conditioning stages can be used in the plant's existing energy
recovery facilities.101
7.2.4 Noise levels and noise pollution.
Due to the effects that high noise levels can have, it is UHOHYDQW to consider the
possible noise pollution associated with the process.97 The regulation of noise levels is
covered by the adaptation of the European environmental noise directive (2002/49/EC),
in the environmental noise ordinance, which is included in the Swedish
environmental code.
During the construction phase, a high noise impact is expected, where traffic,
machinery operation and construction work will be a constant source of noise. However,
these noise sources are of a one-off nature, limited to the duration of the construction
work. Likewise, there are no dwellings nearby on the site, so the impact of noise
pollution is limited to the natural environment surrounding the plant.
In the normal operation of the plant, the process itself is a source of noise. The
operation of the process equipment, especially pumps, evaporators, heat exchangers and
reactor agitation The transport of the final products of the process must also be
considered
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as a source of noise. It is important to note that, given the installation of the process line
within the boundaries of the paper plant site, the process noise levels are lower than those
generated by the refiners and mechanical disruptors in the main plant.
7.2.5 Visual Impact.
The visual impact of the installation is fundamentally determined by the
introduction of external elements to the natural landscape, altering its morphology and
appearance.
It should be noted that, given the construction of the unit in the surroundings of a
previously existing installation, the visual impact on the surroundings is very reduced
compared to the creation of an installation in a new location.
During the construction stages, the presence of vehicles and machinery will be
increased, as well as the vegetation and shape of the land surrounding the plant will be
altered. Once the hydrolysis unit has been built, quantifying the visual impact is complex,
as it involves a wide range of subjective considerations. However, considering the layout
in the landscape within the limits of an existing facility, the visual impact of the facility
can be considered as a minimum.
7.2.6 Environmental impact matrix.
Likewise, after the construction of the facilities, Table 18 summarizes the impact
of each of the process units on the different elements of the environment. In general, the
environmental impact of the process can be considered very low. However, in the initial
stage of construction, special care must be taken with regard to the impact and good
practices during the works.
For the installation in operation, the main environmental aspect to be considered
will be energy consumption from non-renewable sources, with the consequent indirect
emission of greenhouse gases. The emission of high quantities of water vapor into the
atmosphere, as well as the possible accidental spillage of working solutions, are
not UHOHYDQW due to the nature of the compounds used in the process.
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Table 18. Environmental impact matrix for the GGM hydrolysis process.
Equipments

Impact
Soil

Water

Air

Acoustic

Visual

Ultrafiltration Unit
+
+
++
Tanks
+
+
+++
Hydrolysis Unit
+
+
+
+
++
SMB Unit
+
+
++
Crystallization /
+
++
++
+++
Evaporation Unit
Pumps
+
+
+
+++
+
Heat Exchangers
+
+
++
++
+
(-) No impact (+) Low Impact (++) Moderate Impact (+++) High Impact
The matrix shown details the relative releNPVce of each of the main elements of
the hydrolysis process.
The impact on the soil is mainly determined by the needs of foundation and possible
vibration of the equipment. The impact on the water environment is defined by the
consumption of water in the units and the generation of waste flows. The impact on the
atmosphere is measured on the basis of indirect or direct emissions of greenhouse gases,
considering the consumption of electricity or heating in the process to be responsible for
this emission. The acoustic impact is determined based on the usual noise levels of the
equipment used. The visual impact is established according to the size of the equipment.
7.3 Corrective measures.
Considering the different environmental impacts mentioned in the previous
section, a series of corrective measures are considered to allow the adequate management
of the environmental impact of all activities involved in the process.
Firstly, special attention must be paid to the environmental impact produced
during the construction phase.
In order to mitigate the excessive raising of dust from the land, the application of
periodic watering of the land is considered in the event of reduced rainfall. However, the
climatic conditions of the region (moderate wind and abundant precipitation) are a natural
factor that help to mitigate the release of dust and particles, as well as reduce the
concentration by dispersion of those particles projected.
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The acoustic impact of the facility must be addressed through various noise
reduction measures. The location of the pumping section and those process units with the
highest noise generation should be located, if possible, in the same hall or in an adjacent
hall to the main TMP process facility. The concentration of the main noise sources in the
same acoustic enclosure will significantly reduce the noise emitted to the outside.
The potential risk of discharges and consequent infiltration into the subsoil or their
arrival in watercourses must be considered. Thus, preventive measures must be
implemented. During the construction phase, rainwater from the work area will be
collected and pumped to the wastewater treatment plant (WWTP) already existing in the
main facility. Also, if temporary storage of wastewater in waste ponds is required, these
must be adequately waterproofed and have adequate drainage to prevent leakage into the
ground.
Likewise, during the normal operation of the unit, the installation of equipment in
confined areas with paved floors is considered. The development of the industrial process
inside a building increases the durability of the sensitive process equipment, reducing the
risks of breakage or failure, as well as minimizing the possibilities of accidental spillage
or leakage of the process compounds. Buffer and product tanks should be located outside
the building due to their size. However, they should be properly paved and waterproofed
to facilitate the collection of any spillage.
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CHAPTER 8
Economic Analysis.

This chapter evaluates the economic aspects of the process described in this report.
The needs and economic viability of the reaction section will be evaluated. However, due
to the integration of the process in larger installations, and the need for further treatment
before the sale of the product, calculations of economic viability are also presented
considering the proposed stages of pre-treatment and purification.
8.1 Investment estimation.
Due to the novelty of the process developed, the use of methods for estimating
fixed capital based on references is not possible. Consequently, the value of the fixed
capital and the required investment are determined using the percentage method. Thus,
the investment of the plant is estimated on the basis of the item of equipment of the plant.
The cost of the equipment is estimated using two online cost estimators, using the
design and material parameters established in chapter 6.102,103 The material selected for
the equipment not involved in the rectification section will be AISI-304 steel, for the rest
(exchangers, pumps, piping and reactor) will be AISI-316. The volume will be considered
sufficient to feed two reaction cycles (540 m3). Table 19 shows the total cost of the
process equipment, once its value has been updated according to the CEPCI (Chemical
Engineering Plant Cost Index) and equation 8.1. The reference of the estimates is in 2002
and 2014, with a CEPCI of 390.4 and 576.1 while in 2020 the preliminary value available
is 596.2104 The change of currency from $ to Euros is made considering the factor
corresponding to the year of reference (1,33 $ €-1 in 2014 and 0,95 $ €-1 in 2002).105
=

[8.1]

Subsequently, the percentages method79,106 is applied to calculate the total value
of the fixed assets. The selection of percentages considers the complexity or relative
importance of each item in the process. Table 20 shows the value of the different items,
as well as the final investment required.
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Table 19. Cost estimation for plant equipment.
Equipment
Loading
Pumps
Discharge
Pumps
Heat
Exchanger
Steam
Heater
Reaction
Intermediu
m Tanks
Reactors
Catalysts2

ID
P-201 A-I

Number
10

Unitary Cost (€ ud-1)
5140.18

Total Cost (€)
50,747

P-205 A-I

10

5074.70

50,747

E-202

10

223755.17

2,237,552

E-203

10

12491.57

124,916

T-201
T-206

2

268646.73

53,7293

619893.95
2.7 € kg-1

6,198,939
156,087
9,356,281
1,562,096
1,273,387
12,191,764

R-204 A-I
10
-57,810 kg
TOTAL (Reaction)
TOTAL (Pretreatment) 32
TOTAL (Purification)60*3
TOTAL

Table 20. Fixed and working capital cost estimation by percentage method.
Investment Component
Item
Applied %
Cost
DIRECT FIXED
Equipment
100%
12,191,764
CAPITAL
Installation
76%
9,265,741
Piping
33%
4,023,282
Instrumentation & control
13%
1,584,929
Electric installation
9%
1,097,258
Buildings
18%
2,194,517
Land conditioning
10%
1,219,176
Service installation
45%
5,486,294
Land
6%
731,505
TOTAL
25,602,706
INDIRECT FIXED
Engineering & supervision.
33%
4,023,282
CAPITAL
Building expense.
41%
4,998,623
Legal expenses.
4%
487,670
Industrial benefit.

22%

2,682,188

Contingency expenses.

36%

4,389,035

89%

16,580,800
42,183,506
10,850,670

TOTAL
FIXED CAPITAL
WORKING CAPITAL

2

Average industrial Price found for large-scale acid catalytical resins.107
Updated to 2020 according to CEPCI in 2007 (CEPCI = 595,4).
*
Updated to 2020 according to CEPCI in 2005 (CEPCI = 468,2).
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8.2 Sales estimation
The income from the process is calculated from the sales of the products obtained
after purification. The price of Man, Gal as crystalline solids of food purity is considered,
as well as the standard price of glucose syrups. Likewise, the sale of the total estimated
production is considered. Table 21 shows the sales of each product and the total annual
income.
Table 21. Annual sales estimation.
Product
Production
Sale Price
(kg yr-1)
(€ kg-1)
D-mannose 99.5 %
2.202.000
51.00
D-galactose 99.5%
441.000
35.78
D-glucose syrup (90%wt)
815.555
0.73108
Total

Income
(€ yr-1)
112,302,000
15,778,980
595,355
128,676,335

8.3 Production cost estimation.
The production costs of the process are estimated in two stages. Initially the main
costs are calculated; Raw materials, direct labor, general services and depreciation. The
remaining production costs are then estimated as a percentage of the former.
8.3.1 Raw Materials (M1).
The main raw material in the process is the GGM solution from the effluent water
from obtaining pulp by TMP. Although this flow is an effluent of the main process, the
price corresponding to the extraction of the GGM present (see chapter 2 and Annex A),
added to the cost of its extraction during pre-treatment, shall be considered. The energy
invested in the pre-treatment has been considered within the calculations made. Thus, the
cost of the reaction section feed will be 870 Considering the production of 3752 t year-1,
the cost of the raw materials (M1) will be 3,264,240 The cost of the regeneration acid and
washing water is considered negligible in comparison.
8.3.2 Direct labor costs (M2).
Direct labor (M2) is all those plant employees directly involved in the operation
of the process. Among the multiple correlations available, Wessel's equation109
(equation 8.2) is used to determine the hourly workforce requirements as men h-1 t-1.
(ℎ −

∙

) = 23 ∙

º
( ∙

)

[8.2]
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The calculation will be estimated considering 2 stages in the production; reaction
and purification, given that the labor costs and operability of the pre-treatment are already
considered in the previous section, besides being of lesser magnitude.
The value of T is 8.32, so considering the annual production of 3,458.6 t of
products per year, a total of 28,776 man-hours per year-1 will be required. On this value,
a 20% increase is applied considering the complexities derived from the discontinuous
batch operation (34531 man-hours year-1). Finally, considering the average annual hours
worked in Sweden110 (1740 man-hours year-1), the amount of direct labor required is
calculated, being 20 employees.
Based on the average salary of the chemical engineer in Sweden111 (55,872 euros
year-1), the cost of direct labor is calculated as 1,117,440 euros year-1.
8.3.3 General process services. (M3).
The proposed process is included within a larger facility with a positive energy
balance. Likewise, by including the proposed unit, the cost of effluent treatment is
reduced. Because of this, the cost of general services (M3) will not consider the needs for
heating, waste treatment or water. The calculation is based on the main component,
represented by the electricity consumption of the agitation systems and pumping
equipment.
Considering the operating time established at 8,000 h year-1 and the total power
required for agitation in the reactors (11.7 kW) and fluid pumping (7.45 kW). The reactors
operate in agitation for 85% of the total operating time, while the pumps do so for 15%.
Considering the price of electricity (91 MWh-1 , chapter 1), the cost of general services is
estimated at 533,506 year -1.
8.3.4 Depreciation costs (M4).
The depreciation costs are defined by applying a fixed annual quota based on the
total of the fixed assets, considering a minimum period of 15 years of useful life for the
installation. The residual value of the equipment is considered to be zero.
Consequently, depreciation is estimated at 6.7 % of the total fixed assets. Based on this
calculation sequence, the depreciation cost will be 2,826,295 euros per year-1.
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8.3.5 Total production cost calculation.
The calculation of the rest of the items for the production costs is calculated in
accordance with their proportionality with the main items, considering the relative
importance of each of them in the process used.79,106 Likewise, the operating cost of the
purification section is considered as an additional item, using the flow of fluid processed
and the cost60 per kg of purified solution (0.099 ' kg-1 , updated in 2020 values by CEPCI).
The annual flow of fluid processed is established on the basis of the reactor sizing
calculations, being 62534 m3 year-1. Table 22 shows the results of the calculation of the
other items, as well as the sum of the final production costs.
Table 22. Total production cost for the installation.
Item

Estimation Method

Cost (€ year-1)

Raw materials (M1)

Section 9.3.1

3,264,240

Direct workforce (M2)

Section 9.3.2

1,117,440

Process services (M3)

Section 9.3.3

533,506

Depreciation (M4)

Section 9.3.4

2,826,295

Indirect workforce (M5)

15 % de M2

167,616

Patents (M6)

5% Sales

6,433,817

Supplies (M7)

0,5% Fixed capital

210,918

Maintenance (M8)

5% Fixed capital

2,109,175

Laboratory (M9)

15% M2

167,616

Technicians & staff (M10)

15% M2

167,616

0%

0

Packaging (M12)***

10% Fixed capital

4,218,351

Taxes and charges (M13)

0,5% Fixed capital

210,918

Insurance (M14)

1% Fixed capital

421,836

Downstream (M15)

Reference 60

6,190,866

Rentals

(M11)4

TOTAL COST

28,040,210

It should be noted that sales and administration costs have not been considered in
this estimate, as the process is considered to be part of a larger facility.

Considering the probable usage of patents during downstream/pretreatment processes.
Considered as neglectable since the process develops in a bigger facility.
***
Considering that the product is sold in small-medium format.
4

88
8.4 Economic viability studies.
Estimates of the economic viability of the proposed process are complex. Since
the proposed process constitutes a unit within a larger plant, with the objective of taking
advantage of secondary streams of the main process.
Despite this, the economic viability of the process is analyzed taking into account
two main indicators; the net percentage profitability (Rnp) (equation 8.3) and the net
present value (NPV) (equation 8.4).
=

( − )
∙ (1 −
0,01 ∙

) [8.3] ;

=

(

[( − ) ∙ (1 − ) + ]
)−
(1 + )

[8.4]

Where V, C, and A represent sales, annual and depreciation costs respectively. Ui
is the value of the total tax burden, considered as 21.4%112. I represent the total
investment of the project; the sum of fixed and working capital. Likewise, the discount
rate applied to the estimates is defined as i.
The calculation of the Rnp of the installation, is calculated as 149% in 2021, which
implies the total recovery of the investment and the obtaining of benefits even in the first
year of sales. Likewise, the net present value of the installation is calculated considering
a period of 15 years, with a discount rate of 35%, taking into account the risk associated
with the novelty and risks of the process. Conservatively, an annual increase of 2% in
costs is considered, while sales are considered constant. Under these conditions, after 15
years the NPV of the installation calculated is 9,849,915
Considering both economic viability indicators, the economic viability and
profitability of the proposed unit can be confirmed. However, this indicator is very
sensitive to the selling price of the products, which is subject to a high degree of
uncertainty, as has been explained in chapter 2. According to the sensitivity analysis, the
limit selling price for D-mannose as a product is 7.71 € kg-1. Lower prices would result in
negative NPV. In any case, greater access to sales price information for D-Mannose will
allow the estimation of the viability of the process with a greater degree of certainty.
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ANNEXES
ANNEX A. Cost estimate for the extraction of GGM Design capacity.
Obtaining 1 t of GGM is considered as a basis for calculation. From the total GGM
content in the wood, as well as the percentage of which is solubilized by thermomechanical processing in the process waters, the amount of wood to be fed into the
process, after debarking and size reduction, is calculated. Using the wood utilization ratio,
the required amount of wood to be purchased is calculated.
1
= 69,4
(0,18 ∙ 0,08)
69,4 ∙

−

1
= 116
0,6

The amount of pulp obtained after processing the wood is obtained from the overall
wood-pulp ratio. This data is then used to calculate the service requirements of the
process.
69,44 ∙ 0,882 = 61,3
61,3 ∙ 3 = 184
61,3 ∙ 2,5 = 150,8
61,3 ∙ 0,03 = 1,9

Water 184 ∙ 2 = 368 €
Electricity 150,8 ∙ 75 = 11310 €
Heating 1,9 ∙ 80 = 152 €
Wood 116∙ 27,5 = 3190 €

ℎ
ℎℎ

Thus the final cost per ton of GGM extracted is 15,020 euros / t GGM. However,
this estimate shows the total cost of thermo-mechanical pulp processing based on the
majority items. For the purposes of considering the double use of the operation, for the
production of pulp, and the extraction of LGM, the mass fraction of LGM extracted from
the total available in the wood fed into the process is considered as an approximation of
the cost. 13.740 ∙ 0,18 ∙ 0,08 ≈ 220 € ∗ t

GGM . Finally, the amount of process water

required is assumed to be equivalent to that used in the process, thus calculating the
maximum theoretical concentration of GGM in the process water.
10
= 5,3
188

∙

It should be noted that the amount of water taken as a reference is based on a
thermo-mechanical pulp processing facility (Hallsta, Sweden). However, the amount of
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water fed into the process could be increased, in order to obtain an additional stream of
aqueous hemicellulose extract with a lower concentration. According to bibliographical
references, lower concentrations are usually found in process waters40. Similarly, the
initial water content in the wood and the amount of process water that cannot be recovered
are considered to be comparable for the purpose of determining the maximum theoretical
concentration as a guideline.
The calculation of the design capacity is made from the maximum amount of
processable GGM in the installation taken as a reference. 33 With an average capacity of
230,000 t / year of pulp obtained, and a ratio of 61.3 t pulp / t GGM, the maximum amount
of GGM processable is estimated.
.
,

= 3752 t GGM / year

Considering an average composition for the GGM of Abies Man:Glu:Gal of 3:1:0.6
and the conversion process, the maximum amount of D-mannose obtainable by hydrolysis
is estimated. A maximum design capacity of approximately 2400 t year-1 of D-mannose
as the main product is considered. Other sugars such as Gal and Glu could be considered.
,
,
,

∙ 3752 ∙ 0,9 = 2202 t D − Mannose / year

∙ 3752 ∙ 0,9 = 441t D − Gal / year

,

∙ 3752 ∙ 0,9 = 734 t D − Glu / year

ANNEX B. Data used for the calculation of linear correlations
Linear Regression for Cp
Cp = a + b*c
Man
Glu
Gal
Weighted Average (GGM)

= 4,144 − 1,673 ∙
ai

bi

R2

4,144
4,149
4,136
4,144

-1,665
-1,744
-1,600
-1,673

0,995
0,995
0,991

Viscosity in GGM solutions
Conc.
(%wt)
0.5
5
10

K
mPa s
30
70
400

Exponential Adjustment Viscosity (0 - 10 % wt) GGM
= 22,9 ∙

,

∙

² = 0,97
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Viscosity in glucose solutions. 50

To estimate the viscosity at 90ºC, linear extrapolation is used, considering a
temperature range close enough to make the approximation.

C.1 BLOCK DIAGRAM.

ANNEX C. Expansion of process and material balance diagrams
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C.2 PROCESS FLOW DIAGRAM (PFD).
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ANNEX D. Calculations relating to reactor design and operation
D.1 Design considerations.
First, the following design considerations are made.
¾ The reactor system is properly stirred, the mixing conditions with homogeneous
throughout the fluid.
¾ The reaction pH (pH=0.75) defines the concentration of the catalyst. The catalyst is
considered solid spheres of negligible porosity once they have been previously
hydrated. The specifications of the catalyst are obtained from the manufacturer's data
sheet. 70 The catalyst charge is defined as 8.1 %v/v. Consequently, the volume of the
mixture of the liquid phase is defined as 91.9 % of the total reaction volume.
;ρ

Capacity = 1.8 mmol (H ) ∙ g
=

10 .
1.8 ∙ 10

= 98.8

∙

= 1.22 g ∙ l
= 8.1

∙

¾ It is considered an annual time of operation in plant of 8,000 h year-1.
¾ The total volume of solution to be processed is calculated from the concentration of
GGM in the reactor feed and the total amount obtained from the process water.
( %

)

=

3752000 (
0.06 (

∙
∙

)
)

∙ 10 ( ∙

) = 62533

¾ Fluid catalyst separation is modeled as the flow of the hydrolysate through a bed of
catalyst particles. Consequently, the pressure drop of a bed with the height defined
by the reactor dimensions is considered.
¾ The calculation of the volume per batch is defined by the operation time in addition
to the loading, unloading and conditioning times. Since the discharge time is a
function of the dimensions of the reactor, it is initially considered negligible in
comparison with the rest.
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D.2 Material and energy balances in the reactor.
From equations 5.1 and 5.2 the overall material balance to the reactor can be
derived. The reaction model considered considers three different reactive fractions in the
starting material; D-man, D-glu and D-gal bonded by O-glycoside. Thus, the initial
concentration of each of the reaction fractions as well as the conversion of the process
must be defined. Based on the documented average molecular weight of 29 kDa for GGM
dissolved in TMP12 processing water (see Chapter 1), its degree of polymerization (DP)
is calculated using the molecular weight of glucose and its epimers after dehydration
when forming the O-glycosidic bond.
=

29.000
= 179
180,16 − 18

Knowing the degree of polymerization, it is possible to define the number of
monosaccharide units per initial GGM molecule. Thus, the molar concentration of nonhydrolysed sugar units can be defined according to equation 5.3. The degree of
polymerization, initial hemicellulose concentration, and relative ratio of each
monosaccharide (Pi) are considered.3 According to the ratio 3:1:0.6 (D-man:D-glu:D-gal)
defined for the MGL, the relative ratios are respectively 65.3%, 21.7%, and 13%.
( ∙
( ∙

=

)
)

∙

∙

[5.3]

Besides, the evolution of the reaction can still be considered as the reduction of
the PD with the reaction. Based on the initial amount of moles of GGM in the system, the
number of monosaccharide units that must react to reduce a PD unit is defined. Equation
5.4 presents in the numerator the moles of hydrolyzed monosaccharide, while the
denominator defines the moles corresponding to each unit of degree of polymerization
average of the GGM in the system. The conversion of the GGM is defined according to
equation 3.6 (see chapter 3, section 2). The volume of catalyst in the system defines the
reaction rate, which can be calculated according to equation 5.5, where ε

represents the

volumetric fraction of the catalyst in the system.
=

=

(1 −

−

∑∆
∑∆
)

∙

[5.4]
[5.5]
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From the above considerations, it is possible to calculate the initial number of
moles of each monosaccharide fraction by multiplying the concentration by the volume
of the liquid phase. The reaction rate for each fraction is calculated from the total volume
of catalyst in the system and the concentrations of each unreacted monosaccharide.
Equation 5.1 can be re-expressed in finite time terms, allowing the system to be solved
using time differentials, allowing the calculation of the evolution of hydrolysis (equation
5.6). Likewise, the concentrations of free monosaccharides can be defined in a similar
way (equation 5.7). N

( )

represents the amount of the monosaccharide "i" as free sugar

in the hydrolysate. The water consumption with each hydrolysis reaction must also be
considered (equation 5.8). The initial amount of water is calculated considering the
molarity of 1 L of water (55.56 M) and the volume of liquid.

( )

=

=

−

=

( )

−

∙∆
+

[5.6]
∙∆

∙∆

[5.7]
[5.8]

Finally, the concentrations of each unhydrolyzed monosaccharide fraction can be
recalculated from the number of moles present in the system and the volume of the liquid
phase. Using finite 10-minute increments, the material balance is resolved step by step,
recalculating in each interval the degree of polymerization, conversion, kinetic constants,
reaction ratios, unreacted monosaccharide concentrations and water concentration.
At the same time, the energy balance can be made on the system. Considering the
enthalpy of the reaction (100 J gGGM-1 , Table 6, Chapter 3) and the correlation for the
specific heat of the hydrolysate (equation 3.2), the enthalpy balance (equation 5.9) is
derived. The amount of reacted GGM is defined as the sum of the mass corresponding to
the three hydrolysed monosaccharide fractions. Their contribution to the mass of the
GGM is considered as the molecular weight of glucose after the formation of the Oglycosidic bond.
Using equation 3.2, the specific heat is Cp = 4005 J kg-1 K-1 and is considered
constant throughout the hydrolysis process. The density of the solution is considered to
be 1000 kg m3 , the reduction in density due to the increase in temperature

120ºC71

= 942

kg m3 ) is compensated by the solutes dissolved in it (60 kg m3 ). The contribution of the
catalyst to the specific heat is considered negligible. The term ∆C represents the
increased concentration of monosaccharide "i" in the hydrolysate.
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T

=T +

∆ ∙(∑ ∆ )∙(

,

)

[5.9]

Finally, the coupling of the energy balance with the material balance should be
considered, correcting the value of the kinetic constants of hydrolysis with the new
temperature. The resolution of the material balance is done numerically by means of the
calculation software Microsoft Excel 2016. For an initial GGM concentration of 60 g L1, with a volumetric catalyst load of 8.1%, at an initial temperature of 120 ºC and 2.1 atm
pressure, it gives a result of 1660 minutes as reaction time.
Likewise, the enthalpic balance of the system shows a temperature increase of
1.34 ºC, which, in spite of being reduced, is significant in the increase of the kinetic
reaction.
D. 3 Reactor dimensioning.
The reactor loading time is estimated from the volume of the reactor and the flow
rate fed into it. Similarly, the time taken for the fluid to be discharged into the tank will
depend on the size of the reactor and the volume of fluid inside it.
Consequently, these times are initially

considered as negligible compared

to the reaction time, making a first estimate of the number of operation cycles. From
these, the volume of hemicellulose extract to be processed per cycle is defined.
Considering the volumetric fraction of the catalyst, the total reaction volume can be
defined.
=
V

(

)

= 62533

8000 (ℎ ∙
(

= 215 m ∙ cycle

) 60
(min∙ ℎ ) ≈ 290
∙
)
1
;V

=

(

,

)

= 234 m ∙ cycl

Given the high volume to be processed per batch and the reduced cost of the batch
agitated tank type reactors, it was decided to operate in parallel with 4 agitated tanks.
Consequently, the reaction volume in each tank will be 58.5 m3. The dimensioning of the
reactor is carried out by combining the volume of a torispherical bottom (Klopper type
DIN-28011) with the volume of the cylinder that constitutes the body of the tank.
Defining the diameter of the tank as the main design parameter, the rest of the dimensions
refer to it. Thus, the tank body volume is defined as V

= π∙

∙H

.

Considering equation 5.10 the filling height can refer to the diameter of the tank. The
dimensions according to DIN-28011 are used to calculate the volume of the bottom,
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ignoring the value of the wall thickness in relation to the diameter magnitude.

By

replacing these relations in the volume equation of a torispherical cap75 the volume
expression for the tank bottom can be obtained.
=

3

∙ (2ℎ

− (2

+

) ∙ ( − ℎ) + 3

+2

∙

(

−ℎ
)
−

R = D ; a = 0.1 ∙ D
h = 0,1935 ∙ D ; c =

(R − a) − (R − h)

Figure A3.1 Dimensions of a torispherical cap according to DIN-28011

By making the corresponding substitution in the volume equation, the expression
for the volume of the tank bottom can be obtained according to DIN-28011. Combining
the volume expressions for the tank body and the tank bottom, equation 5.11 is obtained,
allowing the calculation of the tank volume as a function of D. It should be considered
that the height of the cylindrical body of the reactor will be the total filling height (HL =
D) discounting the depth of the bottom (h).
V

= π ∙ 0,0314 ∙ D ; H
=

=

= D − h = D − 0.1935D = 0.8065D

∙ 0,0314 ∙

+

∙

4

[5.11]

∙ 0,8065

The resolution of equation 5.11 for the tank volume allows for a diameter of 6.11
m, considering the filling height of 6.11 m, the correction of 25% of the tank height
according to DIN-28110 applies). Finally, the dimensions of the reactor are rounded off
and the following characteristics are considered.
D
= 7,65

= 6,11 m ; H

= 6,11 ∙ 1,25 = 7,64 m

= 6,1

= 78,3

= 58,5

D. 4 Reactor Operability. Loading and unloading times.
(

=

)

+

First, the reactor discharge time is estimated according to equation 5.12

[5.12]
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From the dimensions of the reactor, it will be possible to calculate the depth of
the catalyst "bed" at the bottom of the equipment when stopping the stirring of the system.
Considering the volumetric loading of the catalyst and the filling volume of the system,
the volume of catalyst deposited at the bottom can be obtained.
=

∙

= 58,5 ∙ 0,081 = 4,74

Consequently the catalyst will mainly be deposited on the bottom of the tank. The
volume equation of a Klopper-type bottom is

used to clear the height of the bed.

Similarly, the diameter of the bottom passage section where the catalyst is deposited is
calculated.
4,74 (

)=

3

∙ (2ℎ

+3

− (2 0,1

+ ( − 0,1 ) − ( − ℎ) + 0,2
−ℎ
→ℎ
0,9

(0,9 ) − ( − ℎ) ∙
4,74 =

→

∙ 0,0314 ∙

) ∙ ( − ℎ)

= 0,712

= 3,64

Knowing the bed height, the pressure drop that it will offer to the fluid passage
can be known. Since the reactor operates under pressure, the driving force of the fluid
through the bed is the internal pressure of the reactor (2.1 atm) added to the hydrostatic
pressure of the fluid column.
The data provided by the manufacturer are used. The hydrolysate is considered to
have a fluid dynamic behavior comparable to that of water, as the viscosity data
corroborate with the concentrations of water. The temperature-related pressure drop
correction found in the catalyst data sheet shows a reduction in pressure drop with
temperature, however, the operating temperature used is outside the temperature range.
The value at 20°C is used as a conservative approximation to the actual pressure drop in
the bed.
A fluid discharge speed of 2.03 m h-1 is selected, corresponding to a negligible
pressure drop < 0.1 atm m-1 (see figure19). Thus, considering the fluid passage section
equivalent to the diameter of the upper region of the deposited catalyst bed, the discharge
flow rate is calculated in this way. Once the flow rate is known, the time required for
hydrolysate removal through the catalyst bed can be determined.
= 0,0338 (

∙

)∙

∙(

4

) = 0,358

∙
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The sedimentation time is estimated considering the terminal velocity in prevented
sedimentation of the catalyst particles. 75 The viscosity of the hydrolysate will be slightly
higher than that of water, due mainly to the residual GGM content (0.6%wt). Using
equation 3.3, the viscosity at 25ºC is obtained. Viscosity at 120 ºC is estimated as the
reduction in water viscosity from 25 to 120ºC (IAPWS standard).
º

= 22,9 ∙

,

∙%

∙

º

= 22,9 ∙

,

∙ ,

∙

0,215
= 6,44
0,900

∙

The flow rate is approximated by calculating Reynolds' number analytically. The
viscosity of the mixture (μ) and mixture density (ρ )The following are estimated as
functions of solid content. An empirical correction function is calculated for this purpose.
75

Equations 5.13-5.16 are used
[5.13]
[5.14]
[5.15]
∙

=
=

1
10

,

∙

∙
−
[5.16]
18 ∙
9,8 ∙ (0,0008) ∙ 965 ∙ (1220 − 965)
=
= 0,85
18 ∙ 0,009

= 0,71 ;

∙ ,

The Reynolds number obtained shows how the flow regime is clearly laminar
around the particles, and equation 5.17 can be applied to the calculation of the terminal
velocity in impeded sedimentation.
=

∙

∙

∙

−

18 ∙
(0,0008)
(1220 − 965)
9,81 ∙
= (0,919) ∙ 0,7112 ∙
= 0,00594
18 ∙ 0,009

[5.17]
∙

Subsequently, the settling time can be calculated by dividing the height of the
liquid level in the reactor by the impeded terminal settling velocity. In this way, the
maximum discharge time is considered as the sum of both
=
=

=
+

6,11
= 1028 → 17 min , 8
0,00594
=

53,75
= 150 + 17 = 167
0,358
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The reactor loading time is defined from the load flow, establishing this as an
identical value to the discharge flow, thus allowing energy recovery between the
discharge and feed streams.
=

=

53,75
= 150
0,358

Finally, the contribution of the regeneration time is considered. Given that during
regeneration the reactor is filled with a smaller quantity of fluid (14%v/v), the loading
and unloading times will be 57.8% less than the usual operation. In addition to the high
regeneration time (10h), loading and unloading are considered to be 60% of the usual
reaction time. Thus the contribution of regeneration to conditioning operations is defined
in accordance with the provisions of Chapter 5.
= (600 + (150 + 167) ∙ 0,6) ∙ 0,2 = 158

D. 5 Reactor thickness.
In accordance with the ASME standard, the thickness of the reactor is defined by
equation 5.18. Where Rt is the tank radius in inches, E is the welding efficiency
(considered 0.85), S is the maximum allowable stress and CA is the maximum allowable
corrosion, being 0.083 in for stainless steels.
(

)=(

+

) + 6895

[5.18]

Replacing in the equation, considering P as the design pressure, calculated as the
reactor pressure added to the hydrostatic pressure due to the fluid column at the point of
maximum height and corrected according to equation 5.18.
(

(

) = (202600 + 6,1 ∙ 965 ∙ 9,81) + 6895 = 267242
∙ ( ℎ)
( ℎ) =
+
2 ∙ ∙ ( ) − 0,2 ∙

ℎ) =

38,76 ∙ 120,07
+ 0,083 = 0,0334
2 ∙ 0,85 ∙ 81946 − 0,2 ∙ 38,76

→ 38,76
[5.17]
ℎ → 0,85

D. 6 Agitation System.
By applying equation 5.19, the minimum suspension speed of the catalyst can be
obtained. Previously, the catalyst mass percentage (WL-S) should be calculated, using
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the density of water at 120ºC (943 kg m-3 , referred to earlier in this annex), corrected
with the relative density of the suspension due to the solid content (calculated during the
prevented sedimentation). Subsequently, by applying equation 5.19 the minimum stirring
rate can be calculated.
=
N

= 1,4 ∙ (3)

,

0,081 ∙ 1,22
∙ 100 = 11,4 %
1 ∙ 0,943 ∙ (1 − 0,081)

∙

,

,

) ,

∙(
,

,

∙

,

∙ ,

,

∙ ,

∙ ,
( ∙

,

∙

,
)

,

= 38 rpm

D. 7 Reactor heat exchange
The design of the heat exchangers is done in a basic way, considering the required
area of heat exchange. Initially, the heat flow to be exchanged and the heat flow required
to reach the reaction temperature are defined. A constant Cp is considered for the solution
of 4.05 J g-1 K-1 calculated by equation 3.2. The mass flow rate is obtained by
considering the volume flow rate and the mass concentration of GGM (60 g L-1). The
water density is considered constant as 1000 kg m-3, considering that the dissolved
solutes compensate the reduction of the fluid density with the temperature. Thus, the mass
flow rate per reactor is calculated as 5.97 kg s-1; the heat available in the preheating is
calculated considering the 10º temperature difference between the supply and the output.
=

∆ = 0,358 ∙

1000
∙ 4,05 ∙ (120 − 40) = 1934
60

Thus the output temperature of the preheated power supply will be 110 ºC.
=

∆ = 0,358 ∙

1000
∙ 4,05 ∙ (110 − 120) = 241,75
60

From the necessary heating heat, the heating steam flow to be supplied is obtained,
assuming total condensation in the pipes. The latent heat of vaporization (Lv) of the water
at 10 atm, 180 ºC, Lv = 2108 kJ kg-1 is used.
=

241,75
= 0,115
2108

In the preheater, since it is the same fluid and with equal mass flow in both
streams, equation 5.23 is simplified, where the term ∆T

is constant and equal to 10°C.

Furthermore, for both equipment a factor Fc = 1 is considered, due to the temperature
gradient established in both situations (R = 0,00876 B= 0 in the case of the heater, leading
to an inconsistent calculation of the Correction Factor). Knowing the temperatures at the
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exit and entrance of the exchanger, equation 5.23 is used to calculate the exchange area.
Thus
APreheater = 241.75 m2 For the shell and tube exchanger.
Aheater = 20.84 m2 For the steam heater.
The application of equation 5.22 allows to determine the critical radius of the
insulator in 3.5 mm, being a suitable insulator for the system at higher thicknesses as the
one selected.

D. 8 Fluid power equipment.
The calculation of the fluid velocity is made on the basis of the diameters of the
pipes used. For both loading and unloading the flow rate will be 5.97 L s-1. The diameter
is then set at the nearest industry standard; 4 in.
Equation 5.30 is used to calculate the diameter of the pipe.
0,2013 (
4

∙

∙

)

= 1+

=

12 ∙

→

6

4∙

=

= 4,28

0,00597
= 0,64
0,00928

;

= 0,00928

∙

The safety distances according to the references are considered over the minimum
value, establishing 50 meters between the storage tanks and the reactor and 5 meters
between the heat exchanger and the reactor. The pumps are considered to be arranged
with sufficient distance to allow access, considering an additional length of 10m due to
the arrangement of the pumps. In total 120 m of conduction.
The above-mentioned accidents (20 90° elbows and 8 T-joints) will provide a
pressure drop equivalent to x m of driving.
º

= 35

→ 20 ∙ 35 ∙ 0,1016 = 71,2

= 50

→ 8 ∙ 50 ∙ 0,1016 = 40,6

The calculation of the friction factor is estimated for the average Reynolds value
in the system.
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→

=

(

º)

= 2320 ;

(

º)

= 7225;

= 4773

In the case of a turbulent regime with D > 4000, the friction factor of the
colebrook-white equation is cleared (Eq. 5.29). Calculating an f = 0.03839
Using the Fanning equation (5.28) the friction losses in the pipes are calculated.
Half the length and load loss due to accidents are considered, as only the losses in the
loading/unloading section are calculated.
= 2 ∙ 0.3839 ∙

120 + 71,2 + 40,6 0,64
∙
= 359
2
0,1016

Finally, equation 5.27 is used to calculate the pumping power. The initial velocity
on the surface of the fluid in both the tank and the reactor is considered negligible due to
its high cross-sectional area.
The reactor will operate at a pressure of 2.1 atm, while the buffer tanks are at
atmospheric pressure. Bernoulli's equation is applied twice, for the T-200 section up to
the R-204 A-E / F-I reactors and in the R-204 A-E / F-I section up to the T-206 tank. The
discharge pressure in the buffer tank will be considered as the atmospheric pressure plus
the hydrostatic pressure due to the height of the tank.
= 1000 ∙ 9,8 ∙ 5 = 49.000
For charging operation (P-201 A-I)
(202600 − 101300 − 49000) + 70000
0,64
0
− + (6,1 − 5) ∙ 9,81 +
+ 359 =
2
1000
2
492

→

=

0,00597 ∙ 1000 ∙ 492
= 4520
0,65

For unloading operation (P-205 A-I).
0,64
0
− + (0 − 6,1) ∙
2
2
317

+

→

(101300 + 49000 − 202600) + 70000
+ 359 =
1000
=

0,00597 ∙ 1000 ∙ 317
= 2912
0,65

ANNEX E. Process instrumentation and control (P&ID) diagram
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ANNEX F. Process area distribution plan. Layout.

115

T-A1

T-206

R-204 A-I

E-203 A-I

E-202

T-200

T-A6

T-A5

T-A4

T-A3

Atmospheric tank

Reactor

Heat exchanger

Heat exchanger

Atmospheric tank

Atmospheric tank

Solids Silo

Solids Silo

Atmospheric tank

Atmospheric tank

Atmospheric tank

Identifier

T-A2

Represented
Equipment

2,1
10

Shell-tube type E heat
exchanger.

1

2,1

2,1

1

Pulmonary tank for reactor
loading

Medium Pressure Steam
Heater
Stirred tank type hydrolysis
reactors with filter at
discharge
Pulmonary tank for reactor
discharge

1

1

Product storage

Product storage

1

1

Process water storage and
washing.
Product storage

1

1

Regenerative Acid Storage

Process water storage TMP

Function

Design
(atm)

120

185
110

30
120

30

--

--

--

80º

80º

80º

Tdesign
(min-max)
(ºC)

--

6,1

--

--

--

--

--

--

--

--

--

D
(m)

7,65

--

--

--

--

--

--

--

--

--

H
(m)

Vertical

Vertical

Horizontal

Horizontal

Vertical

Vertical

Vertical

Vertical

Vertical

Vertical

Vertical

Disposition

No

Deflectors
Tube bundle
Stirrer
Baffles
Instrumentation

Baffles
Instrumentation

No

No

No

No

No

No

No

Interns
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No

Minus

More

Keyword

Flow

Flow

Pressure

Temperature

Flow

Temperature control loop.
Implementation of an auxiliary halfshell in the reactor.
Pressure alarms on pumps. Reactor
pressure control loop.

Increased reaction time.
Partial evaporation and twophase flow in pipes. Low
pressure in the reactor.
Longer loading time,
reduced production.
Pause in production.

Incorrect operation in the E-202
/ E-203 exchangers.
Incorrect operation of the P-201
pump. Excessive pump power.
Increased flow in upstream
equipment, over-driving of
pumps.
Breakage of previous equipment
or obstruction in the pipes.

Flow controller. Level alarms in
buffer tanks. Use of filters in pump
admission.

Include flow regulation control loop.
Include level alarm.

Include flow regulation control loop.
Include level alarm.

Reduced reactor loading
time. Possible overfilling.

Increased flow in upstream
equipment, over-driving of
pumps.

Control of pressure inside the reactor
and pressure alarms at the pump
discharge. Flow control.

Temperature control loop, regulating
the heat supplied to the E-203 heater.

Measurement(s)

Increased stress on pipelines
and the reactor.

Temperature

Reduced reaction time.
Acceleration of catalyst
deactivation

Consequence(s)

Incorrect operation of the P-201
pump. Excessive pump power.

Incorrect operation in the E-202
/ E-203 exchangers.

Pressure

Cause(s)

Deviation

GGM solution supply streams to the R-204 A-I reactors

ANNEX G. Risk analysis and process operability HAZOP Tables.

117

No

Minus

More

Keyword

Increased mechanical stress
on the reactor and internal
elements.
Reduced reactor discharge
time. Lower energy recovery.
Less energy recovery.
Reduced conversion in the
previous stage.
Partial evaporation and twophase flow in pipes. Lower
energy recovery.

Excessive reactor
pressurization. Unexpected gas
production.
Over-driving of the P-205
pumps.
Drastic reduction of the
ambient temperature. Insulation
failure.
Incorrect operation of the P205 pump. Possible breaks in
the pipes.
Increased flow in upstream
equipment, over-driving of
pumps.
Reactor breach. Blockage of
the discharge filter. Breakage
or obstruction in the
conduction.

Temperature

Flow

Flow

Pressure

Temperature

Flow

Pause in production.

Longer loading time, reduced
production.

More exchange on preheater
E-202. Possible deactivation
of the catalyst.

Unexpected reactions in the
reactor. Possible contamination
of food.

Pressure

Consequence(s)

Cause(s)

Deviation

GGM solution discharge streams to the R-204 A-I reactors

Flow controller. Level alarms in
buffer tanks. Use of filters in pump
admission. Replacement of damaged
catalyst.

Include flow regulation control loop.
Include level alarm.

Pressure alarms on pumps. Reactor
pressure control loop.

Temperature control loop.
Implementation of auxiliary halfshell in the reactor.

Include control loop to regulate the
discharge flow. Include level alarms.

Control of pressure inside the reactor
and pressure alarms at the pump
discharge. Flow control. Relief
valve.

Temperature measurement. Heater
E-203 control loop.

Measurement(s)
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Minus

More

Keyword

Minus

More

Keyword

Temperature

Auxiliary compressor failure.

Pressure

Implementation of an auxiliary halfshell in the reactor.

Include control loop to regulate the
discharge flow. Include pressure
alarm and relief valves

It is not considered a problematic
phenomenon.

Measurement(s)

Impossible to control pressure
Reactor pressure alarms.
in the reactor.

Very slight reduction of the
reaction temperature.

Very slight increase in
reaction kinetics due to
temperature.
Increased mechanical stress
in the reactor. Increased
discharge flow.

Consequence(s)

Flow
Lower steam temperature.

Valve failure or steam supply

Pressure

Pressure

Increased heat exchange.

Increase in the temperature of
the steam.

Possible excessive
condensation on the shirt.

Excessive heating of the
reaction mixture.

Excessive heating of the
reaction mixture.

Valve failure or steam supply

Flow

Consequence(s)

Cause(s)

Deviation

Control loop for the auxiliary heating
of the reactor according to the
temperature of the reaction mixture
Implementation of an auxiliary halfshell in the reactor.
Reactor pressure alarms.

Measurement(s)

Heating stream of the half pipe jacket of the R-204 A-I reactors, by means of medium pressure steam. (MPS)

Cold air intake. Low ambient
temperature.

Temperature

Reactor pressure control
system failure.

Hot air intake. High ambient
temperature

Pressure

Cause(s)

Deviation

Reactor Pressurization Stream R-204 A-I
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ANNEX H. Economic studies.
Calculation of the NPV of the installation. (Ui = 21,4 %; i = 35%).
Year
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

V
(€ year-1)
0
128676335
128676335
128676335
128676335
128676335
128676335
128676335
128676335
128676335
128676335
128676335
128676335
128676335
128676335
128676335
128676335

C
(€ year-1)
0
28040210
28601014
29173034
29756495
30351625
30958658
31577831
32209387
32853575
33510647
34180860
34864477
35561766
36273002
36998462
37738431

A
(€ year-1)
0
2812234
2812234
2812234
2812234
2812234
2812234
2812234
2812234
2812234
2812234
2812234
2812234
2812234
2812234
2812234
2812234

Investment Cash Flow
NPV
-1
(€)
(€ year )
(€)
42183506 -42183506
0
81310410
0
80869618
0
80420010
0
79961410
0
79493638
0
79016510
0
78529840
0
78033437 9864230
0
77527105
0
77010647
0
76483859
0
75946536
0
75398467
0
74839436
0
74269224
0
73687608

