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Abstract

To date, there has been limited usage of biomass and agricultural residues in rural areas as

a form of renewable energv, mainly due to the expensive costs involved in collecting and

transporting raw biomass. A decentralized biomass torrefaction system has the potential to

upgrade the quality and transportability of distributed biomass residues in situ, thereby

creating additional localized economic values and mitigating the environmental

consequences associated with open burning of the excess biomass residues. Nonetheless,

most existing biomass torrefaction systems so far have been designed for large-scale,

centralized deployment, and are unsuitable to be scaled down in decentralized applications

due to their high level of sophistication and capital cost.

We propose a biomass torrefaction system based on the concept of torrefaction in a low-

oxygen environment. By eliminating the stringent requirements of an inert torrefaction

environment, we demonstrated that we can greatly simplify the reactor design and derive a

laboratory-scale system that is also scalable. We proceeded to build and validate this

torrefaction system with respect to different operating conditions and types of biomass.

Using a quantitative definition for torrefaction severity, we were also able to relate the

various fuel user requirements in real life back to the fundamental reactor operations. By
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quantifying in detail the overall energy performance, pressure requirements, and transient

timescales, we also demonstrated how such a reactor system can be operated at scale, as

well as the various design improvements that can further boost the performance of a

scaled-up system. Therefore, this work builds the foundation towards the development of a

low-cost, small-scale, and portable torrefaction system that can potentially be widely

deployed in rural areas.
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Chapter 1 Case for Decentralized Torrefaction

Biomass-such as post-harvest agricultural residues-represents a vast untapped value

for energy and other applications. However, most of the world's biomass resources are

located in remote distributed locations, which make the logistics of conversion and

utilization expensive. In this Chapter, the goal is to present a case for decentralized biomass

torrefaction as a strategy to locally densify and process the excess biomass resources, so

that they can be stored longer in solid form and more easily consumed locally and/or

transported and processed. A review of the existing biomass torrefaction technologies

reveals that they tend to be too large-scale and complex to be compatible with

decentralized biomass torrefaction. We therefore define the functional requirements for

enabling the design of such a system, and propose a simplified but scalable low-oxygen

moving bed reactor design concept that we will study and quantify further for the rest of

this thesis.

1.1 Fate of Unused Biomass Energy and Its Environmental Impacts

Biomass, as loosely defined, consists of organic materials produced by the photosynthetic

activities of plants. These can include trees, grass, agricultural products, and their residues.

The term lignocellulosic biomass gives the term more specificity, by referring to the three

main constituent components of biomass: cellulose, hemicellulose, and lignin. Indeed, many

studies in the literature have assumed that the diverse types of biomass can all be broken

down into different combinations of cellulose, hemicellulose, and lignin (Perez et al., 2002;

Yang et aL., 2006). Because biomass is very diverse, as summarized in Table 1, in the

remainder of this Chapter, in order to motivate the discussion and design goals, we will be

focusing only on a specific sub-type of biomass: agricultural residues, especially those

agricultural residues in India. However, the work done in this thesis is applicable to all

types of biomass throughout the world, including those that are non-agricultural in origin.

13



Table 1 - Classification of different types of biomass, and examples of each (adopted from

Nhuchhen et aL., 2014). Our discussion will be primarily on agricultural residues.

Class Type Examples

Forestry Dedicated forestry Short rotation plantations (willow, eucalyptus, etc.)

Forestry products Wood blocks and chips

Agriculture Crops and residues Oil seeds, sugar crops, starch crops, straws, pruning

Livestock Wet and dry manure

Industry Sawdust, paper industry waste

Others Garden waste Pruning and grasses

Contaminated Municipal solid waste, sewage sludge, demolition wood

Many people are interested in biomass because of its potential as a mostly renewable

energy resource: the plant matter can be converted into carbon dioxide and water,

releasing energy in the process, whether through rapid oxidation such as combustion or

gasification, or through slower biological conversion such as anaerobic digestion or aerobic

composting. While biomass can be converted into other valuable uses, such as fertilizer,

animal mulch, and even structural materials, in this thesis, we focus specifically on the

energy potential of biomass.

What are some examples of common agricultural residues, and what are their respective

energy potentials? This figure is notoriously difficult to obtain on a macroscopic level, but

studies such as Lal (2005) have begun to help shed light into this worldwide potential. As

summarized in Table 2, most of the world's agricultural residues can be broken down into

four families: cereals (e.g. barley, corn, millet), legumes (e.g. beans, chickpeas, groundnut),

oil crops (e.g. linseed, sesame, sunflower), and sugar crop (e.g. sugar beet, sugarcane,

potatoes). Altogether, Lal (2005) estimates that the total crop residue is about 3.8 billion

tons/year. In terms of energy equivalent, this is about 69.9 exajoules (1018 J), or about 60

quads-which is sufficient to satisfy the primary energy demand of 13.5% of the world.
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Table 2 - Worldwide biornass potential as an energy resource in 2001 (Lal, 2005).

Crop family Worldwide crop production Worldwide crop residue

Cereals 2.1 billion tons/year 2.8 billion tons/year

Legumes 305 million tons/year 305 million tons/year

Oil crops 79 million tons/year 108 million tons/year

Sugar crop 677 million tons/year 170 million tons/year

While the worldwide biomass potential is enormous, different geographical regions have

different types of biomass and different energy needs. Thus, a broad discussion without

geographical specificity is likely going to bewilder rather than to aid the development of

the main goals of this thesis. To be more specific, we start by examining the case of biomass

utilization in India, while keeping in mind that this specific case is also generalizable to

many other regions and contexts in the world.

Done in a similar spirit as Lal (2005), a more recent study by Hiloidhari et aL. (2014)

examines the bioenergy potential from biomass in India. Figure 1(a) illustrates the residues

from the different crop types found in different Indian states, as well as their contribution

to the overall energy potential. Figure 1(b) represents this information on a map,

normalized by the population. We observe that there is a significant geographical disparity:

this surplus biomass energy potential is greatest in the western states such as Gujarat and

Maharashtra (> 10,000 MJ/year per capita) while it is the least in the eastern and northern

states such as Mizoram, Bihar, and Jharkhand (< 1,000 MJ/year per capita). Altogether,

Hiloidhari et aL. estimated that the total surplus biomass provides an equivalent of 4.15

exajoules of energy per year, or 132 GW of energy availability in the country.
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Figure 1 - Energy potential of surplus biomass in India, from Hiloidhari et al. (2014). (a)

Breakdown of the energy potential from different crop types by different states in India. (b)

Map of the surplus biomass energy per capita in different states.

Table 3 - Breakdown of the capacities of biomass-related energy generation in India

(MNRE, 2016) as of March 31, 2016.

Sector Capacity

On-grid power (combustion, gasification, bagasse cogeneration) 4,831.11 MW

On-grid waste to power 115.08 MW

Off-grid biomass (non-bagasse) cogeneration 651.91 MW

Off-grid biomass gasifiers (rural) 18.15 MW

Off-grid biomass gasifiers (industrial) 164.24 MW

Off-grid waste to energy (power, heat) 160.16 MW

Total installed capacity 5,941 MW

Total surplus biomass energy potential (Hiloidhari et al., 2014) 132,000 MW

Yet when we see a breakdown of the biomass energy utilization in India, we note a stark

discrepancy: currently, only 5.94 GW, or 4.5% of the total surplus biomass energy potential,

is being utilized as energy, as listed in Table 3. This then begs the question: What happened

to the remaining 95% of the surplus biomass energy potential? To say that most of the

remaining biomass is being used for other non-energy purposes such as fertilizer
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(compost) or animal mulch is hardly accurate, as Hiloidhari et aL. in their biomass energy

estimation already considered and subtracted these other competing uses from the overall

biomass energy availability. While the current literature is lacking on a detailed accounting

for the fate of the remaining 95% of the energy potential, we can make some educated

guesses based on what is often observed in the field, often based on specific types of

biomass and its fate.

One of the most well studied cases of the fate of agricultural residues is that of post-harvest

rice stubbles in the Punjab State in India. Anyone who has traveled to rural parts of India

during October and November may be familiar with sights of open biomass burning in the

field (Figure 2a). It is estimated that the Punjab State produces about 17 million tons of rice

stubble every year, and of that, more than 90% is being burned in the open (Milham et aL,

2014). As seen in a satellite image (Figure 2b) taken by NASA, this burning releases

tremendous amounts of atmospheric aerosols. These aerosols can travel thousands of

kilometers, and is considered a major contributor to urban smog in places like Delhi

(Subramanian, 2016). Therefore, the negative public health effects of aerosol inhalation

(van der Werf et aL, 2006; Pandey et aL, 2005) extend beyond just the local regions where

the open burning occurs, to large metropolitan areas with millions of people. Furthermore,

these atmospheric aerosols have historically contributed to a significant uncertainty in

modeling climate change (Andreae et al., 2005; Ramanathan et aL, 2007; and Sharma et aL,

2010). A more recent modeling study (Jacobson, 2014) suggests that open biomass burning

can contribute up to 18% of global anthropogenic C02 emissions.

While it is not within the scope of this work to try to track down the fate of the different

types of surplus biomass in India or in the world, it suffices to say that (a) a significant

portion of the energy potential from the surplus biomass is not currently being utilized, and

(b) some of the surplus biomass is being burned in the open, which is not only a waste of

resources and energy, but also contributes to air pollution, negative public health

outcomes, and global climate change. The next question is: What are some common factors

that prevent this surplus biomass energy from being harnessed?
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Figure 2 - Evidence of biomass burning. (a) Burning of stubbles in a rice field in the Punjab

State of India (Martin, 2014). (b) A NASA satellite image showing the macro-scale

particulate plumes associated with biomass burning in Punjab, India (NASA, 2015).

While the use of biomass energy is highly context-dependent, a survey of the existing

literature reveals some outstanding difficulties in harnessing this biomass energy in rural

areas. Most types of agricultural biomass residues do not present themselves in a form that

cannot be easily manipulated. For example, due to the high moisture content, and low mass

and energy density in its native state, biomass is often very costly to transport and process

without some preprocessing step, such as baling or pelleting, that improves the density and

other transportation-related characteristics (Hess et al., 2007; and Eranki et aL, 2011). In

some cases, it may make sense to set up a biomass energy supply chain in the vicinity of an

industrial cluster with an intensive energy demand (for example, Chattopadhyay et aL,

2016). On the other hand, in many cases, the location of energy availability and the location

of energy demand are frequently not contiguous (Lin et al., 2016). In such cases, significant

amount of energy and cost can be expensed in bringing the agricultural residue from one

location to another, and this therefore limits the territory around a biomass energy plant

where biomass collection and transportation are feasible (Survilo and Beryozkina, 2016).

As an example, an interview that the author carried out with the Biomass Power

Association revealed that for many biomass power plants, the cost of collecting and

transporting the biomass feedstock can comprise 90% of the operating costs. This often

limits the feasible transportation to a radius of less than 30 kilometers from the plant

(Cleaves et aL, 2015).
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Due to these logistical challenges in a centralized biomass processing facility, recent studies

have shown increasing interest in a decentralized mode of biomass utilization. Lamers et al.

(2015), for example, propose a network of decentralized biomass depots to make biofuel

production and utilization more economical. While such concepts are commendable, their

actual implementation is still questionable. One reason is that the majority of biomass

processing and utilization technologies are, by and large, designed to be large-scale and

centralized. While decentralized and off-grid biomass technologies, such as some small-

scale gasifier or combustor designs (< 100 kW), have existed for many years (Dong et al,

2009; and Arena et aL, 2010), they mainly produce combustible gases, heat or power, and

herein lies a central problem: these forms of energy are either not readily storable, or have

a high cost of energy storage. Consider the fact that in rural, decentralized areas, surplus

biomass is not available constantly, but often is only available during one or at most two

peak seasons immediately after harvest, and the fact that this biomass has a limited lifetime

(before the land needs to be cleared, or before the biomass starts to decompose, for

example), then we can see that it becomes a significant challenge to not just to harness this

seasonal energy supply, but also to store it in a decentralized and cost-effective manner so

that it can be used in off-seasons where surplus biomass residues are not readily available.

The question then becomes as follows: In decentralized biomass processing, if gases, heat,

or power do not provide an easily storable form of energy, can we identify technologies or

processes to store this energy instead in a non-reactive solid form without requiring

specialized storage containers?

1.2 Biomass Torrefaction and Its Functional Effects

Our interest in biomass torrefaction arises as a potential answer to the question posed at

the end of the previous section. Biomass torrefaction is a pretreatment process whereby

lignocellulosic biomass such as agricultural residue is subject to an elevated temperature of

typically between 200-320'C for a timescale of minutes to hours. Under such conditions,

the biomass undergoes chemical changes in the form of devolatilization, whereby the low-

energy molecules such as water, carbon dioxide, carbon monoxide, and organic acids leave
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the biomass in the form of volatile gases rich in hydrogen and oxygen. Because these low-

energy molecules carry mass away to a greater extent than they carry away energy, what

remains in the torrefied solid becomes more energy dense (both on mass basis and on

volumetric basis) and more carbon-rich. This results in a visual change of color in the

appearance of the biomass (Figure 3).

Figure 3 - Visual appearance of pine shavings as they are increasingly torrefied from (a) to

(e) (O'Brien, 2016).

As a result of this energy densification, the cost of transporting torrefied biomass is

reduced on an energy basis, as the same truckload of torrefied fuel now contains more

energy compared to the original case of raw biomass fuel. Furthermore, torrefied biomass

has been shown to be more hydrophobic, which means that it is resistant to moisture

attack and does not tend to degrade over time (Acharya and Dutta, 2015). Therefore,

torrefied biomass can be stored as a stable fuel for a much longer period of time compared

to its raw biomass counterpart. Table 4 lists some of the functional changes to the biomass

fuel as it becomes torrefied.

Table 4 - Changes in the functional characteristics of biomass fuel upon torrefaction.

Criterion Raw biomass Torrefied biomass

Bulk density 200-250 kg m 3  550-850 kg m-3

Mass energy density 9-15 MJ kg-' 19-25 kg-1

Volumetric energy density 2-3 GJ m-3  15-19 GJ m-3

Energy transportation cost -$0.020 GJ km-1  -$0.016 GJ-1 km-1

Native moisture content 10-50% (hydrophilic) 1-5% (hydrophobic)

Storage shelf-life Weeks (biodegradation) Months
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As can be seen in Table 4, the various challenges in decentralized biomass processing can

be directly addressed by torrefaction. In addition, there are other features of biomass

torrefaction such as decreased energy requirement for grinding the torrefied biomass into

smaller pieces (Li, 2015); while they do not directly improve transportability and storage,

they do confer advantage to the subsequent solid fuel processing, because many solid fuel

boilers-especially of fluidized bed design-require that the incoming fuel feedstock by

pulverized.

Finally, the volatile gases released by the biomass feedstock during the torrefaction process

contain energy and can be combusted. Therefore, this heat can, in theory, be harnessed to

supply the heat source to the torrefaction reactor itself, without requiring external energy.

This autothermal nature of biomass torrefaction under certain conditions is a key to a

scalable biomass torrefaction process.

1.3 Overview of Torrefaction Reactor Designs

Given these functional changes that can be effected on the biomass upon torrefaction, we

come to the conclusion that torrefaction is a promising preprocessing step in order to

overcome the aforementioned challenges with using surplus biomass in rural areas. In this

section, we explore some of the existing torrefaction technologies. In the following section,

we explain why they have been ineffective so far in addressing the utilization of

agricultural residues.

The basic functional requirement of a torrefaction reactor is that (a) it needs to heat the

biomass up to a certain target temperature range, and (b) it needs to convey biomass

continuously. In this section, we discuss several common types of reactor design that can

satisfy the criteria above. While our list below is not exhaustive, it represents the most

common varieties in existence.
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1.3.1 Moving Bed

A vertically oriented reactor where a packed bed of biomass migrates downwards, driven

by gravity. Towards the bottom of the reactor, the temperature steadily increases as the

biomass travels downwards. At the base of the reactor, a mechanism (e.g. screw auger)

continuously removes torrefied biomass from the reactor. The temperature gradient can be

set up by the injection of hot gases directly into the bottom of the moving bed, and the hot

gases then flow upwards (counter-flow) through the moving bed. The temperature

gradient can also be set up by the conduction of heat into the moving bed from the exterior

in an indirect fashion. One example of a moving bed reactor (Figure 4) is the TorspydTM

design by Thermya (France), and then validated in modeling by Ratte et al. (2011).

Dr,~zone
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FigUre 4 - Thie Tor-spydT'm column, an example of a moving bed torrefaction r-eactor design

(Ra tte et aL, 2011)

The advantage of a moving bed reactor is that it is possible to completely fill the reactor

volume with biomass (unlike some other designs to be discussed below). Therefore, for a

given production capacity, the reactor volume can be reduced by a factor of at least 3,
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which translates to a smaller capital cost. The main disadvantage is that the moving bed

reactor is often prone to inhomogeneity in the heat transfer process, as the biomass is

typically not stirred. This inhomogeneity is especially pronounced when an indirect heating

method (e.g. heat conduction from the side or bottom walls) is involved.

1.3.2 Fluidized Bed

fluid flow
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Figure 5 - Different view of Torbed, a modified fluidized bed torrefaction

(Eseyin et al., 2015; TorffTech, 2017).
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r eactor design

Like the moving bed reactor design, there is also a packed bed of solid biomass of very

small particle sizes, but the difference is that the packed bed is also filled with a heat carrier

solid (e.g. sand) with a high specific heat capacity. However, in this case, hot gases are

injected directly into the packed bed at a much higher velocity-often around 50-80 m s-

(Koppejan et al., 2012)-than in the moving bed design, such that the solid particles (both

biomass and the carrier solid) will be carried by the gases and move about vigorously,

almost like a fluid-hence the name fluidized bed (9). Because of the extensive gas-solid

mixing, heat conduction from the hot gases to the solid particles is rapid and homogeneous.

However, it becomes difficult to separate the biomass particles from the heat carrier solid

particles. Laboratory-scale experiments have also reported a significant amount of losses in

the torrefied fines (10). One example of a fluidized bed reactor is the Torbed design (by
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Topell in the Netherlands) (Figure 5), in which due to the high rate of heat transfer, the

average residence time of biomass inside the reactor is only about 80 seconds, therefore

resulting in a small reactor size for a given production capacity (Koppejan et aL., 2012).

1.3.3 Rotary Drum

The reactor consists of a slightly downward inclining cylinder that rotates. Biomass enters

into the higher end of the cylinder, and as the cylinder rotates, the biomass also tumbles

(Figure 6). Due to this tumbling motion, the typical biomass particle alternates in its

contact with the hotter reactor wall and the gas inside the reactor, resulting in a relatively

good mixing and homogeneous heating. However, the volatiles released inside the rotary

drum typically needs to be combusted elsewhere and then redirected back to the outside of

the reactor, necessitating an indirect mode of heating through the wall of the rotary drum,

and this therefore imposes some heat transfer limitations. Another major limitation is that,

in order to support the solid tumbling motion, the maximum fill volume of the reactor is

limited to about 30% (Barr et aL 1989; and Boateng and Barr, 1996). This means that for a

given rated production capacity, the volume of the reactor will be at least 3 times bigger

than, for example, a completely filled moving bed reactor, thereby resulting in a higher

capital cost. On the other hand, one benefit of a rotary drum design is that it is a relatively

proven technology with other applications such as biomass drying and pyrolysis (for

example, Benanti et al., 2011), as well as chemical looping (Zhao et al., 2012; and Zhao et

al., 2014). Therefore, quite a few companies have developed torrefaction technologies

based on the rotary drum design-using either existing rotary drum suppliers or

developing custom-designed parts-including Atmosclear (Switzerland), Bio Energy

Development North (Sweden), Earth Care Products (USA), Renergy (the Netherlands), and

Torr-Coal (the Netherlands). Recent studies, such as one by Bates and Ghoniem (2014),

have also considered the coupled phenomenon of torrefaction thermochemistry and heat

transfer within thermally thick biomass particles, especially in the fluidized bed setting, as

a function of input particle size and moisture content.
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Figure 6 - Photograph (Thamer, 2013) and cross-sectional schematic visualization (Li et aL,

2002) of a rotary drum reactor.

1.3.4 Screw Conveyor

This is typically a horizontally or vertically oriented reactor, with one or more screw

augers that rotate in order to continuously convey biomass through the system. The hot

gases are often provided to the outside of the reactor or within the hollow shaft of a screw,

and the heat is indirectly transferred to the biomass. The heat transfer, however, is

somewhat better than the rotary drum, as in addition to the heated outer wall, the screw

itself can also be heated, thereby providing a larger surface area for more effective heat

exchange. Like the rotary drum, in order to work properly, the screw conveyor cannot be

completely filled. Therefore, for a given biomass processing capacity, the reactor volume

must be significantly larger. Like the rotary kiln, the screw conveyor is also a relatively

proven technology, with various existing torrefaction designs such as BTG (the

Netherlands) (Figure 7a), Foxcoal (the Netherlands), and Biolake (the Netherlands).

Furthermore, the author and his colleagues, in an earlier iteration of the torrefaction

reactor design, also built and experimented with a small-scale vertically oriented screw

conveyor. The learning from this operation, as well as a subsequent proposed improved

design involving a horizontal screw conveyor design, are documented in O'Brien (2016)

(Figure 7b).
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2. Reactor andi Heat Exchanger

Figure 7 - Two examples of screw conveyor torrefaction reactor designs. (a) The BTG

system (BTG, 2017), and (b) a system proposed by O'Brien (2016).

1.3.5 Microwave

The microwave reactor uses radiation energy to heat up the biomass, allowing it to reach

torrefaction conditions. Several laboratory-scale experiments have been carried out (Wang

et aL, 2012; and Satpathy et aL, 2014) (Figure 8a); however, limited work so far has been

done to scale the design up (Shang, 2012). A few examples of commercial pilots include

Rotawave (UK), CanBiocoal (UK), Airex (Canada), and Torrefaction Systems (USA). While

heating from microwave can be rapid and uniform (Ren et aL, 2012), which can reduce the

solid residence time and reduce the reactor size for a given solid throughput (Huang et aL,

2012), this is shown to cause drastic intra-particle temperature and torrefaction

inhomogeneity in thermally thick biomass particles (Dhungana et al, 2012) (Figure 8b).

Another major disadvantage of using a microwave reactor is that the radiation energy

required is most easily generated by electricity, and is otherwise very difficult to convert

from either heat or the chemical energy contained in the volatile gases released from the

torrefaction process. The complexity associated with generating microwave radiation also

means that there is often a high capital cost and operational expenses associated with an

at-scale design.
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Figure 8 - Microwave torrefaction. (a) An example of a microwave torrefaction reactor set-

up (Satpathy et al., 2014). (b) Microwave torrefaction can result in severe intra-particle

inhomogeneity for thermally thick particles (Dhungana et al., 2012).

1.4 Need for a Small-Scale, Decentralized Torrefaction Reactor Design

As summarized in Section 1.3, there exists various torrefaction reactor designs, in different

stages of commercialization. While the list is not exhaustive, it does encompass the most

common types of biomass reactors. The advantages and disadvantages of the different

designs are summarized in Table 5.

Table 5 - A summary of the advantages and

reactor designs.

disadvantages of the different torrefaction
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Reactor type Advantages Disadvantages

Moving bed High degree of filling Heat transfer inhomogeneity

Fluidized bed High heat transfer, Separation of biomass from solid heat carrier

uniform particles; fines losses

Rotary drum Proven Low degree of filling, heat transfer limitation

Screw conveyor Low cost, proven Low degree of filling, heat transfer limitation

Microwave Homogeneous and High capital cost and sophistication; intra-

rapid heating rate particle inhomogeneity
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Table 5 summarizes the representative commercial designs of the torrefaction reactor as

well as their designed full-scale capacity, and we begin to see a potential problem. That is,

most of these existing torrefaction reactors have been designed with a large-scale

operation in mind (between 1-33 tons/hour) for the operating context of primarily Europe

and North America, often in the vicinity of a large biomass producer such as a lumber mill

or an agricultural processing mill. Can any of these existing technologies be feasibly scaled

down and applied to the rural, decentralized context, in order to overcome the issues of

biomass transportability and storability discussed earlier in Section 1.2?

In order to understand the scale requirements of decentralized biomass torrefaction, let us

consider a potential use case in rural India. While there is a wide distribution in the sizes,

the typical farm size in South Asia is around 1.3 hectares and decreasing (Lowder et al.,

2016). While the yield of agricultural residues per hectare is also highly dependent upon

the soil conditions, rainfall, fertilizer applied, and so forth, we have assumed that a

representative value is 2.25 tons/hectare (Laurin and Chamberland, 1981) upon harvest.

This means that a representative farm in rural India may have about 3 tons of post-

agricultural residues to be processed, and these farms are spread geographically amongst a

large rural region. If, as discussed in Section 1.2, transporting the raw, unprocessed

agricultural residues to a centralized processing facility is to be avoided due to the high

logistical costs, then the only option for a decentralized biomass processing system is to be

portable, moving from farm to farm and conducting the biomass upgrading on-site.

Assuming that a rural community operates one or a few of these biomass torrefaction

reactors, and that the different farms/regions-which harvest on slightly different dates-

are also visited by the reactor on different days, then we conclude that a decentralized

torrefaction reactor not only has to be small-scale, portable, low-cost, and low-maintenance

in a resource-constrained setting, but it also must have a biomass processing capacity of

around a few tons per day.
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Table 6 - Design production capacities of different torrefaction technologies (Thran et aL,

2016)

Torrefaction Technology Design Production Capacity

Torr-Coal (the Netherlands) Rotary drum 4,500 kg h-1

BioEndev (Sweden) Screw conveyor 2,100 kg h-1

Solvay (USA) Screw conveyor 33,300 kg h-1

Topell (the Netherlands) Fluidized bed 8,000 kg h-1

River Basin Energy (USA) Fluidized bed 6,000 kg h-1

ECN (NL) / Andritz (Denmark) Moving bed 1,000 kg h-1

Thermya/Areva (France) Moving bed 2,500 kg h-1

As we examine Table 6, we see that most the current commercial torrefaction reactor

designs have a scale mismatch by at least a factor of 10. However, can any of these existing

reactor designs be scaled down and be applied in a decentralized manner? If so, what

would be the resultant capital installation cost? Data for the capital installation costs of the

existing commercial technologies, especially for a hypothetical scaled-down reactor design,

are notoriously difficult to obtain. Instead, we sought the reactor techno-economic analysis

literature for the approximate scaling law for capital expenditure associated with biomass

reactors:

(Size_2 \scale factor
Costsize 2 = Costsize 1X Size 1)

where the scale factor has been empirically determined to be around 0.6-0.8 (Jenkins,

1997; Flynn and Searcy, 2009; Bain and Overend, 2002; and Flynn et aL, 2003) in biomass

reactor applications, including torrefaction (Svanberg et aL, 2013). We therefore adopted a

scale factor of 0.7 for our approximation. We further assume that the size of the reactor is

directly proportional to the biomass processing capacity of the reactor. Based on the capital

cost estimates for torrefaction reactor systems given by Pirraglia et aL (2013) and existing

commercial data, we concluded that a hypothetical scaled-down torrefaction reactor at 5

tons/day would cost between $96,000 and $320,000. How does this cost compare with the

affordability in rural areas? To obtain an order-of-magnitude estimate of the latter, we first

29



assume that a rural village in India contains a population on the order of 1000 people

(Singh et aL, 2006), with a median income of about US$630/year (Times of India, 2016).

This yields an approximated total GDP of about $1 million/year in a typical Indian rural

village. A reactor unit with a capital cost of around 15-50% of the entire village's annual

GDP is clearly out of the price range. Why do the existing biomass torrefaction reactor

designs cost so much?

Upon analyzing the common designs for existing torrefaction reactors (for example, Figure

4 through Figure 7), our hypothesis as follows: the current torrefaction reactors are

capital-intensive because they incorporate many sophisticated features to boost their

performance. Consider the case of harnessing energy from the volatile gases. Most of the

existing technologies collect the volatile gases, cool them, scrub moisture from the mixture,

inject with air in an external burner, and then recycle the hot post-combustion gas back to

heat the torrefaction reaction at a specified temperature. As the volatile gases tend to be

low in energy density and difficult to burn completely, this multi-step process upgrades the

quality of the volatile gases and better controls the overall energy efficiency. While these

cleaning/upgrading components do not add significantly to the cost of a large-scale

torrefaction reactor while conferring energy benefits as described above, they can pose as a

major barrier for scaling down existing torrefaction reactor designs. In a scaled-down

torrefaction reactor design for decentralized deployment, is it possible to sacrifice some of

the performance characteristics of a large-scale torrefaction process in order to exchange

for a more simplified design with a more affordable capital installation cost?

The natural follow-up question becomes as follows: What is an affordable capital

installation cost? To get an order-of-magnitude estimate of this figure, we use two distinct

approaches. First, we note that typically, a village-based production utilizing biomass

torrefaction may also require other peripheral hardware equipment for the post-

processing of this fuel locally-such as grinding and pelleting-into suitable fuel. Based on

the author's personal experience managing a solid fuel company in Kenya, such peripheral

hardware typically costs several thousand U.S. dollars, such that the village-based

conversion unit may cost about $10,000-20,000 to set up. Given this price range, an
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affordable torrefaction unit should also fit comfortably within this budget range. Second,

we note that a 5 tons/day processing of biomass would yield between 1-3 tons/day of

torrefied fuel, depending on the moisture content as well as the torrefaction severity. Based

on the author's experience in Kenya and India, comparable solid fuels in the market

typically fetch $200-600/ton in price. Assuming a medium production of 2 tons/day of

torrefied fuel, and assuming a medium price of $400/ton, this implies that a torrefaction

reactor can generate about $800/day of revenue for the operator. Assuming that the local

village has two harvest seasons, each lasting about 60 days, and that the torrefaction

reactor is fully operational during these seasons. This implies that in one year of reactor

operation, the revenue is about $100,000. Crudely assuming a 20% gross margin, we see

that the gross profit is around $20,000/year. In order for the torrefaction conversion to be

an interesting business proposition to a local entrepreneur or investor, the return on

investment of 1-2 years is reasonable. This implies that the capital expenditure of the

entire torrefaction system cannot be more than about $10,000-30,000. Therefore, we see

that the two distinct methods of capital expenditure estimation yields a similar upper limit

on the capital cost of a decentralized torrefaction reactor system to be on the order of

$10,000. This represents roughly a one-tenth reduction in the capital expenditure of the

sized-down versions of the current commercial torrefaction reactors.

While in this thesis, it is premature to put an exact final system cost just based on the work

of a laboratory-scale prototype, the number above does give us a motivating design

constraint. Therefore, in this thesis, can we come up with a significant design simplification

and demonstrate its performance functionality-and therefore potential subsequent

capital expenditure saving-in scaling such a torrefaction reactor designed for

decentralized deployment?

This question becomes the central theme for the remainder of this thesis, and as we will

demonstrate, an affirmative answer will be the major contribution of this thesis to the

current state of the art. In Chapter 2, we consider torrefaction in a low-oxygen

environment, and describe a scalable laboratory-scale moving bed reactor design that is

more simplified in comparison with the reactor designs we have seen above. In 0, we
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validate the operation and key performance metrics of this reactor under various

torrefaction reaction conditions and types of input biomass feedstock. In 0, we utilize the

performance maps obtained in 0 to devise a simplified and design-oriented approach to

select the torrefaction reactor condition based on the index of torrefaction, and show how

to operate the reactor in order to satisfy different end user requirements on energy

density, fixed carbon content, stove temperature, grindability, and even combustion

emissions profile. This also serves to verify that the various biomass improvements

associated with the classical inert torrefaction still exists in our low-oxygen torrefaction

reactor. In 0, we consider various energy loss mechanisms in the current laboratory-scale

reactor, and arrive at a science-based approach to improve the design of a scaled-up

version through optimal insulation, air pre-heating, and secondary oxidation of

uncombusted volatiles in the reactor exhaust stream. In Chapter 6, we consider what it

takes to inject a specified flow rate of air into the reactor in order maintain a low-oxygen

environment by characterizing the hydrodynamic characteristics of the biomass moving

bed, and using a combination of the natural stack effect and, in some cases, forced air.

Finally, in 6.1, we consider what it takes to start the reactor from a cold state, to stop the

reactor, and to transit the reactor from one operating condition to another. Therefore, the

collection of studies in this thesis will serve as a quantitative basis for scaling up a low-cost,

portable, and small-scale torrefaction reactor unit suitable for decentralized torrefaction in

rural areas.
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Chapter 2 A Low-Oxygen Torrefaction Reactor Design

Most existing torrefaction reactor designs are complex and capital-intensive because they

often impose strictly inert conditions that guarantee a high reactor performance in a large-

scale biomass throughput. In contrast, our interest in a decentralized torrefaction reactor

lies in simplifying the reactor, reducing its complexity and costs such that it can be feasibly

deployed in a rural setting. In this section, we explore the concept of a low-oxygen

torrefaction environment, and describe how we can take advantage of this concept to

significantly simplify the reactor design via a moving bed reactor. We then developed a

coarse-grained model description of the moving bed based on length scales and heat

transfer approximations, and demonstrated that the primary heat transfer mechanism in

the moving bed is through the gaseous phase alone. Then we built upon this to implement a

fine-grained model description of the biomass moving bed in order to validate our design

concept and to derive base case operating conditions. We demonstrated that the moving

bed reactor designed using reasonable length scales and operating conditions can indeed

satisfy the requirements of torrefaction. Finally, we use the learning above to derive and

describe a more detailed design that will be implemented and validated subsequently.

2.1 Torrefaction in a Low-Oxygen Environment

In the previous Chapter, we hypothesized that one main reason why current torrefaction

reactor designs are unsuitable for deployment in a rural, decentralized setting is that they

are designed for high performance with many sophisticated parts. The main question that

we pose is whether we can reduce the capital installation cost by simplifying the reactor

design.

Svanberg et al. (2013), in characterizing the capital cost of current commercial-scale

torrefaction reactors, noted that almost all current torrefaction reactor designs enforce a

near-inert condition inside the biomass reactor, and this is one main reason why the capital

cost has remained high. This study further commented that if this inert requirement can be
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lifted, then both the capital cost and operational cost associated with the reactor operation

can be reduced. Indeed, the classical wisdom for torrefaction is that the absence of oxygen

(for example, by immersing the system in unreactive gases such as nitrogen or carbon

dioxide) is desired because the presence of oxygen under torrefaction conditions can

rapidly oxidize the feedstock, decreasing the mass and energy yield. In order to burn the

volatiles released from the torrefaction process and harness that energy, oxygen-

containing air is carefully injected into a separate external combustor, such that the

biomass itself never sees the oxidizing environment.

In the search of a simplified torrefaction reactor design for decentralized deployment, this

low-oxygen torrefaction appears to be an attractive option, because it can simplify the

reactor design in a few ways. With the injection of a limited amount of oxygen directly into

the biomass reactor, some (if not all) of the volatile gases released from the biomass

torrefaction process can be combusted in situ, releasing heat directly to the biomass bed,

which then sustains the torrefaction reaction. This means that it is no longer necessary to

design an external combustor to burn the volatile gases separately. This also means that

the volatile gases can be directly generated and burned in the torrefaction zone without

needing to be first co-mingled and diluted by the steam generated from the drying process

(for example, in the TorspydTM column). This then also makes the volatile gas

cleaning/scrubbing step redundant. But does the torrefaction environment (200-320*C)

provide for sufficiently high temperature to actually oxidize the volatiles? To answer this

question, we researched on the ignition temperature of different types of biomass (Table

7). Ignition typically occurs when the volatiles released by the biomass start oxidizing. As

can be seen, the ignition temperatures of these types of biomass lie within the realm of

torrefaction temperature. This is good news for us, as it means that assuming that we can

bring the biomass to the torrefaction condition, then the presence of oxygen can cause the

volatiles to spontaneously ignite, and the heat released from this oxidation can then heat

the incoming biomass to the torrefaction condition, resulting in a self-sustaining,

autothermal process. The other data point to note is that the ignition temperature of

charcoal is higher, at 350'C. This is also good news for us, as one potential concern for

conducting torrefaction in the presence of oxygen is that oxygen, instead of attacking the
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volatile gases, can directly attack the fixed carbon in the torrefied biomass, resulting in

decreased mass and energy yield in the product. The fact that charcoal only ignites at a

higher temperature suggests that the kinetics of the undesirable char oxidation reaction

proceeds more slowly compared to the kinetics of the volatile oxidation reaction.

Therefore, our hypothesis is that, as long as we keep to the torrefaction condition (which is

less than 350'C), we should not observe excessive char oxidation.

Table 7 - Ignition temperature for different types of biomass (Jones et al, 2015).

Feedstock Onset of combustion*

Olive cake 1830 C

Mesquite 2330 C

Sunflower husk 2250 C

Miscanthus 2230 C

Pine 2360 C

Red berry juniper 2300 C

Charcoal 3500 C

*Defined as the temperature where the solid mass loss rate exceeds 1% min- on

thermogravimetric measurement under oxidative conditions.

While low-oxygen torrefaction may sound attractive in principle, is there any experimental

evidence that it can work? Does it have any untoward effects on the performance of the

reactor, and if so, how much? It is only in recent years, that laboratory-scale studies have

begun studying torrefaction in a low-oxygen environment. One of the first intentional

studies was carried out by Wang et aL. (2013), who set up a batch fluidized bed reactor to

compare the torrefied sawdust under (a) inert nitrogen sweep gas, and (b) 3-6% oxygen.

The study found that the low-oxygen environment produced torrefied outputs of similar

density, higher heating value, and energy yield. While there is a slight decrease in the

performance of moisture absorption (hydrophobicity) and hardness under low-oxygen

environment compared to the inert environment, this decrease, according to the study, was
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negligible. Therefore, the study concluded that torrefaction under a low-oxygen

environment is also feasible.

A follow-up study by Chen et aL. (2013) characterized the torrefaction performance (e.g.

solid and energy yield) when the biomass is heated by nitrogen or air at different

superficial velocities. By using air (which is 20% oxygen), this study is even more

aggressive in imposing an oxidative environment to the torrefaction process. The study

noted that while in inert nitrogen, varying the superficial velocity of the carrier gas does

not affect the yield of the torrefied solid output, in contrast, in the case of a fully oxidative

environment, not surprisingly, increasing the superficial velocity decreases the yield, but

only up to a certain air velocity threshold, beyond which the solid yield stays constant. The

study therefore concludes that while by sweeping the biomass with nitrogen, the

devolatilization is limited by heat and mass transfer, in contrast, by sweeping the biomass

with heated air of increasing flow rate, initially, the additional heat from the oxidation at

the surface of the biomass causes increased internal heat and mass transfer (Figure 9),

resulting in a lower mass yield. Then, when the air sweep velocity is large enough, the

surface oxidation no longer intensifies, but rather the devolatilization process is once again

limited by internal heat and mass transfer. The study therefore concludes that under the

fully oxidative torrefaction environment, both the solid yield and the energy yield of the

torrefied output decrease.

In N2  In air

Air

_ _ _ _ __swm W~ms

diffu~on 4WWWO tiffiam difkmo

Figure 9 - Comparison between torrefaction under an inert (nitrogen) environment and

under a fully oxidative (air) environment (Chen et aL, 2013).
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Therefore, what we know is that, while torrefaction under low-oxygen environment incurs

negligible penalty on the performance metrics of the torrefied output, when the

environment becomes increasingly oxidative, there is also an increasingly severe penalty.

While a sensible low-oxygen torrefaction reactor design has no reason to go to the fully

oxidative environment, it does need sufficient oxygen to oxidize the volatile gases and

provide sufficient heat to sustain the reaction autothermally. Thus, our expected reactor

performance is likely in-between the two extremes described above. While the penalty in

the mass or energy yield of torrefied product under oxidative environment is not a

desirable outcome, as long as we characterize it carefully and avoid unnecessary additional

losses, it may still be a worthwhile trade-off in consideration of the economic and

environmental benefits of having a low-cost and simplified torrefaction reactor design that

can actually be implemented in a decentralized manner in rural areas where current large-

scale, more sophisticated torrefaction reactors are unable to do so.

2.2 Proposed Reactor Design Concept

Porous biomass
fixed bed

Figure 10 - Schematic of a low-oxygen moving bed torrefaction reactor design.

In incorporating the low-oxygen torrefaction into a scalable reactor design, we first revisit

Section 1.3 in selecting a suitable reactor design. In consideration of the high level of design

complexity, we excluded microwave and fluidized bed reactors from consideration. In
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consideration of the low capital cost requirement, we also ruled out the screw conveyor

and rotary drum designs, both of which have a low filling ratio and thus a large reactor

volume requirement for a given biomass processing capacity. This leaves us with a moving

bed design. A schematic of the design is shown in Figure 10.

In this design, biomass is continuously fed from the top into a porous biomass moving bed.

At the bottom, a turning auger continuously removes the biomass from the moving bed,

allowing the incoming biomass column to migrate downwards by gravity. Air (at room

temperature) is introduced near the bottom of the reactor, resulting in a low-oxygen

environment that supports torrefaction at the bottom of the moving bed. As the reacting

air, volatiles, and flue gas mixture travels upwards through the moving bed in a counter-

flow manner, it cools and is exhausted from the top of the reactor. Therefore, while the

biomass is traveling downwards, it is also being heated until it reaches torrefaction

temperature at the bottom of the moving bed. To the side of the moving bed, there is an

extension with a length of the auger conveying biomass away from the moving bed. This

length serves two functions. Firstly, as the biomass at the bottom of the moving bed is hot,

it needs to be cooled before emerging from the reactor, or else there may be a spontaneous

combustion. Therefore, the primary function of the auger extension is to cool the hot,

torrefied biomass. Therefore, this section is also referred to as the "char-cooling segment".

Secondly, the auger flights and the inner diameter of the char-cooling segment form quite a

tight fit, such that it prevents the injected air, volatiles, and post-combustion flue gas

mixture from escaping sideways with the cooling char, but rather directs almost all of it

upwards through the moving bed. In order for this to happen, the pressure drop for the gas

across the char-cooling segment should be higher than that for the gas across the moving

bed. This means that for the preliminary design, the char-cooling segment should be at

least longer than the height of the moving bed.

2.3 Coarse-Grained Model
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Before we finalize a design based on the concept described in Figure 10, it is prudent to

conduct an initial sizing of the reactor in order to gain a coarse-grained understanding of

the behaviors of the reactor.

2.3.1 Modeling Description

2Rr

Tamb

6 H H

Figure 11 - Lump-sum zonal representation of the biomass bed reactor. The model consists

of a "hot zone" of torrefaction homogeneous at temperature TH and axial thickness 8H, as

well as a "cold zone" at ambient temperature Tamb. Biomass flows down with a mass flux of

<PBM (gray arrow); hot gases move up with a superficial velocity of vg (red arrow). The z axis

(axial direction) is also defined from the top.

We first develop a very simplified lump-sum model description of the moving bed reactor

as illustrated in Figure 11. We consider only axial heat transfer, and ignore any radial

variations (assume perfect insulation surrounding the reactor side walls). We further

simplify the case by treating the torrefaction as two zones only: a lower "hot zone" where

torrefaction takes place, homogeneously at an elevated temperature TH, as well as an upper

"cold zone" at ambient temperature Tamb. We ask no questions regarding how TH is

achieved: we assume that there exists an oxidative environment where this temperature

can be achieved and sustained via the mechanism described in Section 2.2. The solid

biomass, of mass flow rate rnBM, flows downwards the reactor of radius Rr with an axial
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mass flux of (PBM : rnBM/TwR2 [kg s-1 M- 2 ]. On the other hand, gases flow upwards with a

superficial velocity vg. Here, in a boring-looking two-zone model of the reactor, the only

parameter of interest is the axial thickness 6 H of the hot zone. This parameter is of interest

because given a specific desired solid residence time Tres in the hot zone, we need to adjust

the biomass downward axial velocity VBM such that the following is satisfied:

ISHVBM~ -
BM'Tres

If we assume that the biomass moving bed has an effective axial thermal conductivity

coefficient of kr, and if we ignore any thermochemistry for now, then we can write the

steady-state governing axial (z) heat equation as:

d d dT
d(BMcpsT) = -j(kr -y)'

By doing a dimensional analysis, we can relate the quantity to 6 H various biomass and

reactor operating parameters as:

kr
Cp,BMDBM

The question now is: How do we describe the thermal characteristics of the biomass

moving bed in terms of kr? To do so, we first note that the moving bed itself actually

consists of two inhomogeneous phases: a solid phase (biomass) and a gas phase (a mixture

of air, volatile gases, and post-combustion flue gases). The two phases conduct heat

differently in the axial direction, and the two phases can also exchange heat with each

other. We will consider each phase separately.

Solid bulk thermal conductivity. The actual heat transfer coefficient krs in the solid phase is a

complex interplay of (i) heat conduction within a single biomass particle, (ii) biomass

particle-to-particle contact conduction, (iii) particle-to-particle radiation via the porous

void, and so forth. In simplifying these effects, we searched for the closest possible lump-

sum description in the biomass gasification literature, and utilized the empirical

correlations given by Hobbs (1992). The results are summarized in Table 8.
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Table 8 - Correlations for bulk homogeneous phase conduction characteristics in a biomass

moving bed (Hobbs, 1992).

Characteristics Source Correlation

Gas bulk conductivity Froment & Bischoff, kr = k,(E(1+ +

1979

Solid bulk Froment & Bischoff, k,., = kg(1 - e)/((1/0 + h,,dp/k.)~' + 2/(3r))

conductivity 1979

Gas conductivity Di Blasi & Branca, kg = 4.8 x 10-4T-716

2013

Solid conductivity Di Blasi & Branca, k, = 0.0013 + 0.605(T8/1000) + 0.63(T,/1000)2

2013

Void-to-void Froment & Bischoff, h,, = 2.27 x 10- 7T:/ 1+ (-

radiation coefficient 1979

Solid radiation Froment & Bischoff, h,, = 2.27 x 10- 7T3E'/(2 - E')

coefficient 1979

Packing parameter Kunii & Smith, 1960 0 = E2, c < 0.260
=01, e > 0.476
= 42+ (o, - o2) e~.260 0.260 5 E < 0.476

Loose packing Kunii & Smith, 1960 6, = .325(K-0-31(-_9/)_. - 2

parameter

Dense packing Kunii & Smith, 1960 02 = ln(-O.925i(r- -1)/K 2U

parameter

Conductivity ratio = k,/k,

Gas bulk thermal conductivity. Similar to the solid effective bulk thermal conductivity krs,

the gas effective bulk thermal conductivity krg describes the homogeneous heat transfer

within the gaseous phase inside the biomass moving bed, via a combination of conduction,

convection, and radiation. Once again, we utilized the gasifier correlations from Hobbs

(1992), listed in Table 8.
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Solid-gas heat transfer. In the biomass moving bed, the solid and the surrounding gas can

exist at different temperatures (Ts and Tg, respectively), and there may be heat transfer

between the two phases of the form Qsg = hsgAsg(Ts - Tg), where hsg is the solid-gas heat

transfer coefficient with the units of W m-2 K 1 , and Asg is the total area of exposure between

the solid and the gas phases. Considerable characterization of this heat transfer coefficient

has been carried out in biomass moving bed and fluidized beds by authors such as Chilton

and Colburn (1934), Gamson et al. (1943), and De Acetis (1960). Ultimately, we used the

amended correlation proposed by Gupta and Thodos (1963), which has been

experimentally confirmed with beds of spheres, and has been widely used in other biomass

moving bed gasifier models (45; Di Blasi, 2004; Radulovic et al., 1995):

hsg = 2.06cgpgvg (Re)- 0 .5 7 5(Pr)- 2 / 3 ,

where cp,5, pg, and vg are the specific heat capacity, mass density, and superficial axial

velocity of the gas phase, respectively. In the equation above, Re and Pr are the Reynolds

and Prandtl numbers associated with the superficial flow of the gaseous phase,

respectively. Once knowing hsg, the volumetric heat flow rate qsg (in units of W m-3) from

the solid to the gas phase is given as follows:

qs=6(1 - )yh (Ts )

where y is an adjustable factor proposed by Hobbs et al. (1992) to account for unsteady

heat transfer effects (Hobbs et al., 1990; Hobbs et al., 1993), and was generalized by

Dzhaphyev et al. (1986), Lowry (1963), Cho and Joseph (1981), Di Blasi (2000), and Ghani

et al. (1996) to account for other factors-such as chemical reactivity within the bed-in

order to better fit the experimental data. The magnitude of this adjustable factor ranges

from 0.02 to 1 in these previous studies. Because there have been no studies so far in the

low-temperature torrefaction regime, we do not know a priori the magnitude of y. For now,

we assume that it is 0.2.
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2.3.2 Analysis of Heat Transfer Pathways

Having described the various types of heat transfer mechanisms above, we are now poised

to answer the following questions: Which of these is the rate-limiting step in the heat

transfer process? Which steps of heat transfer occur so rapidly that we can approximate

them as almost instantaneous? In order to answer this question, we employ the analogous

electrical circuit analysis (Figure 12a). By analogy, if we think of the temperature difference

between the bottom and top of the moving bed TH - Tamb as the potential difference

(voltage), the volumetric heat transfer rate q [W M-3 ] as the electric current, then the

resistivity term R associated with each heat transfer mechanism in this system can be

written as labeled in Figure 12a (in units of m 3 K W-). The smaller this resistivity value is,

the more rapidly the heat flow occurs given a temperature difference (i.e. less resistance in

that pathway). The "circuit" splits into two parallel "wires", one representing the solid-

phase bulk heat transfer and the other representing the gas-phase bulk heat transfer.

Linking the solid and gas phases is the gas-to-solid heat transfer.

(a) Tamn (b) Tamb

dp
6(1 -E)yh.

R2  Gas-solid R_-_ 2,kI
2( - Ok :2AGas bulk

Solid bulk Gas bulk
T TH

Figure 12 - Circuit representation for heat flow through the biomass moving bed. (a) Full

representation, and (b) a simplified representation showing only the rate-limiting step in

the bulk gaseous phase.

Table 9 shows the typical ranges of values of the different heat transfer resistivities with

the regime of our interest. We first note that the gas-to-solid heat transfer resistivity is very

small compared to all the other terms. In fact, the resistivity against heat flow between the

solid and gas phases is so small that we can approximate it as roughly zero (i.e. "short
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circuit"). This means that the solid and the gas phases assume very similar temperature

("potential") throughout the moving bed, as heat can exchange freely between the two

phases. Next, we compare the solid and gas bulk heat transfer resistivities. We found that

the ratio of the solid bulk heat transfer resistivity to the gas bulk heat transfer resistivity is

always less than 0.1, when the characteristic particle diameter dp is larger than -1 cm.

When this condition is satisfied, it implies that most of the heat flow within the bulk of the

reactor occurs through the gas phase, with very little going into the solid phase. Therefore,

we can simplify the electrical circuit diagram further by assuming that the solid bulk heat

transfer path is an "open circuit" with infinite resistivity. With these simplifications in

mind, our heat flow circuit simplifies to that in Figure 12b. In this case, we see that the bulk

thermal conductivity coefficient kr that we wanted to find earlier is nothing more than the

effective gas bulk heat transfer coefficient krg, which typically has a value of 1-10 W m-1 K-1

in our regime of interest.

Table 9 - Typical ranges of values of the different heat transfer resistivities across the

biomass moving bed.

Type of resistivity Typical value range

Solid bulk heat transfer 1-100 m 3 K W-1

Gas bulk heat transfer 0.01-10 m 3 K W-1

Gas-to-solid heat transfer 0.0005-0.008 m 3 K W-1

2.3.3 Implications for Reactor Sizing

What does this mean in terms of the thickness of the "hot zone" as well as the mass flux /

solid velocity through the moving bed? Let us, for the sake of reality, assume that the full-

scale reactor, rated to process about 5 tons/day of biomass, has a diameter no larger than

2.5 m. This implies that the solid mass flux through the system is in the range of 0.01 kg m 2

s-1, or a downward axial velocity of around 2 cm min-'. This yields a hot zone thickness 8H

on the order of 20 cm, and a solid residence time Tres on the order of 10 min. Therefore, we

can see that it is possible to design a moving bed torrefaction reactor that can realistically
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satisfy the typical torrefaction requirements. This also means that for a laboratory-scale

reactor design whose diameter does not exceed 10 cm, this represents a factor of 1/625

from the full-scale reactor, with a typical biomass processing capacity of around 1 kg h 1 .

2.4 Fine-Grained Model

In the prior section, we used coarse-grained scaling arguments to conduct an initial sizing

of the moving bed biomass torrefaction reactor concept, and to verify that it meets the

torrefaction requirements. In this section, building on this scaling argument, we propose a

fine-grained steady-state axial model of the moving bed in an effort to understand in

greater detail the interplay between thermochemistry and heat transfer before embarking

on a specific reactor design. The main design parameters to this fine-grained model are:

solid mass flux cDBM (which takes into account the reactor radius), and the reactor height Hr.

Our goal here is to fine-tune the reactor sizing parameters such that the design goals

related to target treatment temperature, duration, and additional constraints can be

satisfied. For these reasons, we treat the target treatment temperature and solid residence

time in this study as two output parameters, which depend on the reactor sizing input

parameters.

The main input parameters to model include: solid mass flux (on a dry basis) (DBM, height of

the reactor Hr, bulk solid density of the moving bed ps, bulk void fraction in the moving bed

E, incoming biomass moisture content expressed as a mass fraction of the dry biomass YMT,

and the characteristic biomass particle size dp. We have assumed, in our base case, that YMT

= 0.11, E = 0.6, and ps = 30 kg m-3 .
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2.4.1 Kinetics and Thermochemistry Submodel

(a) (b)

V1 kv2 V"M(b) -> M(ub)

Figure 13 - A simplified kinetics model for torrefaction and drying. (a) A kinetic description

of the solid devolatilization kinetics during biomass torrefaction, as proposed by Bates and

Ghoniem (2012). (b) A one-step simplified model describing drying kinetics in biomass, as

adopted from Peters and Bruch (2003).

In order to describe the solid devolatilization process, we utilized the kinetic model

proposed by Bates and Ghoniem (2012), developed for the case of willow (Figure 13a). In

this model, the solid-phase devolatilization following a two-step process. First, the raw

biomass (A) can either decompose into volatile gas (V1) or become solid intermediate (B).

Then, the solid intermediate (B) becomes either volatile gas (V2) or char (C). Each of these

reactions are assumed to be first-order Arrhenius in nature. In addition, for the drying of

biomass, we utilized a simplified model proposed by Peters and Bruch (2003), where water

bound to the biomass (M(b)) in the solid phase becomes unbound (M(ub))in the gas phase

as a first-order Arrhenius-type process (Figure 13b). This gives us the following rate

equations:

A(s) -- B(s), ki = 2.48 x 104 exp(-75976/RT),

A(s) -+ VI(g), kv, = 3.23 x 107 exp(-114214/RT),

B(s) -- + C(s), k2 = 1.1 x 1010exp(-151711/RT),

B(s) -+ V2 (g), kv 2 = 1.59 x 1010exp(-151711/RT),

M(b) -+ M(ub), km = 5.56 x 106 exp(-87900/RT).

In a subsequent paper, Bates and Ghoniem (2013) derived the enthalpy Hi associated with

each ith reactant or product at temperature T. Therefore, the overall volumetric enthalpy

change due to the chemical reaction is given as j rH, where ri is the volumetric creation

rate of the ith species [kg m 3 s-1].
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2.4.2 Governing Equations

We have the following variables to solve: the gas/solid axial temperature profile T(z)

within the biomass moving bed, the mass flux Pi of each of the 3 gas species (volatile group

1, volatile group 2, and unbound moisture) and of each of the 4 solid species (raw biomass,

solid intermediate, char, and bound moisture), as well as the elemental analysis of the solid

phase (Y) consisting of 5 components-carbon, hydrogen, oxygen, nitrogen, and ash. This

gives us 13 unknowns. The 13 steady-state equations are correspondingly listed as follows:

- Seven mass conservation equations of the solid and gas phases in the moving bed (for

each of the 4 solid species and 3 gas species):

d(Pi
dzrL

where Oi is the mass flux through the reactor cross-section of the ith species, and ri is

the volumetric creation rate [kg s-1 m-3] of the ith species and is calculated in the

coupled chemical kinetics/thermochemistry submodel. Note that, as done in other

similar studies on biomass moving bed (2, 3, 6), we have assumed that diffusion of the

gas species is negligible compared to convection. It is understood that the mass flux of

the dry solid through the reactor is (Ps = DA + cIB + cDc, while the mass flux of the gas, (g

= PV1+ (V2 + 4DM(ub).

- Five mass balance equations for thejth elemental analysis component (carbon,

hydrogen, oxygen, nitrogen, and ash) in the solid phase:

d
d(s j) = ri Yij,

where Y is the mass fraction of thejth elemental component, and Yj; is the mass fraction

of thejth elemental component in the ith species.

* One energy balance equation:

d (Ppj =d (kdT r
dz( ic iT)= (kr z rH1

where the first term on the right-hand side describes the effective heat conduction

through the moving bed in the axial direction, and the second term describes the heat of

reaction (computed in the chemical kinetics/thermochemistry submodel). The

summation terms are summed over all 7 solid and gas species in the biomass fixed bed.
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The initial and boundary conditions are set as follows:

G(DAZ = 0) = (DBM
Ya BM

DM(b)(Z = 0) = MT PBM
1 - YMT

cP (z = 0)= 0, i Z {A, M(b)}

Y3(z = 0) = Ult(j)
T(z = 0) = Tamb
T(z = Hr) = TH,

where Ult(j) is the elemental mass fraction of the jth element through the elemental

(ultimate) analysis of the original raw biomass.

2.4.3 Particle Shrinkage

As the biomass is thermochemically treated, it is expected that the shrinkage of the

biomass particles will affect the bulk bed porosity and therefore the heat transfer

characteristics. Indeed, previous studies have accounted for this shrinkage in the

gasification/combustion regime (Goh et al., 2001; and Cooper and Hallett, 2000), or in the

pyrolysis regime (Bellais et al., 2003; Villermaux et al., 1986; and Larfeldt et al., 2000).

However, it is questionable how well these models apply to the low-temperature

torrefaction regime-and as far as we are aware, no studies so far have proposed a

shrinkage model in the torrefaction regime of interest, and all that is available right now

are sparse experimental data. For example, Bergman (2005) reported little torrefaction-

induced biomass shrinkage. Likewise, Basu etal. (2013) and Kennedy (1965)

experimentally measured the shrinkage to be around 3-9%, in comparison with 22-40% in

the pyrolysis regime (Davidsson and Pettersson, 2002).

For the sake of simplicity, we have modeled the solid-phase shrinkage in the same manner

as described in the works of Anca-Couce et al. (2012, 2013) and others (Bellais et al., 2003;

and Davidsson and Pettersson, 2002) by defining some shrinkage factorfs which modifies

the characteristic particle size dp with respect to its initial size d, up to a maximum

possible shrinkage as characterized in Basu etal. (2013):

dp = fsd%,
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= 1 - (0.00395T - 2.62 x 10A6T 2 _ _ -

2.4.4 Implementation and Validation

The mathematical model was implemented in MATLAB using a standard stiff solver

(odel5s) with the shooting method. As there have been no experimental studies done with

our design so far, in order to validate the model, we compared the obtained results with a

limiting case of bone-dry, non-reactive case where an analytical solution can be derived.

The model was found to match the analytical solution for various input parameters in this

case.

2.4.5 Results

For the simulation, we utilized the operating conditions identified in the previous section,

where the dry biomass flux cLBM = 0.0024 kg s1 - 2 and reactor height Hr = 36 cm. Figure

14a plots the axial temperature profile within the biomass moving bed, starting with a

position of z = 0 from the top of the reactor. As we can see, the temperature increases quite

smoothly, reaching a solid exit temperature of 300'C. In Figure 14b, we can observe the

chemical changes in the solid biomass phase by a decrease in oxygen and increase in

carbon. This change is also corroborated in Figure 14c, where the mass fractions of

torrefied (B) and char (C) components increase while that of the raw biomass (A)

component decreases. Finally, in Figure 14d, we also see a change in the composition of the

locally released volatile phase: in the upper part of the biomass moving bed, the volatiles

being released are rich in moisture, signifying the drying process. Lower down in the

reactor, the non-moisture volatile groups (V1 and V2) become dominant as torrefaction

takes place.

One note is that for the large part of the reactor, there is not much change in the biomass

solid phase except for drying. It is only in the bottommost 10 cm do we see significant

changes in the composition. This makes sense, as for most part of the moving bed, the

temperature is rising but is always below 200'C. The onset of torrefaction typically occurs

above 200'C, which is around 25 cm from the top of the reactor. Nonetheless, this does not
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mean that the upper part of the reactor becomes unnecessary. In fact, having the drying

occur higher up in the reactor in a zone slightly separate from the devolatilization process

has advantages to the reactor performance: the combustible volatile gases released in the

oxidation zone will be less diluted by the inert steam released from drying. Therefore, we

expect that this zonal separation will also help improve the performance of the reactor.
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Figure 14 - Axial profiles of (a) temperature, (b) elemental analysis of the solid, (c)

component composition of the solid, and (d) component composition of the locally released

volatiles in the biomass torrefaction moving bed model.
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In this section, we built a fine-grained model that describes the thermochemistry and heat

transfer within the biomass moving bed reactor during biomass torrefaction. Using the

base-case operating scenario derived using the coarse-grained model, we are able to obtain

a better understanding about the various changes that take place both in the solid and the

gaseous phases within the moving bed reactor. We learned that most of the devolatilization

occurs within the bottommost 10 cm of the reactor, and that there are advantages in the

zonal separation between drying and devolatilization.

While much more can be learned from this model, we choose not to use it too much beyond

the purpose of initial validation of our concept. One reason is that the model, given the

various built-in assumptions and uncertainties, is at best only a pale imitation of the actual

reactor. As an example, the model makes no description or design-relevant predictions

whatsoever about the complex interplay between heat and mass transfer within the

oxidative torrefaction zone, except by assuming that it can be achieved at a target

temperature TH. Soon we will be building and validating an actual device, so there is no

point in spending too much time dwelling on the particulars of this imperfect model when

we actually have the ability to take real measurements.

2.5 Detailed Reactor Design

Based on the preliminary validation and science-based understanding about the moving

bed reactor design using the coarse-grained and then the fine-grained models implemented

above, we are now ready to embark on a detailed design in the laboratory scale. Because

our laboratory-scale reactor is designed as a scientific instrument for careful testing and

measurement under various operating conditions, we add a few more features to it that

would be unnecessary in the final scaled-up version. These features satisfy the following:

- A temperature profile within the reactor must be carefully taken.

* The reactor, for initial experimental validation and also for reason of safety (in case

an oxidation experiment gets out of hand), must have the ability to operate switch to

the inert (N 2) conditions from the oxidative condition on demand.
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- The reactor, for potential measurements in the future, must have gas-sampling ports

built into the side of the reactor, in addition to the exhaust exit at the top.

(a) (b)

Figure 15 - SolidWorks rendering of the reactor assembly (a), and (b) in a cutaway view

from the same angle. The various parts making up the assembly are labeled as: (1) biomass

feed, (2) upper gas sampling port, (3) moving bed reactor, (4) low gas sampling port, (5)

oxidative zone, and (6) char-cooling segment. The entire assembly is surrounded by a

Plexiglas enclosure that is connected to an exhaust vent to ensure safety while operating

indoors in a laboratory setting.

An overview of the reactor assembly is shown in Figure 15. For safety measure of testing

indoors, the entire system is enclosed within a hood constructed of Plexiglas and 80/20,

and the hood is vented via an exhaust with a measured flow rate of 200 standard ft3 min'.

The reactor system comprises of several components, labeled numerically in Figure 15b.

Essentially, biomass enters into the biomass feed region (1), where the exhaust gas from

the torrefaction reaction also escapes. Then, the biomass moves downwards in the moving

bed that is contiguous in components (2) through (5). There are two gas sampling ports,

one upper (2) and one lower (4), from which, if we wish, the gas from the reactor can be

sampled or vented. Then the biomass enters the oxidative "hot zone" (5) where a limited

amount of air is injected and where low-oxygen torrefaction occurs. Finally, the torrefied

biomass is conveyed away from this hot zone via a char-cooling segment (6). In the sub-

sections below, we will discuss the design and implementation of each of these components

in greater detail.
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2.5.1 Biomass Feed Component

(a)()

Figure 16 - (a) SolidWorks rendering and (b) cutaway view of the biomass feed component.

The biomass feed consists of a wide outlet that is 6 inches (15.24 cm) in diameter to make

manual feeding of biomass easy. In the case of escaping exhaust gas, the widening opening

also allows the gas to slow down in vertical velocity, so that it does not overwhelm the

exhaust system and spill into the rest of the lab. Then the inner diameter gradually reduces

to 3 inches (7.62 cm) (Figure 16). This reduction was done by welding various existing NPT

components together: a standard 6-NPT steel pipe nipple (McMaster-Carr 44615K138), a

standard butt-weld 304 stainless steel straight 6-by-4 NPT reducer (McMaster-Carr

45605K786), and a standard butt-weld 304 stainless steel straight 4-by-3 NPT reducer

(McMaster-Carr 45605K783). The feed was then welded to a 304 stainless steel flange

component that has been cut on a waterjet. This flange enables the different components in

the assembly to be bolted together.

2.5.2 Upper Gas Sampling Port Component
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(a) Sweep gas
inlet

Motor mount

(b) Thermocouple port

Pressure
transducer port

Gas entry

Figure 17 - (a) SolidWorks rendering and (b) cutaway view of the upper gas sampling port

component, which also includes an extension for the motor mount.

Immediately beneath the biomass feed component lies the upper gas sampling port

component (Figure 17). Here, the biomass travels downwards along the inner moving bed,

which comprises of a 2.5-inch (6.35-cm) segment of a standard 304 stainless steel, 3-NPT

welded pipe (McMaster-Carr 1947K79). Then, concentrically surrounding the 3-NPT pipe

is a larger standard 304 stainless steel, 4-NPT welded pipe of the same segment length

(McMaster-Carr 7750K199). Between the 3-NPT and 4-NPT pipe is a jacket that opens to

the biomass moving bed at the bottom via a series of small slits. The jacket also

communicates to the exterior via a welded standard -NPT tee (McMaster-Carr

44605K155), and serves as the gas sampling port. The third end of the tee serves as an inlet

for sweep gas, in case we feel the need either to dilute the reactor gas with inert nitrogen,

or to combust this gas by mixing it with air. Also welded to the exterior side of the 4-NPT

pipe segment are a few female couplings of 1/8-NPT and 1/4-NPT sizes (McMaster-Carr

46685K261 and 46685K262 respectively). These ports are designed for insertion of

thermocouples (via a male compression tube to NPT fittings) and of pressure transducers

(via barbed hose to NPT fittings), and are sealed with NPT caps when they are not in use.

Therefore, they do not openly communicate with the exterior. Finally, the top of the upper

gas sampling port component is welded to a flange connection that is identical to the one at

the bottom of the biomass feed component so that the two components can be bolted to
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each other (with some compressible gasket material in-between). The bottom of the upper

gas sampling port component, on the other hand, is welded to a large rectangular A-inch-

thick 304 stainless steel sheet that is also cut on a waterjet. This sheet (a) serves as the

lower flange to connect to the component below, and (b) as labeled in Figure 17, provides

for a place to mount the motor that drives the auger at the bottom of the reactor assembly.

2.5.3 Moving Bed Component

Thermocouple
ports

Figure 18 - (a) SolidWorks rendering and (b) cutaway view of the moving bed reactor.

Immediately beneath the upper gas sampling port component is the moving bed reactor

component (Figure 18). The inner side of this component is made from a 5-inch-long (12.7

cm) segment of the same 304 stainless steel, 3-NPT welded pipe (McMaster-Carr 1947K79).

Therefore, the inner biomass moving bed is contiguous with that in the upper gas sampling

port component above, as well as with that in the lower gas sampling port component

below. Eight female couplings of 1/8-NPT size (McMaster-Carr 46685K261) are welded to

the exterior of the 3-NPT pipe to serve as thermocouple ports. Both the top and the bottom

of this component is welded to a stainless steel flange that has been cut using a waterjet, in

order to provide tight connection with the components above and below.

2.5.4 Lower Gas Sampling Port Component
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Pressure transducer port
Sweep gas inlet

(a) (b)

Thermocouple port Gas entry

Figure 19 - (a) SolidWorks rendering and (b) cutaway view of the lower gas sampling port

component.

Mirroring the upper gas sampling port component, this component also consists of an inner

3-NPT pipe that makes up the biomass moving bed, as well as a concentric surrounding 4-

NPT pipe that forms the outer wall of the gas jacket (Figure 19). The gas jacket

communicates to the biomass moving bed via several thin slits at the bottom, and a 3/4-

NPT tee communicates the gas jacket to the outside, with the same sweep gas inlet feature

included, as previously described for the upper gas sampling port. This component, like the

upper gas sampling port component, also has welded female NPT couplings that provide

places for the pressure transducer and thermocouples to enter.

2.5.5Oxidative Zone Component

Beneath the lower gas sampling port component lies the rectangular box that houses the

auger and constitutes the oxidative hot zone (Figure 20). As the biomass travels through

the inside of the lower gas sampling port and falls into this oxidative hot zone, it has been

heated sufficiently hot such that torrefaction reaction can take place. There are two

primary air inlets, located opposite from each other, in the form of a pair of welded

standard 1-NPT female couplings (McMaster-Carr 4513K650), where air (with or without

preheating) from a compressed source can be connected via a compression tube to NPT

fitting. There are also four thermocouple ports at different locations, consisting of welded

standard 1/8-NPT female couplings (McMaster-Carr 4513K261). The left side of the

oxidative zone opens to the char-cooling segment, and the right side of this component
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comprises of a wall with an opening for the shaft of the auger to go through, an 0-ring to

provide an airtight seal, as well as a flange-mounted ball bearing (McMaster-Carr 6665K33)

that helps position the auger shaft axially and allows it to rotate. The left, right, and upper

faces of the component have bolt holes to secure the component to its adjacent neighbors.

Finally, the incoming air is injected at the same level as the auger flights, whose shape also

helps disperse the air throughout the biomass moving bed. For safety measure, there is an

option to switch the air stream with an inert stream.

(a) (b)

Thermocouple
ports

Primary air inlets Flange-mounted ball bearing

Figure 20 - (a) SolidWorks rendering and (b) cutaway view of the oxidative zone.

2.5.6 Char-Cooling Segment

After the biomass passes through the oxidative zone, it is carried by the auger into the char-

cooling segment (Figure 21). As described previously, this segment is designed to ensure

adequate cooling of the hot torrefied biomass, such as when it emerges from the reactor, it

does not risk spontaneously catching fire. The auger is housed within a 2-foot-long (61 cm)

piece of standard 4-NPT steel pipe (McMaster-Carr 7750K199). The right-hand auger

flights have a diameter of 4 inches (10.16 cm), and the auger component is supplied by

Tanaka Power Equipment. The auger sizing calculations and torque requirements, as well

as some modifications that we made to the auger in order to make it compatible with

biomass torrefaction, are described earlier in O'Brien (2016). At the left end of the char-

cooling segment, a square opening, cut into the NPT pipe 3 inches by 3 inches (7.62 cm),
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allows the cooled torrefied product to exit the reactor assembly. The char-cooling segment

is capped at the left end, and a clamping two-piece shaft collar (McMaster-Carr 6436K16)

maintains the axial position of the auger in conjunction with the flange-mounted ball

bearing described earlier on the right-side wall of the oxidative zone.

Emergency inert gas port
Thermocouple ports

(a)

(b)

Exit for torrefied biomass

Figure 21 - (a) SolidWorks rendering and (b) cutaway view of the char-cooling segment.

2.5.7 Motor Drive

Finally, as shown in Figure 22, in order to provide sufficient torque to turn the biomass-

filled auger on a continuous basis, a Bison 336 Series 37 Watt permanent magnet

90V/130V DV motor was mounted below the motor mount on the lower face of the upper

gas port component. The motor's 5/8-inch pitch,10-teeth, 5/8-inch bore motor sprocket

(McMaster-Carr 6280K871) is connected via the #50 chain to a 5/8-inch pitch, 20-teeth,

5/8-inch bore sprocket that is connected via a square key to the auger shaft (McMaster-

Carr 6280K808). The DC motor speed is adjustable via an Iron Horse silicon controlled

rectifier 180 VDC drive.
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Figure 22 - SolidWorks rendering of the motor drive. Not shown is the #50 chain

connecting the motor sprocket to the auger shaft sprocket.

2.6 Summary and Perspectives

In this section, in seeking a more simplified and low-cost biomass torrefaction reactor

design deployable in a decentralized setting, we considered the concept of biomass

torrefaction under a low-oxygen environment. We explored the existing literature as well

as the possible underlying mechanisms and trade-offs in low-oxygen torrefaction in

comparison with the classical inert torrefaction, and arrived at a moving bed torrefaction

reactor design concept. We subsequently developed a coarse-grained model to describe the

heat transfer and length scales within the reactor, and learned that the primary heat

transfer mechanism within the moving bed occurs through the gaseous phase. We then

derived a fine-grained model description coupling the chemistry, heat transfer, and mass

transfer effects, and showed that under the base case reactor sizing and input parameters,

we can design the reactor to satisfy the requirements for biomass torrefaction. Finally, we

close by describing a detailed reactor design, which we implemented and will be validating

in 0.
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Chapter 3 Validation of a Scalable Biomass

Torrefaction Reactor and Its Performance Metrics

A decentralized torrefaction system has the potential to create additional economic value

and mitigate environmental consequences from burning the excess biomass residues

located in rural areas. Nonetheless, to date, there lacks realistic experimental set-ups that

can easily predict and inform the performance of such a torrefaction reactor at scale under

different reaction conditions and types of feedstock, and thus much of the commercial

development is still being done at best as guesswork. In this paper, we validate and

characterize the performance of a lab-scale torrefaction test reactor, with respect to three

types of biomass: pine shavings, hay, and rice husks. We found that the reactor

performance depends drastically on the type of feedstock, but in each case we identified a

set of operating conditions where the reactor was able to sustain a stable and continuous

torrefaction reaction of different degrees of severity for several hours. For each operating

condition, we characterized the product yield, energy yield, and energy densification and

show key differences with existing literature data obtained from artificial inert

conditions-in general, torrefaction under a low-oxygen environment results in an over-

torrefaction and reduced solid mass and energy yield under a given torrefaction

temperature and residence time. By using mass closure and elemental analysis, we further

calculated the elemental composition in the volatile mixture, and demonstrated that the

reactor operates almost always on the air-rich side with respect to the available

combustible volatiles. These performance metrics can be used to predict the necessary

torrefaction reactor conditions at scale. Our reactor is therefore a manifestation of a more

general phenomenological framework and methodology whereby biomass processing

reactors can be validated in a realistic, low-cost, and rapid setting under a broad set of

biomass feedstock types and reaction conditions before significant capital is expensed to

scale up a reactor design.
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3.1 Need for a Scalable Torrefaction Test Reactor

Most biomass residues do not present themselves in useful or desirable forms in the field:

they can be too loose, bulky, and wet to transport, process, and utilize. Therefore,

torrefaction as a means to densify and improve the characteristics of biomass residues has

received significant interest, both academically and commercially. Academically, many

researchers have set out to validate, on a lab scale, potential torrefaction reactor designs

that include fluidized beds (Bergman et al., 2004; Li et aL, 2012), fixed/moving beds

(Branca et al., 2014; Couhert et al., 2009), rotary kilns (Nhuchhen et al., 2016; Repellin et

aL, 2010), and microwave ovens (Gronnow et aL, 2012; Ren et aL, 2012). Most of these lab-

scale torrefaction reactor set-ups, however, are unrepresentative of the scaled-up reactor

designs in the following ways: (a) they are often batch reactors and therefore do not

accurately portray the continuous feedstock flow nature of the scaled-up commercial

reactors; (b) they rely on artificial heat sources such as electric heating coils, rather than

employing more energetically realistic methods such as the heat from combusting the

volatiles released from the torrefaction reaction; (c) they only test a limited range of

biomass-often pellets and woody biomass-and do not propose how their reactor can

generalize to a wider range of biomass types. On the other hand, current commercial-scale

torrefaction reactors of different designs are often being developed without the useful

input of realistic lab-scale prototypes due to the weaknesses described above, and

therefore can be prone to validation failure and unforeseen problems after huge capital

expenses in setting up these plants. We therefore see a gap between the existing lab-scale

torrefaction prototypes in properly informing the scale-up of such reactors.

In this study, we propose and validate a laboratory-scale torrefaction test reactor that we

believe is a more realistic and scalable portrayal of a fixed-bed reactor design. We validate

how such a reactor can operate under various conditions for biomass types with diverse

characteristics (pine shavings, hay, and rice husks), and quantify the reactor performance

(product yield, energy yield, energy densification ratio, chemical composition, and the

nature of in-situ volatile oxidation) under different operating conditions. We also

demonstrate the difference between the performance metrics obtained from our test
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reactor versus those interpolated from the existing literature data. This test reactor

therefore is a manifestation of a more phenomenological and generalizable experimental

framework and methodology that we have developed for the rapid validation and scaling of

biomass processing reactors from lab scale to commercial scale.

3.2 Experimental Set-Up and Design

In order to validate and control experimental conditions, the test reactor needs to be able

to control two dominant independent variables: solid-phase residence time, and the

reactor temperature. We first describe how we use the solid fixed-bed reactor flow to

control the solid residence time. We then describe how we can modulate the amount of air

entering into the reactor in proportion to the amount of biomass, which in turn controls the

torrefaction severity.

(a) Cross-section rendering in SolidWorks (b) Actual test reactor with an operator

Figure 23 - A lab-scale biomass torrefaction reactor was designed and built. (a) Cross-

section rendering of the reactor design in SolidWorks, with biomass feeding inlet (1), fixed-

bed reactor zone (2), screw auger (3), and torrefied product outlet (4) labeled; (b) actual

test reactor assembly in operation with an operator (Miller, 2016).

3.2.1 Control ofSolid Residence Time

A lab-scale, continuous-flow biomass torrefaction reactor design for a feedstock capacity of

about 1 kg/h and a cross-sectional diameter of 4 inches, as described previously in Section
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2.5, was implemented and tested in this study. This test reactor utilizes a fixed-bed reactor

concept (labeled in Figure 23a), with a screw auger at the bottom to continuously remove

torrefied biomass. The screw auger was sized to be 2 feet in length in order to allow

sufficient time for the heated, torrefied biomass to cool off before it exits from the reactor

outlet. The screw auger is connected to a motor drive with an adjustable turning rate, so

that we are able to control how quickly the screw auger turns, and therefore, the solid-

phase residence time inside the reactor for the torrefaction reaction.

In order to calculate the solid residence time, the density pBM and input mass flow rate mhBM

of biomass were measured for each type of biomass and auger turning speed. Then given

the radius Rr and height Hr of the fixed-bed reactor, the effective residence time Tres of

biomass is given by:

PBMT(Rr2Hr
Tres = . -

rBM

Given our specific lab-scale reactor dimensions (diameter = 4 inches, depth of torrefaction

zone ~ 10 cm), in Table 10, we provide the typical ranges of possible input feeding rates for

our lab-scale reactor given the normal ranges of torrefaction residence times.

Table 10 - Typical ranges of possible input feeding rates in our lab-scale reactor for

different solid residence times. The possible ranges of feeding rates depend significantly on

the type of biomass.

Residence time 5 min 20 min 40 min

Pine shavings / hay 0.58 kg/h 0.15 kg/h 0.073 kg/h

Rice husk 2.0 kg/h 0.51 kg/h 0.26 kg/h

We can therefore see that for our lab-scale reactor, by fixing the torrefaction residence

time, our biomass feeding rate is generally on the order of 0.1-2 kg/h. While this is

sufficient for lab-scale tests for biomass samples in small quantities, in real life, a

commercial torrefaction reactor capable of processing about 500 kg/h of biomass will need

to be scaled up from our lab-scale design by a factor of 250-5,000.
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3.2.2 Control of Torrefaction Severity

At a given solid residence time (i.e. feeding rate), in order to control the torrefaction

severity, we need to introduce air in different proportions to the solid feeding rate. As

shown in Figure 24, in order to achieve this, we introduced two air flow inlets near the base

of the fixed bed reactor. These inlets are connected to a compressed air cylinder (Airgas Al

D300). A mass flow controller (Omega Engineering FMA-5528A) was used to adjust the

input air flow rate, with an adjustable flow rate range between 0.1 to 50.0 standard L/min.

LL

Porous bimss

Mass flow
controller

Figure 24 - We utilized adjustable air flow inlets to control torrefaction severity. As shown

in the schematic, the air is injected at the bottom of the reactor and its flow rate is

controlled via a mass flow controller.

Because different types of biomass under different reaction conditions have different bulk

densities and therefore volumetric flow rate, for the purpose of conducting a controlled and

scalable experiment, we introduce a dimensionless quantity called the normalized air/fuel

ratio, or a. This quantity represents the proportion of air mass flow rate to biomass mass

flow rate, and is defined via the following steps:

(1) For a specific type of biomass, determine its elemental analysis of the form CHx0Y as

well as moisture mass fraction Ym and ash content Yash.

(2) Assuming stoichiometric oxidation of this type of biomass, then the fully balanced

chemical equation will be:
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CHXOy + (1 + 0.25x - 0.5y)(02 + 3.76N 2) ->

C0 2 + 0.5y H20 + 3.76 x (1 + 0.25y - 0.5z) N 2 .

(3) Therefore, based on the chemical equation above, at stoichiometry, and with the

molecular weights of carbon, hydrogen, and oxygen atoms are given by MWc, MWH,

and MWo, respectively, then the mass flow rate rhoi [kg/s] of air that is required

to fully oxidize rhBM [kg/s] of biomass (as received, on a wet basis) is given by:

Soxstoic (2 + x/2 - y)(MWo + 3.76MWN)
(AF) - = =

sBM - (1 + YM + Yash)(MWc + MWHX + MWOy)'

where (AF)stoic is the stoichiometric ratio (mass) of air to biomass to enable complete

oxidation.

(4) The normalized air/fuel ratio a is defined as the actual mass flow rate of air rilac

output from the air inlets to the stoichiometric mass flow rate of air, rho,, as

determined previously, to enable complete biomass combustion:

U = rnac/rox-

Therefore, if we have stoichiometric oxidation of biomass, we expect a = 1. In the regime of

low-oxygen biomass torrefaction, we expect a < 1. As we will show later, for the different

types of biomass, general values of a range between 0.2 to 0.5, with increasing value

corresponding to increasing torrefaction severity. For those readers who are familiar with

combustion engineering, they may note that the concept of a is akin to the inverse of the

equivalence ratio. However, in this paper, in order to avoid terminology confusion, we

deliberately avoided the term equivalence ratio, which is reserved normally for premixed

homogeneous air/fuel combustion.

It is clear that in order to calculate the normalized air/fuel ratio, we need to know the

elemental composition of the three types of biomass that we test. We experimentally

obtained the elemental compositions of the raw biomass that we used (pine shavings, hay,

and rice husks) by using a CHON analyzer available at Professor Sanjay Mahajani's group at

Indian Institute of Technology-Bombay. The moisture and ash contents for the raw biomass

were obtained experimentally using a thermogravimetric analyzer (TA Instruments Q50).
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These values are listed in Table 11. Alongside these values, we also listed values reported

in the literature. As can be seen, for pine shavings the values are extremely close, but for

hay and rice husks there are discrepancies of a few percentage points. However, these

variations are not large, so we ended up using the values that we experimentally obtained

ourselves. Based on the elemental analysis data in Table 11, we derived the following mass

ratios of air to biomass for stoichiometric combustion, listed in Table 12.

Table 11 - Elemental compositions of three types of raw biomass by mass fraction, as

determined experimentally ("exp.") by us, and comparing to values in the literature ("lit.").

Biomass type Carbon Hydrogen Oxygen Source

Exp. Lit. Exp. Lit. Exp. Lit.

Pine shavings 49.6% 49.5% 5.7% 5.9% 44.8% 44.7% Crombie etaL., 2013

Hay 43.7% 45.7% 4.4% 5.7% 51.3% 37.9% Riechel etaL., 2010

Rice husks 37.6% 41.4% 3.9% 5.6% 58.3% 53.1% Crombie et al., 2013

Table 12 - The approximated chemical formula, moisture

stoichiometric air/ratio of different types of biomass.

content, ash content, and

3.3 Readout Protocols

In order to measure the performance of the reactor unit, we monitored a few specialized

quantities: solid mass flow, solid proximate analysis, and solid ultimate (elemental)

analysis. In this section, we briefly describe the protocols we used to measure these

readouts.
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Biomass type Formula Moisture content Ash content Stoichiometric air/fuel ratio

Pine shavings C4 .1 3 Hs.61 02 .8 o 6.3% 1.6% 5.26

Hay C3 .6 5 H4 .3 2 0 3 .2 1 4.4% 5.1% 3.94

Rice husks C3 .1 4 H 3 .8 60 3 .64 7.2% 17.0% 2.53



3.3.1 Solid Mass Flow

The input solid mass flow rate [kg s-1] is measured by weighing a bucket of the raw biomass

every 5-10 minutes as an operator manually feeds a certain amount of biomass into the

reactor manually. The output solid mass flow rate is measured by weighing a bucket placed

at the reactor outlet to continuously collect the torrefied biomass that falls out, again once

every 5-10 minutes or so. Dividing the mass change by the time elapsed gives an estimated

solid mass flow.

3.3.2 Proximate Analysis

Proximate analysis, as described in ASTM D-3175, measures the mass fractions of moisture,

fixed carbon, volatile matter, and ash components in a given biomass sample. In particular,

the volatile matter component is the portion of combustible biomass that departs the solid

fraction under non-oxidative thermochemical conditions (defined by ASTM as heating the

biomass sample to 950*C within 30 minutes and maintaining the sample at that

temperature for 7 minutes under inert conditions such as nitrogen). The remaining part of

the solid consists of fixed carbon and ash. In order to distinguish the two, we then subject

the residues to an oxidative environment (air) at an elevated temperature of 600-750'C so

that all the fixed carbon becomes oxidized into gaseous carbon dioxide and steam. What

remains after this reaction consists of ash.

We have available a thermogravimetry analyzer (TA Instruments Q50), which consists of a

EGA furnace as well as a mass balance to keep track of the mass loss in the torrefied sample

when the sample is heated to different temperatures. This can be used to understand the

fixed carbon, volatile matter, and ash components of the system. This procedure, known as

proximate analysis, was performed as per ASTM-D3175 standards. Figure 25 shows the

TGA analyzer that we employed (a), as well as a sample temperature (b) and mass loss

traces (c) in time associated with a proximate analysis on the TGA. The mass loss

measurements of the various solid components are denoted by mA, mB, mc, and mD.

68



(b) Temperature trace
(a)

W3

Drying I i Oxidation
1 @3

A.-(c) Mass loss trace
E Moisture: mA-MB

Volatiles: m. -mc
0I5 . uFixed carbon: m. - m

D
1 50 100 150 200Time (min)

Figure 25 - (a) The thermogravimetric analysis set-up (TA Q50) used to perform proximate

analysis on various biomass and torrefied biomass samples. A sample trace of temperature

(b) and mass loss curves (c) in time for a torrefied pine shavings sample on the TGA as per

the ASTM D-3175 protocol.

3.3.3 Ultimate Analysis

Elemental analysis-also known as ultimate analysis-breaks down the biomass or

torrefied biomass sample into the mass fractions of its elemental components: mostly

carbon, hydrogen, oxygen, and nitrogen (CHON), as per ASTM-D5373-16 protocol. By

keeping track of the number of different atoms coming in and going out of the reactor, we

can infer the reaction chemistry as well as the chemical composition of the outgoing

volatile gases. The elemental analysis was carried out using a CHON analyzer (Thermo

Finnigan Flash EA 1112) at Professor Sanjay Mahajani's group in Indian Institute of

Technology-Bombay.

3.3.4 Higher Heating Value

The higher heating value (HHV) [J kg-'] of a fuel sample is defined as the energy that can be

harvested if we combust a certain amount of the fuel sample and cool the post-combustion

flue gas down to the standard condition (including the latent heat of condensation of water

vapor and other vapors). In order to measure the higher heating values of the raw biomass

and torrefied biomass samples, we first ground the prospective samples to small particles
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of sizes inferior to 0.5 mm. Then we compressed these particles into pellets using a manual

'A"-diameter-by-1" pelleting press (Parr Instrument 2810 series), and then analyzed using

a calorimeter (Parr Instrument Model 6200 isoperibol).

3.4 Validation of Stable Operating Conditions

Once we have defined the independent parameters above (solid residence time Tres and the

normalized air/fuel ratio a), we can select a few combinations of (Tres, a) to demonstrate

that the torrefaction reactor can indeed operate continuously and stably.

(a) Thermocouple positions (b) Steady-state spatial (c) Time series of temperatures
5, temperature profile in different locations

6200

L-~ - - - - -

. 20~ 40 6 000020 10 6

250 30 a* In

Figure 26 - Sample steady-state temperature validation for the torrefaction reactor

operating on pine shavings, with the following reaction conditions Tres = 11 min, a = 0.19.

(a) Throughout the axial length of the reactor, various thermocouples are placed about 1

inch apart to measure the temperature at each point in the biomass fixed bed. (b) A steady-

state axial temperature profile is achieved. (c) Sample time-series traces of select

thermocouples located in different axial locations along the reactor (corresponding to

different colors), illustrating that the reactor is capable of sustaining a steady-state

temperature profile under continuous feeding conditions for at least 100 minutes.

In order to monitor the reactor operation, we inserted 10 thermocouple points, in

approximately 1 inch spacing, axially throughout the length of the reactor (Figure 26a). As

a sample proof of steady-state operation, we flowed air into the reactor at the normalized
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air/fuel ratio of a = 0.18, and the screw auger turning rate was adjusted such as the solid

residence time Tres = 11 min. We then ignited some initial pine shavings at the bottom of

the reactor, and continuously fed pine shavings into the reactor such that the level of pine

shavings at the top was maintained. After some initial start-up period, where the entire

reactor assembly and the fixed bed were heated up, a steady-state condition was reached at

each axial location (Figure 26c), and we demonstrated that the steady-state condition could

be sustained for at least 100 minutes before turning the reactor off by quenching the

torrefaction reaction with inert nitrogen in place of air. The mean steady-state temperature

readouts at different axial locations were compiled into an axial temperature profile of the

reactor (Figure 26b).

We note that the fixed bed temperature increases axially towards the bottom of the reactor,

and reaches a maximum near the middle of the screw auger area, where the air inlets are

also located. This temperature profile further suggests that the biomass fixed bed in this

specific experiment can be broken down into the following zones:

(1) Drying zone: For the first 5 cm from the top of the reactor, the temperature of the

fixed bed is less than 100'C, and therefore drying occurs.

(2) Heating zone: From about 5 cm to 25 cm from the top of the reactor, the

temperature of the fixed bed is between 100-200*C. At this point, the input biomass

is practically dry, but no torrefaction reaction has taken place yet.

(3) Torrefaction zone: In the bottommost 15 cm of the reactor, the temperature of the

fixed bed stays above 200*C but below 300*C, where torrefaction is defined to occur

under a low-oxygen environment.

This zonal separation of drying and torrefaction is consistent with the temperature profile

predicted earlier by our coarse-grained analysis in Section 2.4.5. This separation is also

advantageous as it automatically separates the combustible volatile gases from the non-

combustible steam, thereby achieving a higher combustion efficiency and flammability.
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Figure 27 - (a) Steady-state temperature profiles were achieved for pine shavings for the

torrefaction reactor under various operating conditions: (Tres = 11 min, a = 0.18) in black,

(Tres = 11 min, a = 0.14) in red, and (Tres = 17 min, a = 0.36) in blue. Note that increasing a

(torrefaction severity) also increases the maximum temperature in the fixed bed. (b) A plot

of the maximum fixed bed temperatures under different (Tres, a) combinations for pine

shavings. As we move towards the top-right (increasing torrefaction severity) of the plot,

we also notice that the maximum reactor temperature increases.

We have demonstrated a stable reactor steady state for one reactor operating condition for

pine shavings. The next question that we address is: Can we show steady states for other

reactor conditions? We operated the reactor under two additional conditions (Tres = 11

min, a = 0.18), and (Tres = 17 min, a = 0.36). Figure 27a shows that each of these conditions

has resulted in stable steady-state temperature profiles. Notably, as we increase the

torrefaction severity by introducing more air, we observe a higher maximum temperature,

as expected.

Finally, we convert Figure 27b in the Tres-a phase space into an interpolated color plot for

the maximum temperature for pine shavings in Figure 28a. Each colored point in the plot

represents a real experimental point, while the color gradient from 180*C to 3000 C

represents a linear interpolation of the maximum steady-state reactor temperatures under
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other possible (Tres, a) combinations based on the real experiments. We can repeat the

same process for hay (Figure 28b) and rice husk (Figure 28c).

m E m E m E
(a) Pine shavings 2 L (b) Hay W (c) Rice husk 2
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Figure 28 - The color map of maximum reactor temperature under different reactor

operating conditions, in its original scale. Linearly interpolated maximum steady-state

reactor temperatures under different operating conditions, with the solid residence time

Tres plotted on the x axis and the normalized air/fuel ratio a plotted on they axis, for three

types of biomass: pine shavings (a), hay (b), and rice husks (c). Each color dot in the Tres-G

space represents a real experimental data point, while the intervening color gradient

swathes represent linear interpolations based on the actual experimental readouts.

One important point to note here is that different types of biomass have very different

regimes of operation. In the case of rice husks, for example, due to the high density of the

biomass, for each given value of normalized air/fuel ratio a and for each given residence

time, a much higher volumetric flow of air is needed in the reactor to make the reaction go.

This means that before a becomes very large, we have already reached the maximum safe

air flow rate for indoor experimentation. This explains why the polygon delineating rice

husks in Figure 28c is highly compressed in the vertical direction, where the range of a

tested lies only between 0.3 and 0.4. We found that hay, on the other hand, is qualitatively

difficult to light and sustain a reaction: it is notorious for flaming out unpredictably. Thus,

we have only been able to obtain a sustained reaction at a comparatively higher air flow at

about a = 0.5-0.8. While in plotting Figure 28, we attempted to keep all three biomass types
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on the same scale on both the x andy axis, it quickly becomes apparent that doing so will

not lead to very meaningful interpretation, especially for the case of rice husks. Therefore,

in Figure 29, we re-plotted Figure 28 with the x andy axes in different scales, such that we

can more clearly see the trends. From this point onwards, all the color maps illustrating the

different reactor performance metrics in the Tres-C space will be plotted in the rescaled

version to enable better visual interpretation. Therefore, we conclude that different types

of biomass behave quite differently in our lab-scale torrefaction reactor, and therefore it is

necessary to carefully test each new type of biomass in order to determine the reactor's

corresponding regime of operation.

(a) Pine shavings 2 (b) Hay (c) Rice husk
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6 0 10 20 30 40 0 10 20 30 40 15 20 25 3 5 4
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Figure 29 - Rescaled color map of temperature in different reactor conditions. Linearly

interpolated maximum steady-state reactor temperatures under different operating

conditions, with the solid residence time Tres plotted on the x axis and the normalized

air/fuel ratio T plotted on they axis, for three types of biomass: pine shavings (a), hay (b),

and rice husks (c). Each color dot in the Tres-O space represents a real experimental data

point, while the intervening color gradient swathes represent linear interpolations based

on the actual experimental readouts.

We also note that in Figure 29, the interpolated temperatures are bounded in polygons. The

left and right edges are typically limited by the maximum and minimum possible solid

feeding rates given our lab-scale screw auger set-up. The upper edge of the polygon is

frequently limited by the amount of suction that the indoor exhaust hood can provide
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(typically measured at about 100-200 ft3/min): a higher a beyond the polygon typically

generates too much exhaust to be safely removed from the indoor laboratory space. Finally,

the bottom edge is interesting for reactor scaling, as it is limited by the autothermal

boundary: we have in general done experiments at a lower a values than given by this

bottom edge, but have found them unable to stably sustain a torrefaction reaction, and

often result in reactor flame-out after initial ignition, without ever reaching a non-room-

temperature steady-state temperature profile. Indeed, our observation is that as the

operating conditions approach this autothermal boundary, the torrefaction reactor

generally becomes less stable.

(a) Maximum reactor temperature (b) Maximum reactor temperature
for pine shavings, Tres = 37 min for rice husk, Tres = 37 min

350! 400

0350~300- 1
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IISO

10 100
0.3 035 0.4 0.45 0.5 0.55 0.6 0.1 0.12 0.14 0.16 0.18 0.2

Air/fuel ratio Air/fuel ratio

Figure 30 - The reactor becomes less stable near the autothermal boundary. By fixing the

solid residence time, as we reduce the normalized air/fuel ratio towards the autothermal

boundary for both the cases of pine shavings (a) and rice husks (b), we note that the

variations in maximum reactor temperatures also increase, as seen by the widened error

bars.

Qualitatively, we have noticed that operating near the autothermal boundary, the reactor

tends to "flame out" frequently and need an external spike to return to the steady-state

condition. Figure 30 quantifies this stability in greater detail: as we approach the

autothermal boundary, the maximum reactor temperature decreases to about 200-250*C,

which also corresponds to the normal onset autoignition temperatures of these types of
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biomass as quantified by other studies (e.g. Jones et al., 2015). Furthermore, as we

approach the autothermal boundary, the variation in the temperature profile (denoted by

the error bar) also increases, suggesting a less stable reactor prone to flaming out.

3.5 Reactor Performance Analysis

In order for the lab-scale reactor to be useful in scaling up the torrefaction reactor design,

we need to define performance metrics that can be measured and optimized under

different design constraints and/or requirements. In this Section, we explore a few

quantifiable results under different reaction conditions: energy densification ratio, solid

mass yield, solid energy yield, solid proximate analysis, solid elemental composition, and

volatile elemental composition.

3.5.1 Energy Densification

One fundamental manifestation of biomass torrefaction, as discussed earlier in Section 1.2,

is energy densification. We expect torrefied biomass to have a higher HHV value compared

to raw (untorrefied) biomass.

Figure 31 illustrates what we call the energy densification ratio-defined as the ratio of

higher-heating value (HHV) of torrefied biomass to the HHV of raw biomass (dry basis)-

for a wider range of reactor operating conditions for all three types of biomass, plotted in

the Tres-U- phase space. As expected, we observe an increase in the index of torrefaction in

response to increasing solid residence time and/or normalized air/fuel ratio (more severe

torrefaction conditions). As we will see later in 0, this energy densification ratio is nothing

more than what we will define as the index of torrefaction, which we will in turn use to

quantify torrefaction severity and relate to other end-user design requirements. Therefore,

the results in Figure 31 will be crucial in the design selection process, as we will explain

later.
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Figure 31 - The ratio of higher-heating value (HHV) of torrefied biomass to the HHV of raw

biomass (dry basis)-also known as the energy densification ratio-under different

reactor operating conditions (Tres, u) for three types of biomass: pine shavings (a), hay (b),

and rice husk (c). Index of torrefaction increases with increasing Tres and/or a

3.5.2 Solid Mass Yield

Next, we evaluate another important performance metric: output solid mass yield, defined

as the ratio of the mass flow rate of the torrefied output to the mass flow rate of the input

biomass feedstock. Figure 32 illustrates this solid mass yield interpolated for different

operating conditions for the three types of biomass utilized in this study. As can be

observed, in general, the solid mass yield decreases with increasing torrefaction severity,

from about 75% near the autothermal boundary to less than 25% under very severe

torrefaction conditions. This trend is expected as a larger part of the original biomass is

converted into volatile gases at a higher torrefaction temperature (due to faster solid

devolatilization kinetics).
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Figure 32 - Mass yield of output torrefied product under different reactor operating

conditions (Tres, () for three types of biomass: pine shavings (a), hay (b), and rice husk (c).

The solid mass yield decreases with increasing Tres and/or a.

40

We can already observe that there is a trade-off between the index of torrefaction and the

solid product mass yield as we increase the torrefaction severity and/or solid residence

time: while a higher index of torrefaction signals that the original biomass has become

much more energy dense (per mass unit of output), we are at the same time losing product

mass. In order to appreciate how strongly these two competing forces play out, we define

another performance metric: solid energy yield, to be quantified in the next Section.

3.5.3Solid Energy Yield

The solid energy yield is defined as the fraction of the energy contained in the original raw

biomass that is still retained in the solid phase after the torrefaction treatment. We do not

have a good experimental apparatus to directly measure the energy input and output from

the reactor, but we note that the solid product energy yield can be calculated as the product

between the solid product mass yield and the index of torrefaction:

Solid product energy yield = Solid product mass yield x Index of torrefaction.

Figure 33 shows the result of this calculation for different reactor operating conditions for

the three different types of biomass. We observe that as torrefaction severity increases, the
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reduction in the solid product mass yield outweighs any increase in the energy

densification (index of torrefaction), such that there is a net reduction in the solid product

energy yield. For pine shavings and hay, this energy yield ranges from about 80% near the

autothermal boundary to less than 50% under severe torrefaction conditions. In the case of

rice husk, over a much narrower range of normalized air/fuel ratio, the overall solid

product energy yield decreases from about 80% to 70%.

0 (a) Pine shavings US (b) Hay LU %h.4 (c Rice husks
008 0.45
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Figure 33 - Energy yield of output torrefied product under different reactor operating

conditions (Tres, G) for three types of biomass: pine shavings (a), hay (b), and rice husk (c).

The solid mass yield decreases with increasing Tres and/or a.

3.5.4Solid Proximate Analysis

Next, we examined the underlying changes in the chemical component of the biomass.

Figure 34, which shows the results from the proximate analysis on the different torrefied

outputs, indicates that as the torrefaction severity increases (increasing normalized

air/fuel ratio, the mass fraction of fixed carbon in the remaining torrefied biomass

increases, while that of volatile matter decreases. This agrees with our understanding of

torrefaction, which drives out the volatile matter from the raw biomass, resulting in a

product that contains less volatiles and more fixed carbon.
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Figure 34 - Proximate analysis on the torrefied biomass samples under different reaction

conditions for pine shavings (a: fixed carbon; d: volatile matter), hay (b: fixed carbon; e:

volatile matter), and rice husks (c: fixed carbon; f: volatile matter).
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3.5.5Solid Elemental Analysis

Next, we examined the elemental composition of the torrefied output, and how such

composition was altered by the different torrefaction conditions. As can be seen in Figure

35, for the torrefied output from all types of biomass, the elemental carbon mass fraction

increases with increasing torrefaction severity. On the other hand, both elemental oxygen

and hydrogen decreases as torrefaction becomes more severe. This makes sense, as

torrefaction is well known to drive out the low-energy molecules (rich in hydrogen and

oxygen) and preserve the carbon in the torrefied biomass.
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Figure 35 - Ultimate (elemental) analysis on the torrefied biomass samples under different

reaction conditions for pine shavings (a: carbon, d: oxygen, g: hydrogen), hay (b: carbon, e:

oxygen, h: hydrogen), and rice husks (c: carbon, f: oxygen, i: hydrogen).

3.5.6 Volatile Elemental Analysis

While we do not have an experimental means of measuring the composition of the gaseous

exhaust stream, we can estimate the mixture's chemical composition in general terms

based on the solid-phase elemental analyses and based on mass closure.
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For a given torrefaction experiment, consider the initial input biomass with mass flow rate

of rnBM, a moisture content of YM, and ash content of Yash, with ash and moisture contents

determined using the method of proximate analysis as described in Section 3.3.2, and with

both of whose values are reported on a dry, ash-free basis. Then the flow rate of incoming

biomass on a dry, ash-free (DAF) basis is given by nBM/(l + YM + Yash). We assume that

while the moisture component in the input biomass can devolatilize, the ash component is

always inert and will stay within the solid torrefied output. Let us also consider the

elemental composition (also on a dry, ash-free basis) of the raw input biomass as (Yc, YH,

and Yo) in terms of carbon, hydrogen, and oxygen atoms respectively. This means that the

total mass flow rate of carbon atoms mc,BM going into the reactor is given by

. B rnBMYC

mC,BM + M + Yash

By the same reason, the total mass flow rate of hydrogen atoms rH,BM going into the

reactor (does not include the hydrogen in the biomass moisture) is given by

BHBM -
1 + YM +ash

Finally, the total mass flow rate of oxygen atoms hOBM going into the reactor is given by

. B rnBMYO
o,BM - M + Yash

once again not accounting for the oxygen contained in the biomass moisture.

On the other hand, with the mass flow rate of the output torrefied biomass measured

as 7ichar, we can then also write the outgoing flow rate ?ii,char of the ith element of carbon,

hydrogen, and oxygen atoms in the torrefied output product as:

Yi.
i,char as+ mchar,

1 ash

where Y is the ith component (carbon, hydrogen, oxygen) in the ultimate (elemental)

analysis of the torrefied output, and Yash is the newly measured ash content in the torrefied

output.
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Now, let us turn our attention to the volatile component-this consists of the total volatile

mixture (excluding moisture from the biomass drying process) that is emitted from the

biomass as it travels through the reactor due to torrefaction. Because this volatile mixture

is instantaneously mixed with incoming air and oxidized, even if we had analytical

chemistry equipment at our disposal, this chemical information would be extremely

difficult to measure. While experimentally determining its chemical composition is beyond

the scope of this Chapter, based on the mass closure on the individual elements (carbon,

hydrogen, oxygen, and nitrogen) from prior results from the solid-phase ultimate

(elemental) analysis, we can nonetheless write the lump-sum mass flow rates of the

carbon, hydrogen, and oxygen atoms in the volatile species (rhc,voi, nH,vO1, and rno,vol,) as:

C,vol = CBM - mC,char,
mH,vol = nH,BM - rHchar,

,vol mo,BM - mO,char-

This implies that the elemental composition of the volatile species, in the lump-sum molar

form CHx0y, can be computed as follows:

rnH,vol MWc

TCyol MWH

r7o,v0 i MWc

ic,vol MWO

In other words, x denotes the molar ratio of hydrogen atoms to carbon atoms in the

unknown component of the reactor exhaust, and y denotes the molar ratio of oxygen atoms

to carbon atoms. Judging from Figure 36, we can see that different types of biomass exhibit

different chemistries. While for pine shavings and rice husks, increasing torrefaction

severity leads to an increased H/C molar ratio, the opposite appears to be true for hay. On

the other hand, all three types of biomass uniformly exhibit increasing molar O/C ratio

with decreasing torrefaction severity, suggesting that under mild torrefaction, the volatile

mixture is likely more "oxidized" and, therefore, lower in calorific value. Furthermore,

there is a large range of H/C and O/C ratios for the different types of biomass. For example,

while for pine shavings, the O/C molar ratio is in the range of 1-2, in the case of rice husks,

this range is between 1 and 1.5, suggesting that for pine shavings, the volatile component

comes more "oxidized", and therefore potentially, has lower calorific value when further

oxidized.

83



H/C molar ratio in the volatile component

CU
0

(a) H/C, pine shavings 2

0.5

0.4

03 -

0.2

0.1

401t10 20 30
Torref action residence tine (min)

0

4

3.8
3.6
14 0.8

3.2
0.61.

2.8 0.4
2.8

2.4 0.2-
2.2

2 0
0

(b) H/C, hay

10 20 30
Torrefaclion residence time imin)

40

20

0 .5 (c) H/C, rice husks
2 0A45

19

0.4

1.4

1 ,3

0.3

1 0.25
15 20 25 30 35

Torretacion residenrce time (mmn

O/C molar ratio in the volatile component

(d) O/C, pine shavings

10 20 30 40

2

1.9 1

1.70.6-

1.3

1.20211- 1
0

(e) O/C, hay

10 20 30 40

Tres, solid residence time (min)

1 5 0.45

1A45

1.4
0.4

1.16

3

1.23 0.35

1 2

1_15
0.3

1 0.51
1,0

(f) O/C, rice husks

20 25 30 35 40

Figure 36 - Estimated elemental composition of the volatile component emitted from the

biomass torrefaction process (excluding drying-associated moisture). (a-c) Estimated

molar ratio of hydrogen to carbon under different reaction conditions for pine shavings (a),

hay (b), and rice husks (c); and (d-f) estimated molar ratio of oxygen to carbon under

different reaction conditions for pine shavings (d), hay (e), and rice husks (f).

As a sanity check, we compared these elemental compositions with those reported in the

literature. Bates and Ghoniem (2012), for example, in devising a devolatilization kinetics

description of willow torrefaction, reported that the volatiles can be approximated as two

lump-sum mixture of species, one (V1) dominant at low torrefaction severity and the other

one (V2) at high torrefaction severity. From their study, the elemental formula for V1 is
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CH4 .7 03 .1 , while that for V2 is CH 3.001.15. We therefore see that the values for the H/C and

O/C molar ratios that we calculated in our reactor performance are generally consistent

with what is expected in torrefaction, and that with the exception of hay, the H/C and O/C

ratios exhibit the same trend (decreasing value) as a function of increasing torrefaction

severity, signifying volatile molecules at an increasingly higher energy state.

It will also be crucial to understand how much chemical energy is contained in the volatile

species, in order to understand how the torrefaction reaction can be made autothermal. We

save a more detailed discussion (and experimental characterization) for later in Section

5.5.2.

3.5.7Nature of Primary Oxidation

While we do not know the individual species, we can also devise a clever method to try to

evaluate the nature of the oxidation reaction occurs in a low-temperature environment

within the reactor. By considering the volatile species of the general form CHx0yas

determined in the previous Section, we can then balance the chemical equation for

idealized complete oxidation as:

CH,0, + (1 + 0.25x - 0.5y) 02 -> CO 2 + 0.5x H 20.

This means for each kilogram of volatile of the form CHOy, the mass [kg] of oxygen needed

to fully oxidize the volatile riio,stoi is given by:

MWO nBM
o,sto MW + Y - mchar (2 + 0.5x - y).

At the same time, in reality, we have a constant supply of primary air coming into the

reactor, which contributes to a mass flow rate of oxygen atoms mo,air as follows:

MW02
mo,air = MWa2 (AF)stoicUmBM,4 .7 6 MWair

where (AF)stoic is defined as the mass ratio of the amount of air to the amount of biomass

(as received) to enable stoichiometric oxidation, as discussed previously in Section 3.2.2.

Putting this together, we can define an ersatz air-to-volatile equivalence ratio GAv as

UAV Iho,air/ho,stoic-
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Figure 37 - Primary air-to-volatile equivalence ratio under different reaction conditions for

pine shavings (a), hay (b), and rice husks (c).

As shown in Figure 37, the torrefaction reactor operates almost always in the air-rich side

(Uav > 1) with respect to the oxidizable volatile mixture, except for very severe torrefaction

where the devolatilization process may be so vigorous that the volatile flow rate

overwhelms the air supply, resulting in incomplete combustion. This suggests that in

almost all reaction conditions, there is an excess of air in the reactor exhaust as well.

3.5.8 Composition of Reactor Exhaust

By mass closure, we can then define the total mass flow rate of the exhaust gas from the

reactor mexh as

rnexh = (1 + (AF)stoicO)?I1BM - rnchar-

Dividing this quantity by the cross-sectional area of the reactor gives us a scalable quantity

that relates to the mass flux of the reactor exhaust. We plot this quantity in Figure 38, and

note that the reactor exhaust mass flux increases with increasing torrefaction severity

(more outgassing as well as primary air influx) as well as a shorter residence time (higher

solid flux through the reactor, and therefore a higher matching gas flux as well).

This exhaust constitutes a mixture of known and unknown species. The known species

consist of: (a) the nitrogen gas-assumed to be unreactive-that is introduced with

primary air into the reactor and accompanies the reactor exhaust still as nitrogen gas, and

(b) steam that is derived from drying of biomass (not associated with any additional steam
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contribution from the torrefaction reaction). The unknown species consist of: (a) any

unreacted or partially reacted torrefaction volatile gas mixture, (b) post-combustion

products such as C0 2 and H20 in unknown proportion, as well as (c) any unreacted oxygen.

(a) Pine shavings (b) Hay (c) Rice husks
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Figure 38 - Estimated reactor exhaust mass flux [kg s-' nr 2 ] under different reaction

conditions for pine shavings (a), hay (b), and rice husks (c), as determined by mass closure.

While a detailed characterization of all chemical species is beyond the scope of this study,

we will characterize the mass fractions of the two known species in the exhaust mixture as

an example. Unreacted nitrogen is the easy one, as its mass flow rate ?hN,air can be

calculated from knowing how much air we are letting into the reactor:

3.76MWN
mN,air 4.76MW 2 (AF)stoicUmBM,

47Mair

Hence, we can calculate the mass fraction of nitrogen in the reactor exhaust as:

YN 2 = 7nN,air/r exh-

Likewise, the mass fraction of the steam from biomass moisture in the drying process is:

-YM 7BM

moisture 1 + YM + Yash mexh
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N 2 mass fraction in reactor exhaust
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Figure 39 - Estimated chemical composition of known species in the reactor exhaust. (a-c)

Estimated nitrogen mass fraction analysis in the reactor exhaust under different reaction

conditions for pine shavings (a), hay (b), and rice husks (c); and (d-f) estimated moisture

mass fraction associated with biomass drying in the reactor exhaust for pine shavings (d),

hay (e), and rice husks (f0.

The mass fractions of these two "known" species are plotted in Figure 39 for nitrogen

(Panels a-c) and for the moisture derived from biomass drying (Panels d-f). For nitrogen

mass fraction, consider that normal air has about 77% of N2 by mass. The fact that it is

lowered to about 55-65% by mass in the reactor exhaust implies dilution by volatile gases

and moisture. We note that the dilution of N2 fraction is most significant in the mild
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torrefaction regime for all types of biomass. One possible explanation is that the increase in

the mass flow of air to support a more severe torrefaction process is more than the

increase in the mass flow of the volatiles being emitted from the biomass. This makes sense

from the perspective that an increasing torrefaction severity increases the overall calorific

value of the volatile gases from the biomass, such that the volatile mixture shifts away from

being abundant in inert and low-energy species (such as H 2 0, C02, CO, etc. that is more

oxygen-rich and less carbon-rich) that do not require much more additional oxygen to

combust to completion, to being more abundant in high-energy species (such as organic

acids and methanol that is more carbon-rich and less oxygen-rich) that require much more

oxygen (and hence air) to combust to completion (Bates and Ghoniem, 2012). This

increasing air-volatile stoichiometric combustion ratio as the torrefaction reaction

increases in severity likely accounts for the higher requirement in air, and hence, smaller

dilution of N 2 in the reactor exhaust.

Panels (d-f) of Figure 39 tell a similar story with respect to the moisture escaping from the

biomass drying process. its mass fraction is most significant in the mild torrefaction

regime, due to that there is not much volatile gases to begin. As the torrefaction increases

in severity, the increasing flow rate of volatile gases implies that the moisture fraction

becomes further diluted.

3.6 Characterization of Uncertainties

In the previous section, we quantified various performance metrics-including the mass

and energy yields, the energy densification ratio, as well as the proximate and elemental

analyses-under various solid residence times and normalized air/fuel ratios. However,

how confident are we about the reactor performance? In order to answer this question, we

undertake an error analysis of the various measurement inputs and outputs. First, we

divide the uncertainty ranges into two categories: intrinsic and extrinsic. Intrinsic

uncertainties are those directly associated with the instrument readout. Extrinsic

uncertainties are those associated with the variability in the reactor process and

operations.
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3.6.1 Intrinsic Uncertainties

The first type of uncertainty comes from the inherent instrument readout errors. For

example, if a mass flow controller indicates that the flow rate is 3.0 L min-1, how confident

are we that the actual value is indeed 3.0 L min-1, rather than 2.9 L min-' or 2.5 L min-'?

Table 13 lists the various instruments that we used in the process of reactor validation, as

well as their advertised intrinsic uncertainty ranges.

Table 13 - Summary of various instruments used in the reactor performance

characterization and their intrinsic uncertainty ranges in the readout signals.

Quantity Instrument Uncertainty range

Mass flow, primary air Omega FMA5528A Max of 1.5% and 0.1 L/m

Temperature Omega Max of 0.4% and 1.1 K

Solid mass (in/out) Dr. Meter ES-PS01 Max of 1% and 5 g

Proximate analysis TA Instruments Q50 Max of 0.01% and 0.1 pg

Elemental analysis FlashEA 1112 2.0%

Solid higher heating value Parr Instruments 6200 Max of 3% and 0.5 MJ kg-1

3.6.2 Extrinsic Uncertainties

Next, there are also operation-related uncertainties on top of the instrumental

uncertainties. These are related to considerations such as that the current laboratory-scale

reactor is an imperfect replica of an ultimate continuous-process in the scaled-up version.

These uncertainties, specifically, describe the observed variations in repeated data

measurements while assuming that the measurement instrument values are completely

accurate. As an example, instead of metering the biomass feed precisely using an elaborate

hopper system, for the purpose of laboratory-scale validation, the feeding had been

manual, timed at regular intervals of 1-2 minutes each in order to keep the top of the

biomass moving bed at a certain level. Once every 20-30 minutes during the steady state
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reactor operation, we would measure the weight loss in the raw biomass feedstock, as well

as the weight gain in the collected torrefied biomass on the readout from a digital balance

(Dr. Meter ES-PS01), which has a known instrument uncertainty range of 1% (or 5

grams, whichever is greater). Even if we ignore this instrument uncertainty range, and

assume that the weight measurement readout is absolutely accurate (with 0%

uncertainty), nonetheless each time we repeat the weight measurement at different time

points in the course of the steady-state torrefaction reactor experiment, we note in Table

14 that there are some variations in the mass in- and out-flow rates that we recorded. In

this case, this variation is not related to the accuracy of the instrument, but rather to the

inhomogeneity in the laboratory-scale reactor operation, and should be characterized as an

uncertainty range accordingly, as we will calculate below.

Table 14 - Sample uncertainty calculation for solid mass flow rates and mass yields

Biomass in Torrefied biomass out Calculated solid mass yield

900 g/h 570 g/h 63%

840 g/h 410 g/h 49%

470 g/h 410 g/h 88%

830 g/h 550 g/h 66%

860 g/h 350 g/h 41%

880 g/h 370 g/h 42%

690 g/h 440 g/h 64%

1030 g/h 550 g/h 53%

1110 g/h 420 g/h 38%

To calculate an uncertainty range from the data in Table 14, we first start by computing the

mean input biomass flow rate, which is 850 g/h in this case, with a standard deviation of

190 g/h. Assuming a Gaussian distribution of the measurement values, and given 9

sample sizes, this gives us a 95% confidence interval of 190g/h / VF x 1.95 = +120g/h, or

14% of the mean. Likewise, we can calculate that the mean output torrefied biomass mass

flow rate is 450 g/h, with a standard deviation of 80 g/h and a 95% confidence interval of
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50 g/h, or 11% of the mean. The ratio of the output flow rate to the input flow rate-

which defines the solid mass yield-has a mean value of 56%, with a standard deviation of

16% and a 95% confidence interval of 10%, or 18% of the mean.

We can similarly compute the operated-related uncertainties associated with other

variables (such as temperature and emissions) using the same replication method as

above. These uncertainty ranges are summarized in Table 15.

Table 15 - Summary of the uncertainty ranges associated with reactor operation with

respect to various relevant variables.

Quantity Uncertainty range (% of the mean)

Input biomass mass flow rate 14%

Output torrefied biomass mass flow rate 11%

Solid residence time 14%

Solid mass yield 18%

Solid higher heating value 3%

Energy densification ratio 12%

Solid energy yield 31%

Proximate analysis, volatile matter 0.5%

Proximate analysis, fixed carbon 14%

Proximate analysis, ash 19%

Proximate analysis, moisture 34%

Elemental analysis, carbon 1.0%

Elemental analysis, oxygen 1.2%

Elemental analysis, hydrogen 0.1%

We note that in general, the extrinsic uncertainty ranges are much larger than the

corresponding intrinsic uncertainty ranges, which suggests that there is a high degree of

variability in our laboratory-scale torrefaction process. For example, while the TGA

measures mass very accurately to a level of 0.01%, the moisture content as determined by
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proximate analysis indicates a 34% uncertainty with respect to the mean value. This can be

explained by the fact that moisture in the sample can vary greatly depending on the

prevalent atmospheric conditions, as the samples are stored in ambient air.

There are various quantities-such as the normalized air/fuel ratio-that have negligible

extrinsic uncertainty ranges. The reason in this case is because once the mass flow meter is

set to a specific value, this value is unaffected by the fluctuations in the biomass

torrefaction process. Therefore, the overall uncertainty range normalized air/fuel ratio is

only limited to the intrinsic uncertainty of the instrument.

We can use the classical error propagation technique to infer overall uncertainty ranges. As

an illustration, the energy densification ratio is the division of two higher heating values,

each having an extrinsic uncertainty range of 3% as well as an intrinsic uncertainty range

of 3%. Dividing two values means that their relative uncertainty ranges are summed,

resulting in a final uncertainty range of 12%. On the other hand, the solid energy yield is

calculated by multiplying the solid mass yield (extrinsic uncertainty of 18% and intrinsic

uncertainty of 1%) by the energy densification ratio ( 12%). Because both of these values

carry large relative uncertainty ranges, the relative uncertainty range for the solid energy

yield is even greater ( 31%). Therefore, all inferred/calculated values that are not directly

measured from experiments tend to carry higher uncertainty ranges. We can undertake

similar calculations for the uncertainty ranges of other quantities (such as the predicted

mass fractions of various species in the exhaust) not listed in Table 15.

In general, we can see that all of the performance metrics carry an uncertainty range of less

than 34% of the mean, which is reasonable given the highly heterogeneous nature of the

biomass torrefaction process.

3.7 Comparison of Performance Metrics with Existing Lab-Scale Reactors

This study is not complete without a comparison of the performance metrics of our lab-

scale torrefaction reactor with those of other similar lab-scale reactors in the literature. As
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mentioned previously, many of these existing lab-scale torrefaction reactors often operate

in artificial conditions (e.g. perfectly inert N2 environment, with externally supplied heat

source). Therefore, an important goal of this study is to identify and quantify the extent of

any differences in the reactor performance metrics under different operating conditions

between existing studies and our study.

Due to the paucity of available data for hay and rice husk, in this section we focus on pine

feedstock, which is of a better-studied woody type in the literature. From the literature, we

have recovered the index of torrefaction, mass yield, and energy yield data from two main

studies. The first by McNamee et aL. (2016) examines the torrefaction of North American

pine in a horizontal tube furnace that has a constant flow of nitrogen. The second by

Grigiante and Antolini (2014) curates the torrefaction data of Italian spruce pine in a

vertical fixed-bed reactor that has a constant flow of electrically preheated nitrogen. A

compilation of the experimental data points from these two studies is given in Table 16.

Table 16 - Compilation of pine torrefaction data points from the literature utilized for

comparison with our experimental data.

Residence Mass Index of Energy Source
Temperature Suc

time yield torrefaction yield

2500 C 30 min 90.7% 1.01 91.3% McNamee et aL. (2016)

2700 C 30 min 85.0% 1.05 89.2% McNamee et aL. (2016)

2700 C 60 min 76.7% 1.09 83.8% McNamee et aL. (2016)

2900 C 30 min 72.2% 1.16 84.0% McNamee et aL. (2016)

2650 C 49 min 89.3% 1.07 95.9% Grigiante &Antolini (2014)

2800 C 20 min 89.4% 1.08 96.2% Grigiante & Antolini (2014)

2950 C 30 min 80.2% 1.12 90.1% Grigiante & Antolini (2014)

3100 C 17 min 79.1% 1.12 88.5% Grigiante &Antolini (2014)

3100 C 36 min 69.0% 1.16 80.1% Grigiante & Antolini (2014)
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Unlike our study, both McNamee et aL and Grigiante & Antolini use the reactor temperature

rather than the normalized air/fuel ratio as one of the independent variables, because in

their reactors-both of which operate under inert conditions (N2)-the use of air intake to

modulate the reactor temperature is not a meaningful concept in informing the reactor

operating condition and design. In Figure 40, we plot the indices of torrefaction in the

temperature-residence time phase space, for our lab-scale reactor (a) and for the two

comparative studies (b). In the color scale bar, blue dots indicate low indices of torrefaction

and yellow dots signify high indices of torrefaction.

(a) Our Experiment (b) Existing Literature
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Figure 40 - Comparison of indices of torrefaction under different maximum reactor

temperatures and residence times for our lab-scale reactor (a) and for data compiled from

the existing literature (b) for pine shavings. Blue dots reflect low indices of torrefaction and

yellow dots reflect high indices of torrefaction.

In both our lab-scale reactor and the existing literature, there is a dominant dependence of

the index of torrefaction on the maximum reactor temperature (which, in our reactor

design, is related to the normalized air/fuel ratio). There is a much weaker dependence of

the index of torrefaction on the solid residence time in both cases. However, in our

experiment, the indices of torrefaction for similar temperature-residence time

combinations appear to be consistently higher than those obtained in the literature.
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Because the colored dots are relatively difficult to visualize and compare, we interpolate

and re-plot Figure 40 over the range of torrefaction conditions of interest in Figure 41, and

from the color gradients, the differences described above are much more easily visualized.
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Figure 41 - Comparison of indices of torrefaction under different maximum reactor

temperatures and residence times for our lab-scale reactor (a) and for data compiled from

the existing literature (b) for pine shavings, interpolated from Figure 40 over a range of

torrefaction conditions of interest.

To explore this difference more quantitatively, we interpolated the indices of torrefaction

over the entire temperature-residence time phase space for both cases, and took the ratio

of the indices of torrefaction for our reactor set-up in comparison to the existing literature

data (Figure 42a). Here, as consistent with our observations in Figure 40, the interpolated

indices of torrefaction in our lab-scale reactor are about 10-20% higher compared to the

existing literature interpolation at a given temperature-residence time condition. This

effect is most pronounced in the low-temperature, short-residence-time regime.

In the same vein, we can compare the solid mass yields in Figure 42b by their ratios, and

note that our test reactor produces about 30-50% less solid mass yield compared to the

existing literature. The combined effect of increased index of torrefaction and decreased

solid mass yield is captured in Figure 42c, which shows a general 20-40% decrease in the

solid mass yield in our test reactor compared to the existing literature.
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Figure 42 - Our low-air lab-scale reactor shows differences in key performance metrics

compared to existing literature data uinder inert conditions. On the phase space of solid

residence time (x axis) and maximum reactor temperature (y axis), we plot the interpolated

ratios between our reactor set-up and existing literature data for index of torrefaction. (a),

solid mass yield (b), and solid energy yield (c).

As noted previous in the literature reviewed in Section 2.1, laboratory experiments have

shown that torrefaction in the presence of oxygen, depending on the oxygen level, can

result in negligible to significant reduction in performance in terms of mass and energy

yields. In light of these earlier works, one logical explanation for these differences is that in

our reactor, the introduction of non-inert, low-air environment into the reactor causes the

in-situ combustion of volatile gases, and this creates hot spots that can locally over-torrefy

the biomass, leading to a higher index of torrefaction and lower solid mass and energy

yields. However, another explanation for these differences is that fact that our reactor

design no longer operates in an idealized, highly controlled environment that was

established in earlier works in torrefaction. The fact that we do not employ a controlled

external heat source, and that we operate a continuous process as would be done in a real-

life setting, imply that our reactor may operate in a less controlled environment, with

higher degree of thermal inhomogeneity as well as heat losses, both of which may also lead

to over-torrefaction in some regions and, as a result, decreased overall yields in mass and

energy. This difference is one non-inert effect that may be expected of a realistic scaled-up
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reactor design that our lab-scale reactor can capture with greater accuracy and realism in

comparison with the traditional inert lab-scale set-ups.

3.8 General Approach for Rapid Reactor Validation and Scaling

In this study, we begin with the premise that many current lab-scale experimental set-ups

are artificial representations of eventual scaled-up torrefaction reactor designs, given

completely inert conditions, externally heat source, a narrow range of biomass types

tested, and batch-wise process. While these set-ups are invaluable in providing the basic

scientific understanding of torrefaction under a highly controlled condition with a

minimum set of variables, they may not always capture the more complicated reality that

can better inform a scalable reactor design.

We describe a lab-scale torrefaction reactor that we believe captures more realistic and

phenomenological elements for scaling up, including a continuously fed fixed bed, a low-air

(rather than inert) environment, and a broader selection of characteristically different

biomass types (pine shavings, hay, and rice husks). We proceed to validate the stable and

steady state operation of this lab-scale reactor under a variety of conditions, and define a

scalable operating phase space consisting of residence time and normalized air/fuel ratio.

We quantify key reactor performance metrics, such as the index of torrefaction (energy

densification ratio), solid mass yield, solid energy yield, solid and volatile chemical

composition, as well as the nature of in situ oxidation reaction. Furthermore, we compare

these performance metrics to similar data from the existing literature, and show some key

differences in that our lab-scale reactor results in generally higher index of torrefaction and

lower mass and energy yields. The results we present, therefore, form a more realistic basis

for scaling up a fixed-bed torrefaction reactor based on our current lab-scale design.

Moreover, we should note that the design and scaling methodology proposed in this study

is not limited only to biomass torrefaction in a fixed-bed design, but also has wider

applicability to other reactor designs not explored in this study. This approach is also
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applicable to other processes involving heterogeneous and complex processes or factors,

such as biomass pyrolysis and gasification, where a more phenomenological approach

illustrated by our lab-scale reactor may have strength over other more controlled

experimental approaches for the purpose of reactor scaling.

While this study makes science-based conjectures about how a scaled-up reactor may

behave by observing a lab-scale counterpart, ultimately, its aim is directed not to

understand and validate the myriad of underlying chemical or thermodynamic processes in

mechanistic detail, but rather to encapsulate these underlying processes as reduced-order

correlations that can inform reactor scaling in a rapid and easy way. However, even if a

higher-fidelity description of the underlying processes is desired, a lab-scale reactor design

like ours is still useful in that it serves as an initial, low-cost step towards more fine-grained

diagnostics and measurements: for example, by identifying strong and weak dependencies

of the overall reactor performance, our lab-scale reactor can inform which variables and

relationships are more important than others for these subsequent fine-grained studies to

then focus on, and thus precious resources can be saved by this more directed approach.

Finally, our lab-scale reactor is useful to the extent that it can more accurately inform

scaling up the reactor, but this claim itself is to some extent still an untested hypothesis.

The subsequent design and realization of a scaled-up reactor and its quantification will

serve as the ultimate verification or falsification of our general phenomenological

approach.
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Chapter 4 A Design-Oriented Index of Torrefaction

Biomass torrefaction is a useful process because the input biomass feedstock, through a

thermochemical treatment, becomes an improved fuel in terms of energy density, fixed

carbon content, grindability, and so forth. While these various improvements are well

known, to date, there is little effort in establishing a design methodology to systematically

relate target improvements in these characteristics back to the extent of torrefaction. This

missing gap is essential in better selecting the optimal torrefaction reaction conditions and

designing more effective torrefaction reactors at scale. In this paper, we define an index of

torrefaction based on the extent of energy densification of the output fuel, and show that

this index is useful in that it has a functional mapping relationship with the various

characteristic improvements mentioned above. We showed that the design conditions are

highly dependent on the type of biomass feedstock, and the index of torrefaction is able to

inform us which type is suitable or not. We also showed that while the index of torrefaction

has a monotonic relationship with the higher heating value of the direct output of

torrefaction, once such output has been briquetted into solid fuel and tested for cooking

purposes, the useful fuel energy density and power output have a much more complex

relationship with the index of torrefaction. The index of torrefaction therefore serves as a

crucial and practical framework for understanding how various fuel characteristics that the

various end users desire can be linked to the actual operating conditions of a torrefaction

reactor in a simple and rapid manner.

4.1 The Need for an Index of Torrefaction

Biomass torrefaction has recently received significant interest because it improves the

characteristics of the output fuel, making it easier to use, cheaper to transport, and less

challenging to grind/process, and more hydrophobic. Table 17 lists some of the fuel

improvements that some sample end users care about as design requirements.
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Table 17 - Sample design requirements for the torrefaction process

User Torrefaction requirements

Restaurant cook in India I want a minimum heating value of 22 MJ/kg.

Pig iron industry in Brazil Fixed carbon content must be more than 56%.

Industrial boiler operator Boiler temperature should be maintained above 750*C.

Kenyan housewife I want the water to be brought to boil in 20 minutes.

We note that different users place different priorities over the different improvements.

Even though most of these improvements are often causally linked to the thermochemical

changes that occur within biomass during torrefaction, yet somewhat surprisingly, many of

these improvements are not well quantified, nor is it an easy task to understand how these

various improvements relate to how the torrefaction reactor should be operated. We define

these physical/chemical changes to the output fuel as "secondary characteristics", named

so because they arise due to the primary effect of torrefaction.

Most studies in the existing literature approach this from the temperature-residence time

perspective: for each type of biomass, the temperature and residence time are varied one at

a time to report secondary characteristics such as the heating value (HHV) of the torrefied

fuel (Arias et al, 2008), the fixed carbon content, or the specific grinding energy. This two-

dimensional approach is akin to the temperature-air/fuel ratio phase space that we utilized

in Chapter 3 in order to characterize the performance metrics (solid mass yield, energy

densification ratio, and solid energy yield) of the torrefaction reactor. However, we contend

that this two-dimensional approach is extremely time- and labor-intensive: there are a

multitude of different secondary characteristics, and each time that a new secondary

characteristic requirement arises, it becomes necessary to re-run the torrefaction reactor

under the various conditions all over again in order to quantify and map out such a

secondary characteristic on the temperature-residence time map. Our alternative

hypothesis is that instead of the two-dimensional map, torrefaction can be characterized by

a one-dimensional variable known as the index of torrefaction, which (a) quantifies the

severity of the torrefaction process under various temperature and residence time
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conditions and (b) can be determined solely by characterizing the selection of output solid

fuels from the reactor, without necessitating re-running the reactor all over again. In order

to satisfy the conditions above, mathematically speaking, there must exist a functional

relationship between the different secondary characteristics of torrefaction and the index

of torrefaction: in other words, for each value of the index of torrefaction, there is uniquely

one mapped value for each of the desired secondary characteristics.

4.2 Definition of the Index of Torrefaction

The approach we take for defining and utilizing the index of torrefaction is an empirical

one: let us select a definition for the index of torrefaction, and experimentally establish

whether or not it is true that a wide selection secondary characteristics are indeed a

function of such an index.

To define such an index, we draw upon the inspiration of Basu et aL (2017), which defined

an index of torrefaction solely based on the ratio of energy densification of the output fuel

to that of a reference torrefaction condition at 300'C and a residence time of 60 minutes.

We modified and simplified their definition by establishing the index of torrefaction Itorr as

the ratio of the higher-heating value of the output torrefied fuel to the higher-heating value

of raw biomass:

Ir = HHVtorrefied
H HVraw

From the formula above, we see that any form of energy densification means that Itorr> 1.

Table 18 lists some typical values of index of torrefaction for various types of biomass

subject to a certain torrefaction condition at 300'C and 30 minutes; the HHV values in this

case were experimentally measured using a calorimeter as described in Section 3.3.4.
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Table 18 - Typical values for index of torrefaction for various types of biomass after being

treated at 300'C for 30 minutes.

Feedstock HHVraw H HVtorrefied Index of torrefaction

Pine shavings 20.51 MJ/kg 23.87 MJ/kg 1.16

Hay 17.42 MJ/kg 21.10 MJ/kg 1.21

Rice husks 15.82 MJ/kg 17.36 MJ/kg 1.10

It should be remarked that the different types of biomass, when subject to the same

torrefaction condition, may exhibit different degrees of energy densification, and hence,

different values of index of torrefaction. It should be further remarked that the index of

torrefaction that we defined above is actually equivalent to the energy densification ratio,

which we defined as a key performance metric for the laboratory-scale in 0. This makes it

easy for us later on to make design choices based on the index of torrefaction by simply

referring to the color heat maps that we produced previously.

4.3 A Motivating Design Case Study Using the Index of Torrefaction

We begin by verifying that one important "secondary characteristic", the energy content of

the solid fuel, indeed has a one-to-one functional mapping to the index of torrefaction. We

then walk through a design case involving the energy content requirement for the fuel and

illustrate the utility of the index of torrefaction in the design process.

The solid fuel energy content is often determined by the higher heating value (HHV) of the

torrefied fuel. In this case, by tautology from the definition of the index of torrefaction,

there is indeed a one-to-one mapping: the HHV of the torrefied fuel is nothing more than

the index of torrefaction multiplied by the HHV of the raw biomass.
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Now suppose that an end user for the solid fuel requires that the fuel have a higher heating

value of at least 21.25 MJ/kg. What does this mean for the torrefaction requirement of the

different biomass input feedstock types? Based on the values in Table 18, we note that in

order to reach 21.25 MI/kg, this requires pine shavings be torrefied at Itorr 2 1.04. As shown

in Figure 43a, which replicates the color heat map of the energy densification ratio

determined from 0, all reactor operating conditions above the autothermal boundary can

satisfy this HHV requirement. On the other hand, for hay, an output HHV of 21.25 MJ/kg

requires that Itorr 1.22. According to Figure 43b, we must run the torrefaction reactor

under very severe torrefaction conditions (in the upper-right quadrant) in order to satisfy

this requirement. Finally, for rice husk, the corresponding index of torrefaction is Itorr

1.34. This means that within the mapped torrefaction regime of interest in Figure 43c, it is

not possible to satisfy this requirement, as the maximum energy densification ratio (i.e.

index of torrefaction) is around 1.15 only.

(a) Pine shavings (b) Hay (c) Rice husks
0 > 1.04 orr I >1.22 torr I >1.34 Itor"
torr 15torr 125 0O45 t2I

O'S[ n 1 16

13 12 0.4 11 4

0,3 0135 Not possible in
0.5 1 this regime!

1.1 1.06E 0,3,
0 - 02- IDS5 1,04

E 102
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Tres, solid residence time (min)

Figure 43 - An illustration of using the index of torrefaction to select for the torrefaction

reactor operating condition for three different types of biomass feedstock. Note that

depending on the biomass feedstock, we obtain very different design outcomes.

The intuition for our conclusion with respect to rice husk is as follows: rice husk, due to its

high ash content, has a low HHV value (below 16 MJ/kg) in its raw form to start with. As it

is torrefied, the relative ash mass fraction increases, which further dilutes the energy
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density of the usable fuel. With the amount of ash inherent in rice husk, it is just very

difficult to torrefy it severely enough to achieve 21.25 MJ/kg in energy density.

From the sample design case above involving the HHV requirement of the torrefied output,

we can immediately see the utility of the index of torrefaction: not only can it be used as a

tool to narrow down the reactor operating condition of interest without re-running

multitude of torrefaction experiments, but it can also be further used to determine which

type of biomass is better suited than others for achieving this specific design requirement.

The functional mapping between torrefied HHV and the index of torrefaction, as described

above, is tautological. However, thefunctional mapping between other "secondary

characteristics" with the index of torrefaction defined above is actually an unverified

hypothesis: different combinations of torrefaction temperature and solid residence time

may give the same torrefied HHV (and hence index of torrefaction), but these conditions

are not guaranteed to give rise to the same proximate analysis, ultimate analysis,

grindability, and cooking characteristics, because different temperature and time

combinations may give rise to different changes to the chemical and physical properties of

the torrefied solid. Therefore, the question of functional mapping that we are trying to

establish in this study is actually non-trivial, and if successfully established, will be a

powerful design selection tool indeed.

4.4 Various Functional Mappings to the Index of Torrefaction

In the previous section, we utilized HHV of the torrefied output as a motivating example for

using the index of torrefaction for our reactor design process. In this section, we

demonstrate that a wide selection of "secondary characteristics" related to the output

torrefied fuel indeed forms a one-to-one functional mapping with the index of torrefaction,

and that these mappings can be equally useful for informing reactor design selection.
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4.4.1 Proximate Analysis

Conducting proximate analysis and measuring its readouts-namely fixed carbon, volatile

matter, moisture, and ash-have been described previously in Section 3.3.2. For some

industrial users of solid fuel-such as those in the pig iron industry-it is important to

maintain a minimum fixed carbon content within the solid fuel, due to the high

temperature requirements.

To establish a functional relationship between fixed carbon content and index of

torrefaction for different biomass types, we need to experimentally measure the fixed

carbon content of the different biomass and torrefied biomass samples. Figure 44 shows

the experimentally determined correlations between the index of torrefaction and fixed

carbon content (a) and volatile matter (b) for pine shavings (blue), hay (red), and rice husk

(black), which we experimentally determined using the protocol described previously in

Section 3.3.2. As can be observed, a one-to-one mapping generally exists. In order to verify

that this functional mapping between fixed carbon and index of torrefaction is valid for a

wider range of biomass, we sought the existing torrefaction literature and extracted the

data on fixed carbon content and HHV values for other types of biomass under various

torrefaction conditions. We transformed the HHV data into our defined index of

torrefaction. As shown in Figure 44, for eucalyptus wood (cyan) from Arias et al., (2008)

and for willow (magenta), wheat (green), and canary grass (yellow) from Bridgeman et al.,

(2008), we observe a similar monotonic relationship. This demonstrates that for a variety

of different biomass types, we are able to establish a functional mapping between the fixed

carbon content and the index of torrefaction.
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Figure 44 - A correlation map between the index of torrefaction and (a) fixed carbon

content and (b) volatile matter of the torrefied output, for pine shavings (blue), hay (red),

and rice husk (black), eucalyptus wood (cyan), willow (magenta), wheat (green), and reed

(yellow). The eucalyptus data come from Arias et al (2008), and the willow, wheat, and

reed data come from Bridgeman et al. (2008).

4.4.2 Elemental (Ultimate) Analysis

Elemental (ultimate) analysis, as defined previous in Section 3.3.3, is useful in cases where

the torrefied solid is not being burned as a solid fuel, but rather being buried underground

as inert biochar. The carbon elemental composition, for example, gives a quantitative

estimate of the amount of CO2 equivalent being sequestered by the biochar (Parikh, 2017).

If there is a carbon sequestration target, for example, a functional mapping of the carbon

mass fraction to the index of torrefaction will directly inform the reactor operating

conditions.

We performed an analysis on all our torrefied samples using the technique described in

Section 3.3.3, analyzed the pine shaving, hay, and rice husk outputs from our torrefaction

reactor. Furthermore, we also gathered the elemental analysis data for eucalyptus wood

torrefaction from Arias et al. (2008). The results are plotted in Figure 45.
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Figure 45 - Correlation plots between the elemental components-carbon (a), oxygen (b),

and hydrogen (c)-in torrefied biomass and the index of torrefaction, for pine shavings

(blue), hay (red), rice husks (black), and eucalyptus wood (cyan). We generally see that

increasing torrefaction severity results in increased elemental carbon, as well as decreased

elemental oxygen and hydrogen. Data for eucalyptus wood were obtained from Arias et al.

(2008).

As can be seen in Figure 45a, as the index of torrefaction increases, the mass fraction of

carbon increases for all four types of biomass analyzed. This is not surprising, as the

chemical effect of torrefaction is to drive out low-energy molecules (often rich in oxygen)

while making the torrefied residue more carbon-rich. This explanation is confirmed when

we can contrast the result for oxygen in Panel b and hydrogen in Panel c. We see that both

of these elemental components decrease in mass fraction as a response to increased

torrefaction severity.

4.4.3 Fuel Grindability

It is well known that one of the key benefits of torrefaction is that it improves the

grindability of solid fuel-that is, the ease with which the solid fuel can be pulverized

(Bridgeman et al., 2010; and Khalsa et aL, 2016). For many boiler and co-generation

applications, especially for fluidized bed reactors, it is required that the solid fuel be

pulverized and entrained before it can be utilized. Under such cases, an end user may

impose grindability-related design criteria on the torrefied output.

109

C
0

*fU
I-

tU

0.7

0A5

0.4



There are two main ways to quantify "grindability" in the literature. In the first type of

measurement, a certain known amount of grinding energy is delivered to the biomass or

torrefied fuel in a batch process, and the resultant particle distribution characterized (such

as done in Repellin et aL., 2010). In the second type of measurement, a continuous grinder

is implemented that measures the grinding power delivered as a given flow rate of biomass

or torrefied fuel passes through the grinder (Govin et aL., 2010; and Phanphanich and Mani,

2011). In this study, we implemented both grinding measurement methods, and showed

how the quantified grindability in either case is affected by the index of torrefaction in the

sample case of torrefied rice husks as well as pine shavings

Because of the intensive nature of the grinding experiment, we only performed the

experiment on six biomass or torrefied biomass samples, as summarized in Table 19. As

can be observed, we selected a lightly torrefied condition (Itorr = 1.11 for pine shavings and

for rice husks) and a heavily torrefied condition (Itorr = 1.16 for pine shavings and Itorr =

1.15 for rice husks), and compared this against a negative control, which is raw biomass as

received (Itorr = 1.00).

Table 19 - Biomass samples utilized in the solid fuel grindability studies.

Pine shavings As received Air/fuel ratio = 0.18 Air/fuel ratio = 0.26
= 1.00 Res. time = 11 min Res. time = 19 min

Io,, = 1.11 ,torr =1.16

Rice husk As received Air/fuel ratio = 0.15 Air/fuel ratio = 0.18
'torr = 1.00 Res. time = 27 min Res. time = 37 min

'torr = 1.11 Itorr = 1.15
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Table 20 - Visualization of the distribution of particle sizes (each column represents the

particles that lie between a specific range of sizes) under different experimental grinding

conditions (no grinding, or "Grind xO"; 0.1 MJ/kg of grinding energy delivered, or "Grind

xl"; and 0.5 MJ/kg of grinding energy delivered, or "Grind x5") with respect to different

rice husk samples torrefied to different extents (raw untorrefied rice husks, or Itorr = 1.00;

mildly torrefied rice husks, or Itorr = 1.11; and heavily torrefied rice husks, Or Itorr = 1.15.
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In order to conduct the first type of grinding experiment (batch-wise grinding, delivering a

specific amount of energy and measuring the particle distribution), we utilized a coffee

grinder (KRUPS F203), connected to a power consumption plug load logger (HOBO UX120).

After loading about 100 g of biomass or torrefied biomass sample into the grinder, we

performed three experimental conditions: (a) "Grind xO" condition: unprocessed, or 0 J kg-1

of grinding energy applied, (b) "Grind xl" condition: 0.1 MJ kg-1 of grinding energy applied,

and (c) "Grind x5" condition: 0.5 MJ kg-1 of grinding energy applied. After each experiment,

we removed the ground samples, and then processed them through a series of wire mesh
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sieves (McMaster-Carr) in increasingly small opening sizes of 1370 pm, 710 urm, 310 pm,

140 prm, and 74 prm.

Table 20 shows the outcome from sieving the products from the different experiments.

Each column represents one experiment ("Grind xO", "Grind x1", or "Grind x5") with

respect to differently torrefied rice husks (raw rice husk with Itorr = 1.00, lightly torrefied

rice husk with torr = 1.11, and heavily torrefied rice husk with Itorr = 1.15). Each row

represents a specific particle size range based on passing through different levels of sieves

of different hole sizes. Therefore, if we read the first column (raw rice husks, without

grinding or "Grind xO"), we can see that most rice husks have a native size of 0.3-1.3 mm.

Then, in the second column, the same raw rice husk has been ground in the coffee grinder

with 0.1 MJ kg t of energy ("Grind x1"). We see that the distribution of the particles,

compared to the "Grind xO" column, tend to shift towards smaller sizes as a result of the

effect of grinding. This effect is even more pronounced as we deliver even more grinding

energy "Grind x5" to the raw rice husks, as visualized in the third column. We can do the

same analysis for light torrefied as well as heavily torrefied rice husks. What we notice are

two trends. Firstly, even in the native form (without grinding, "Grind xO"), the distribution

of particle sizes in torrefied biomass tends to already shift towards the smaller sizes,

probably due to mechanical attrition during transport through the reactor as well as

handling, as torrefied biomass is known to be more brittle. This effect is more pronounced

in the heavily torrefied regime (Itorr = 1.15). The second trend to remark is that if we

compare the "Grind x1" and "Grind x5" columns for the three samples, we can see that for

each given grinding energy delivered to the samples, torrefaction results in a shift of

particle size distribution to smaller sizes. As an illustration, in the "Grind x5" scenario,

while the raw biomass has some residual particles between the sizes 710-1370 microns,

this is completely absent in the case of lightly torrefied (Itorr = 1.11) rice husks, where the

largest observed particle sizes are between 310-710 microns. Then, in comparison, in the

heavily torrefied rice husks (Itorr = 1.15), we find that this 310-to-710-micron

subpopulation is almost absent. In the meanwhile, more and more fraction of the particles

ends up passing through the 74-micron sieves as the torrefaction severity is increased.

Therefore, even by qualitative visual inspection, we can make the following conclusions: (a)

112



at a given amount of grinding energy imparted into solid fuel output, increasing the index

of torrefaction improves the grindability because torrefaction results in a distribution

smaller particle sizes, and (b) under increasing index of torrefaction conditions, the

particles become more brittle, such that they tend to break into smaller pieces naturally,

without the intervention of mechanical grinding.
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Figure 46 - Mass distribution of biomass/torrefied biomass samples imparted with no

grinding energy (blue), 0.1 Mj/kg of grinding energy (red), and 0.5 Mj/kg of grinding

energy (black). The samples are: (a) raw rice husk (Itorr = 1.00), (b) lightly torrefied rice

husk (Itorr = 1.11), (c) heavily torrefied rice husk (Itorr = 1.16), (d) raw pine shavings (Itorr =

1.00), (e) lightly torrefied pine shavings (hoir = 1.11), and (f) heavily torrefied pine (Itorr =

1.16). As grinding energy is increased, the mass distributions tend towards the smaller

particle sizes.
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Upon the implementation of grinding, we observe a further reduction in the particle sizes

in all cases (red curves with 0.1 MJ/kg grinding energy, and black curves with 0.5 MJ/kg

grinding energy). In particular, as we increase the index of torrefaction, we see a more

significant shift of the mass distribution curve to the left (smaller particle sizes), thereby

signifying the efficacy of torrefaction in improving biomass grindability.

(a) (b)
Torrefied biomass

7i Hopper

Power logger

Mill

Ground torrefied
biomass

Figure 47 - Experimental set-up for quantifying the specific grinding energy of torrefied

biomass samples.

While seeing the reduction in the particle sizes as distributions under different grinding

conditions is an intuitive way to understand how torrefaction severity affects fuel

grindability, we can do better in terms of putting a number on this grindability. In order to

do so, we consider and implement the second way that grindability measurement can be

implemented through a continuous grinding process. For our experimental purpose, we

obtained an IKA MF 10.1 mill that we connected to a HOBO UX120 plug load logger. A 2.0

mm grate was placed at the bottom of the mill, such that only particles that have been

ground to a size inferior to the grate opening can pass through and be collected. By

measuring the power output supplied to the grinder, as well as the mass flow rate of the

biomass or torrefied biomass sample through the grinder, we can arrive at a quantity that

most existing literature calls the specific grinding energy. This is the unit energy required to
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comminute a solid fuel sample into particles inferior to a certain target size. At a given

measured flow rate of biomass input feeding, we measured the power consumption during

the grinding process. Dividing the power consumption by the feeding mass rate gives us the

specific grinding energy [J kg-']. Figure 47 shows a schematic as well as a photograph of the

experimental set-up that we deployed.

Sample power logging time series
Rice husk: continuous grinding

210

200 Heavily torrefied

190

M150-

0

140

130-

0 20 40 60 80 100
Time (s)

Figure 48 - Sample plug load power logging series (reflecting the power that the

continuously operated grinder draws) as a function of time, for processing raw rice husks

(Itorr = 1.00) and heavily torrefied rice husks (Ito,, = 1.15). We notice that for the heavily

torrefied rice husks, less grinding power on average is required, signifying improved

grindability.

To understand how this works, in Figure 48, we plot the sample time series of the readout

from the plug load power datalogger, which quantifies the amount of electric power that

the grinding mill draws at a given point in time in order to process the given

(raw/torrefied) rice husk sample on a continuous basis. From comparing the power

requirements for raw rice husks (Itorr = 1.00, blue trace) to severely torrefied rice husks

(Itorr = 1.15, red trace), we notice a reduction in the average grinding power requirement,

which shows improved grindability with increasing torrefaction severity. In order to obtain

the specific grinding energy, we integrate this power curve over time it takes to process
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500 grams of the sample, in order to obtain some energy quantity [J]. Dividing by 500

grams, we thereby obtain a measure for the specific grinding energy.
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Figure 49 - Relationship between specific grinding energy and index of torrefaction for rice

husks (blue), pine chips (red), and logging residue chips (black). The relationships

generally follow that of a rational function of the form a / (1 - bltorr). The rice husk data

were obtained experimentally; the data for pine chips and logging residue chips were

obtained from Phanphanich and Mani (2011).

Figure 49 shows that for rice husks (blue), the specific grinding energy decreases as the

torrefaction becomes more severe. To supplement our experimental data on rice husks

with a wider range of biomass, we also took data from the literature (Phanphanich and

Mani, 2011) for pine chips and logging residual chips, which were also plotted in Figure 49.

In general, we found that the specific grinding energy (SGE) decreases drastically as the

biomass is increasingly torrefied, and that the SGE and the index of torrefaction (Itorr) can

be fitted to a rational function of the form:

a
SGE = 1 - bItorr'

where a and b are fit parameters. These parameters were determined via cftool fitting in

MATLAB, and are given in Table 21.
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Table 21 - Best fit of the specific grinding energy as a function of the index of torrefaction

to a rational function of the form a / (1 - blrr).

Biomass type Best fit value for a Best fit value for b

Rice husks 24.73* 0.8808*

Pine chips 9.96 1.95 0.958 0.0093

Logging residue chips 18.54 12.49 0.9198 0.0641

* Number of data points for rice husks was too small (3) to determine a reliable confidence

interval for the fitting parameters.

Furthermore, what we characterized that other prior studies have not done so, is that the

maximum solid output flow rate in a continuous grinding set-up is also dependent on the

index of torrefaction. Typically, the rate at which comminuted solids emerge from the

grinder is limited by how quickly the mill can reduce the incoming solid feed. We found

that, as Figure 50 demonstrates, as the index of torrefaction increases, the maximum

output mass flow rate that is achievable under our grinding experimental setup also

increases. Therefore, we learned that, in addition to the reduction in the grinding energy

(as other studies have shown already), a new benefit of torrefaction is that it can increase

the processing capacity of the grinder, which is also expected to reduce the operating costs

for comminuting torrefied biomass feedstock.

In this section, we explored the concept that torrefaction improves grindability, and

demonstrated how we can put quantitative relationship between grindability and index of

torrefaction by implementing two experimental methods to quantify grindability. This is

useful for the grinding process, as the grinding requirements can now be incorporated into

the reactor operation process via the index of torrefaction.
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torrefaction increases, which is an additional, less documented benefit
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4.4.4Selected Cooking Characteristics

One very common application of torrefaction is the upgrading of biomass into solid cooking

fuel. One commonly held belief is that torrefaction makes raw biomass more charcoal-like

when used for cooking. However, this belief is largely untested and unquantified. In this

section, we demonstrate that the index of torrefaction can also be used as a vehicle to

quantitatively elucidate these improvements of torrefied biomass as a cooking fuel. In

order to quantify cooking performance, we must first define a formulation of cooking fuel

from torrefied biomass, as well as a standardized cooking experiment that we can perform

with respect to different torrefaction outputs. As shown in the flow diagram in Figure 51,

torrefied biomass is first comminuted, using the same grinding set-up as described in the

previous section, into small powder inferior to 2 mm.
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1:1 molasses

Torrefied biomass Ground torrefied biomass Torrefied biomass fuel

Figure 51 - Torrefied biomass is first ground to 2 mm size and then mixed 1:1 with

molasses (a sticky binder) to form into solid fuel..

Then, once we have the pulverized torrefied biomass, we need to form ("bind") it into

usable form of solid fuel. There are many types of "binders" available, such as paper pulp,

wheat flour mixture (Demirba and ahin, 1998), molasses (Biesa et aL, 2003; Chin and

Siddiqui, 2000; and Benk and Coban, 2011), sawdust (Taulbee et al, 2009; Sivakumar et aL,

2012; and Rajaseenivasan et al, 2016), cow dung (Emerhi, 2011; and Jain et aL, 2015),

acid-denatured biomass (Zhang et aL, 2001; Cheng et aL, 2008), and even natural innate

binders in the raw biomass itself (Kaliyan and Morey, 2010). Other meta-studies have

furthermore compared the performance characteristics of the resultant fuel briquettes-

such as mechanical strength and calorific value-under different binder mixtures and

ratios in seeking an optimum (Richards, 1990; Rubio et aL, 1999; and Shyamalee et aL,

2015). In our study, we are not interested in necessarily optimizing the binder selection or

ratios with respect to differently torrefied biomass, but rather in consistently defining a

binding protocol so that the test results from the different torrefaction outcomes can be

comparable. We therefore selected molasses as the binder as the binding agent is easily

accessible and does not require extensive processing or pre-treatment. The binder to

biomass ratio was gradually increased until we have briquettes that are stable and do not

easily crumble into small pieces. The binder-to-fuel powder ratio that we used was 1:1 by

mass. No water was added in the process.
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Figure 52 - Samples of rice husk briquettes under different torrefaction conditions that we

used for cooking tests. From left to right: raw rice husk briquettes (Itorr = 1.00), lightly

torrefied rice husk briquettes (Itorr = 1.11), heavily torrefied rice husk briquettes (Itorr=

1.15), and commercial charcoal briquettes as a positive control.

Figure 52 shows four sample fuel briquettes manufactured using the technique described

above, consisting of raw rice husk briquettes (Itorr = 1.00, as a negative control), lightly

torrefied rice husk briquettes (Itorr = 1.11), and heavily torrefied rice husk briquettes (Itorr =

1.15). As we see visually, as the index of torrefaction increases, the color of the briquettes

also turn darker brown into black. For comparison purpose as a positive control, we also

purchased commercial-grade charcoal, pulverized it, and then reconstituted the fuel

briquettes using the same technique above.

After the fuel formation protocol is defined, the next step is to define the standard cooking

experiment that we will utilize to quantify the relationship between the index of

torrefaction and the cooking characteristics. There are many cookstoves that are designed

for combustion of solid fuel, some unimproved (for example, Roden et aL, 2006, McCracken

and Smith, 1998, and Jetter an Kariher, 2009), and some improved (for example,

Armend riz-Amez et aL, 2010, Mercado et al., 2011, and Singh et aL, 2012). For the purpose

of defining a standard protocol, we selected a charcoal-burning stove-called ajiko-that is
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commonly used for domestic cooking in Kenya. Once again, our primary goal here is not to

optimize the cooking performance per se, but rather, to demonstrate that for a specifically

and realistically defined cooking practice, we can relate changes in the fuel performance to

the index of torrefaction. Therefore, we will not spend too much time considering what

stove design or cooking procedure to use, other than just specifying one as a standard.

Figure 53a displays a typical Kenyanjiko cook stove.

SPot cf" a ning water

Charcoal stove (jiko)

Figure 53 - Cook stove per formance experimental set-up. (a) A Kenyan charcoal-burning

cook stove called jiko was used in our cook stove experiments relating the index of

torrefaction to certain cooking characteristics. (b) An experimental set-up consisting of the

jiko and a pot of boiling water (3 liters).

To set up an experiment (protocol described in detail in Banzaert, 2013), about 400 grams

of the solid fuel briquettes of a given type is loaded into the stove. A fire lighter was placed

at the center of the briquettes to start the fire. A metal pot containing 3 liters of water at

room temperature was placed onto the lit stove. The experimental set-up consists of a mass

balance on which the stove, the fuel, and a pot of water are placed. The mass balance logs

the weight loss of the cooking experiment in real time. The stove was covered with minimal

evaporation taking place, such as the majority of this mass loss can be attributed to the fuel

mass loss. We also placed a thermocouple inside the pot of water, as well as inside the cook

stove, in order to log the temperature in real time. A photograph of the experimental set-up

showing the torrefied fuel briquettes heating a pot of water is shown in Figure 53b.
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Figure 54 - Time trace of temperature inside a pot of water being heated on a cook stove

using different types of fuel (blue curve: raw rice husk briquettes with Itorr = 1.00; black

dashed curve: lightly torrefied rice husk briquettes with Itor = 1.11; red dash-dotted curve:

heavily torrefied rice husk briquettes with It., = 1.15; and purple curve: charcoal

briquettes as a positive control.

Figure 54 summarizes the time trace of the water temperature in the pot using different

types of biomass/torrefied fuel briquettes. We see that the fuel briquettes made from raw

rice husks (blue curve) is actually insufficient to bring the pot of water to a boil even after

90 minutes. In contrast, both mild torrefaction (Itorr = 1.11, black dashed curve) and heavy

torrefaction (Itorr = 1.15, red curve) dramatically improves the cooking experience by (a)

successfully bringing water to a boil, and by (b) completing this heating in at a much faster

rate of less than 20 minutes, in a way that is comparable to charcoal briquettes (purple

curve). Hence, we can see that torrefaction has dramatic benefits in upgrading the

characteristics of the cooking fuel, such that it is actually usable in the actual cooking

scenario.
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In order to quantify the observations in Figure 54 more rigorously, we defined a quantity

called the useful power output Pu as heat flow from combusting the fuel briquettes that

actually contributes to the heating of the water (e.g. instead of heating up the stove, or

being lost to the surrounding environment). Essentially, the useful power output quantifies

how rapidly things can be cooked with a given fuel type:

waterCwater (Tend - Tstart)

tend - tstart

where the subscript "start" denotes the water temperature and time at the starting point of

the cooking experiment, and "end" denotes the water temperature and time at the end

point of the cooking experiment, respectively. The useful power outputs for the different

fuel types are plotted in Figure 55a, and a discussion of the results will follow.

In the meanwhile, an additional quantity to define and consider is the useful energy density,

or PE. We felt the need to define this quantity, because even if two separate cooking

experiments are giving the same useful power output, there is no guarantee that the solid

fuel briquettes are being consumed at the same rate. The fuel consumption rate depends on

many factors, such as the combustion temperature, as well as the underlying chemistry of

the fuel after torrefaction of different degrees of severity. The useful energy density, as we

define below, tells us about how much fuel (in mass) is needed to perform a certain useful

purpose (in units of energy):

_ mwatercwater (Tend - Tstart)

mfuel,end - mfuel,start

Figure 55a plots the useful power outputs and Figure 55b plots the useful energy densities

of the different fuel types. What is a bit surprising is that in Figure 55a, the useful power

output first increases (to 600 watts) and then decreases (to 400 W) as the index of

torrefaction is increased. One potential explanation is as follows. Rice husks are known for

their high ash content (about 15-20% in raw rice husks). As we increasingly torrefy rice

husks, the ash content also increases. A proximate analysis performed on the torrefied rice

husks shows that the ash content increases from 22% by mass in the lightly torrefied

regime to about 37% by mass in the heavily torrefied regime. Phenomenologically, what we

observed happening in the cook stove when we attempted to boil water with the heavily
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torrefied rice husk briquettes is that the briquettes quickly became coated in ash, and the

red glow of the combustion that was evident on the fuel surface was attenuated

significantly. This observation, if true, could then also explain the trend observed in Figure

55b, where after an initial increase in the useful energy density from 3 MJ/kg to 7 MJ/kg

upon light torrefaction, this useful energy density did not increase any further upon

increasing the torrefaction severity: as the rate of heat release from heavily torrefied fuel

became slower in time, the stove needed to expend more energy due to the losses through

the side jacket. Therefore, while judging from the index of torrefaction, the heavily

torrefied rice husks should have a higher HHV value compared to lightly torrefied rice

husks, when these samples were briquetted and combusted, the advantage of the higher

HHV value was counteracted by the limited heat release due to the high ash build-up.

(a) Useful power output (b) Useful energy density

800

-700

S 600

0500-
G4-

S400

'5300

75 2~

1)00 20 I.-
o0 r

i' N# e

Figure 55 - (a) Useful power outputs and (b) useful energy densities for the following fuel

types: raw rice husk briquettes with Itorr = 1.00, lightly torrefied rice husk briquettes with

Itorr = 1.11, heavily torrefied rice husk briquettes with Itorr = 1.15, and charcoal briquettes as

a positive control.

Therefore, as we see from the exercise above, just because increasing torrefaction severity

increases the HHV of the output product, this does not guarantee that the useful energy

density and power output of the briquetted fuel will increase accordingly. In fact, what our
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analysis has revealed is a much more complex landscape between the index of torrefaction

and the various "secondary characteristics" of solid fuel cooking.
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Figure 56 - The maximum stove temperatures reached for cooking on a jiko cook stove

using different solid fuel types: raw rice husk briquettes with Itorr = 1.00, lightly torrefied

rice husk briquettes with Itorr = 1.11, heavily torrefied rice husk briquettes with Itorr = 1.15,

and charcoal briquettes as a positive control.

We can do further in analyzing the cooking performance. By tracking the temperature

inside the cook stove, we were also able to measure the maximum stove temperature for

each type of fuel used. Figure 56 shows the maximum stove temperatures reached during

the different cooking experiments. We see that in the case of raw and lightly torrefied rice

husk briquettes, the stove temperature remains cold (around 500*C). It is not only until the

heavy torrefaction regime do we see an increase in the stove temperature (around 700*C).

Therefore, if the torrefied fuel briquettes are used for specific cooking purposes (e.g.

baking) where a higher temperature is required, this requirement does impose some

constraints on the minimally viable index of torrefaction.

Finally, cooking performance is also dictated by the emissions characteristics, especially if

the cooking is done indoors. To evaluate the emission characteristics, a carbon monoxide

logger (Bacharach) and a carbon dioxide logger (COZIR-WR) were installed in the exhaust

hood above the cook stove experiment. Because the different stoves burn at different rates,

we measured the ratio of carbon monoxide to carbon dioxide levels as a relative
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quantification of the emission level due to incomplete combustion within the cook stove.

Figure 57 plots these ratios for the differently torrefied rice husk solid fuel briquettes.
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Figure 57 - The carbon monoxide to carbon dioxide ratio under different cooking

conditions for the following fuel types: raw rice husk briquettes with It,,, = 1.00, lightly

torrefied rice husk briquettes with Itorr = 1.11, heavily torrefied rice husk briquettes with

Itorr = 1.15, and charcoal briquettes as a positive control.

As can be observed, the completeness of combustion reduces as the torrefaction severity

increases, and the torrefied fuel briquettes increasingly become charcoal-like in their

emission profiles (increasing relative carbon monoxide levels). For organizations or end

users that rely on indoor cooking, the carbon monoxide level may dictate the maximum

possible index of torrefaction, which may very well form a trade-off relationship with the

overall energy density of the fuel, for example.

4.5 General Approach for Rapid Reactor Validation and Scaling

In this study, we defined the index of torrefaction as a one-dimensional measure of the

severity of torrefaction based on the extent of energy densification in the torrefied biomass,

as a result of the combination of normalized air/fuel ratio and the solid residence time.
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From this definition, we demonstrated that many "secondary characteristics"-such as

fixed carbon content, elemental analysis, grindability, or cooking characteristics-have a

functional mapping relationship with the index of torrefaction. As a result of this, we

arrived at a much more simplified method of reactor condition selection and design when a

"secondary characteristic" is imposed by the end fuel user, without needing to re-run the

reactor over a range of operating conditions to map out the constraints. This is the essence

and main utility of using the index of torrefaction to guide our design process.

Furthermore, by trying to establish a connection between the index of torrefaction and

various cooking characteristics, we demonstrated that even though the higher heating

value of the torrefied biomass increases monotonically with the index of torrefaction, it is

not guaranteed that when such fuels are briquetted and combusted in a cook stove set-up,

there will necessarily be an increase in the useful energy density or useful power output.

Rather, our research points to a more complex interplay between the various cooking

characteristics and the index of torrefaction. We strongly suspect that most of these

characteristics are dependent on the method of briquetting, the cook stove design, and the

method of cooking. Therefore, it is recommended that for any new potential application for

the torrefied fuel, that the desired performance characteristics of the fuel be carefully

mapped using the index of torrefaction as the conduit to guide the design and reactor

condition selection.
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Chapter 5 Analysis and Mitigation of Energy Loss

Mechanisms in a Torrefaction Reactor

The validation and quantification of a laboratory-scale torrefaction reactor described

previously in 0 has the potential to allow us to scale its design for subsequent commercial

deployment in order to create economic value from rural agricultural residues. However,

this previous study merely describes how the lab reactor performs, and does not propose a

science-based method to improve on the existing design in order to make it even more

efficient as it scales. This study quantifies the different mechanisms of energy losses

throughout the lab reactor system, and therefore proposes concrete steps towards an

improved design for scaling up. We identified and characterized three mechanisms of

energy losses, and proposed and validated design improvements to counteract against

these losses. The first loss is the thermal dissipation through the side wall. By balancing the

insulation material cost and the ongoing energy loss, we arrived at a formula that describes

the optimal insulation thickness for different reactor operating conditions and scales. The

second loss is the thermal dissipation through the char-cooling segment. By modeling an

air-preheating channel to recycle the dissipated heat from the char-cooling segment, we

concluded that the air channel should be as narrow as practicable, while the length of the

char-cooling segment should be as short as possible without causing the torrefied biomass

to emerge at an excessive temperature. Finally, the third loss mechanism is in the exhaust

stream. We found that most of the energy loss is carried by the chemical enthalpy

availability in the escaping unburned volatiles in the exhaust stream, rather in the sensible

heat of the exhaust stream. By designing a secondary oxidation zone, we demonstrated that

we could harness most of this combustible while minimizing pollution from the reactor. Of

the three mechanisms of energy loss, the chemical availability in the exhaust stream by far

dominates; therefore, in order to design for scaling up the reactor, a secondary oxidation

zone that can stably harness the heat from the unburned volatiles should be of utmost

importance.
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5.1 Need for an Energy-Based Method for Reactor Improvement

In 0, we described and validated the performance of a laboratory-scale torrefaction reactor.

We proposed that our approach and design yield additional scaling insights compared to

many other laboratory-scale torrefaction reactors (see Branca et aL., 2014, Nhuchhen et aL,

2016, and Ren et aL., 2012 for different torrefaction reactor design concepts) because ours

encapsulate more realistic elements of reactor performance and behavior that are crucial

for scaling up the reactor. However, one major weakness of our study, like the previous

work in literature, is that our laboratory-scale system merely describes, but does not offer

a concrete way forward in improving on the reactor design. In this study, we posit that,

given the torrefaction system's primary focus is on energy conversion, we can gain the

most insight into how to make the overall scaled-up system more energy-efficient by

studying the overall energy balance and losses through the current laboratory-scale

torrefaction reactor, and understanding how these losses will scale as the reactor design is

scaled up. This will then allow us to propose various improvements and optimizations that

we can undertake to improve the reactor's overall energy performance.

We begin our analysis by quantifying the total biomass that flows through the reactor

under different solid residence time and normalized air/fuel ratio conditions. Then we

characterize the various losses as a fraction of this total quantity. In particular, we focus

our attention on three types of energy loss mechanisms: (1) thermal dissipation from the

reactor side walls, (2) thermal dissipation from the char-cooling segment, and (3) potential

energy loss due to unburned volatiles mixed in the reactor exhaust stream. These

mechanisms are illustrated in Figure 58. In each of the sections in this chapter, we measure

and quantify each of these loss mechanisms, and then through a mixture of analysis and

experimentation, propose and validate design improvements that will minimize the effects

of these loss mechanisms.
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Figure 58 - Illustration of the three types of energy loss mechanisms from the reactor

assembly analyzed in detail in this study.

5.2 Total Biomass Energy Fluxes from the Reactor System

By changing the residence time of the reactor and even the type of biomass (which affects

the bulk bed density), we alter the mass flow rate of biomass through the system, and

necessarily, the total energy flow rate through the system. This will then also affect the

absolute magnitudes of the various losses. Therefore, in order to discuss the losses under

various operating conditions and for different types of biomass in a meaningful way, we

need a basis against which to compare these losses. Given a reactor of cross-sectional area

rRr, we define this basis as the total biomass energy flux from the system, <pBm, as follows:

rncharfHHVchar
VBM nR 2

This quantity is related to the biomass energy that flows through the reactor, normalized

by the reactor cross-sectional area. Therefore, a larger reactor processing more biomass

operating at the same reaction condition is predicted to still have the same energy flux.

Figure 59 plots this total biomass energy flux under different reactor operating conditions

for three types of biomass: pine shavings (a), hay (b), and rice husk (c). The overall

magnitudes of the energy fluxes are about 0.2-0.7 MW m-2. This means that for a reactor

diameter of 4 inches (10.2 cm), the reactor processes about 2-6 kW's worth of incoming

biomass.
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Figure 59 -Total biomass energy flux ((pBM) through the reactor system under different

reactor operating conditions for pine shavings (a), hay (b), and rice husk (c). There is

generally a strong dependency on the solid residence time and a weaker dependency on

the normalized air/fuel ratio.

We first note that there is a strong dependency of the total energy flux on the solid

residence time: the shorter the solid residence time is, the higher the solid mass flow rate is

through the reactor, and therefore the higher the total energy flux is. However, there is also

some dependency on the normalized air/fuel ratio, and the reason is perhaps more subtle:

a more severe torrefaction condition typically results in a higher volumetric reduction (and

hence greater downward axial velocity) in the biomass fixed bed and therefore a higher

effective solid mass flow rate. This quantity then gives us a basis for evaluating the

magnitudes of the subsequent energy losses: all these losses will be expressed as a fraction

of the total biomass energy flow through the reactor.

5.3 Characterizing and Mitigation Losses from Reactor Side Walls

The fixed bed reactor is surrounded by insulation in order to minimize heat loss from the

hot central core. Even so, we believe that heat dissipation from the reactor side walls is

non-trivial and set out to quantify it.
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5.3.1 Measurement Methodology

We first installed a series of thermocouples, spaced about 1.25 inches (3.2 cm) apart,

axially on the outer side wall of the reactor (outside the insulation layer). Furthermore, we

installed four thermocouples, spaced also about 1.25 inches (3.2 cm) apart, axially on the

inner wall of the reactor at the biomass fixed bed interface. As illustrated in Figure 60, this

allows us to take the temperature profiles at the inner wall and the outer wall of the

reactor.
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Figure 60 -Thermocouples are placed axially along the outside and inside walls of the

reactor assembly in order to measure the heat loss from the reactor side wall. The plot on

the right-hand side shows the steady-state sample temperature profiles at the inner reactor

wall (Twaf, blue dashed line) and at the outer insulation wall (Tin,, red solid line). The

difference between the two profiles can be used to compute the overall heat loss.

In Figure 60, having obtained the steady-state temperature profiles both at the inner

reactor wall Twaii(z) (blue dashed line) as well as at the outer insulation surface of the wall

Tins(z) (red solid line), we note that the inner reactor wall at steady state is maintained at a

consistently higher temperature compared to the outer reactor wall. This signifies a net

heat flow from the inside of the reactor to the outside. To quantify this heat flow, we need

to construct a heat loss model (Figure 61).
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Figure 61 - (a) Schematic of a heat loss model through the reactor side wall. The reactor is

approximated as a cylinder of height H,. The insulated side wall is approximated to have an

effective thermal conductivity of kin, [W m-1 K-1]. (b) A plot of temperature differences

inside and outside the reactor that is used to infer the effective thermal conductivity kin,.

As Figure 61 indicates, we approximated the reactor as a cylinder with a radius at the inner

wall of Rwai and the radius at the outer insulation surface of Rins. The height of the reactor

cylinder is Hr. Therefore, the thickness of the stainless steel wall plus the insulation layer is

Rins - Rwaii, and this layer is assumed to have a uniform effective thermal conductivity of kins

[W m- K'].

With these assumptions in place, we can consider a small axial slice dz of the reactor and

write the radial heat flow dQside [J s-1] through this slice as:

dQside(Z) = 2 kins (Twa - Tins) = 2hairRinsdz(Tins - Tamb)
ln(Rins/Rwau)

where hair ~ 10 W M-2 K-' is the convective heat transfer coefficient of ambient (still) air at

the outer insulation surface, and where Tamb is the temperature of the ambient air. Based

on the equation above, we see that we can infer kins by linear-fitting the following

relationship (Figure 61b):

hairRinsln (Rins/Rwaii)
(Twai - Tins) = I (Tins - Tamb)-
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From the composite steady-state data points involving multiple experiments, we estimated

that kins ~ (0.46 0.04) W m-1 K-1 for the case of our laboratory-scale reactor. Then, we can

integrate the differential heat losses over the side wall over the entire axial length of the

reactor to obtain:
IHr 21rki,,. Hr

Qside d side(Z)dzl ins (Twa(z) - Tins(z))dz.
fo ln(Rins/Rwan) fo

In this case, in order to obtain a continuous integrant, we interpolated and extrapolated the

temperature profiles Twali(z) and Tins(z) beyond the few axial points sampled by the

thermocouples.

5.3.2 Results and Discussion
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Figure 62 - Total thermal dissipation from the reactor side wall, as a fraction of the total

biomass energy flow, under different reactor operating conditions for pine shavings (a),

hay (b), and rice husk (c). There is generally a strong dependence on the solid residence

time.

We can observe in Figure 62 that generally, with a small reactor at the laboratory scale,

about 1% of the total biomass energy is lost due to thermal dissipation from the reactor

side wall. For all three types of biomass, this loss is most significant for long solid residence

time, and this trend makes sense: a hot reactor at a given temperature dissipates the same

power as thermal loss, but increasing the solid residence time means reducing the total
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biomass energy flow through the reactor. Therefore, we can see that from the perspective

of minimizing energy loss, one important mitigation strategy is to minimize the solid

residence time, which maximizes the mass flow rate of solid fuel that can be processed

through a reactor of a given size.

5.3.3 Scaling the Side Wall Thermal Loss
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Figure 63 - A simplified analysis of how the thermal dissipation from the reactor side wall

depends on reactor scale.

In addressing thermal dissipation from the reactor side wall, the first point to note is that

because our reactor is small, it has a high surface area-to-volume ratio and therefore tends

to dissipate heat significantly through its surfaces. How differently will a scaled-up reactor

behave? To get a coarse-grained approximation, we first assume that the reactor is a

cylinder of height Hr and radius Rr and operates uniformly at some elevated temperature TH

compared to the ambient temperature Tamb (Figure 63).

As we scale the reactor, as long as the biomass mass flux cDBM through the reactor remains

constant, then the reactor radius Rr will scale as ?rhBM/IBM. Let us denote the relative

heat loss Rioss with respect to the total biomass energy flow through the reactor as

Eloss = Qloss/(hBMHHVBM). Then assuming that the heat transfer characteristics (hBM, kins,

hair), the biomass characteristics (HHVBM), and the thickness Ai., of the reactor wall and

insulating material does not change as the reactor scales up in the feeding rate, we see that

in the limit that Ains << Rr,
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Eloss BM

Floss rnBM

where the asterisk superscripts denote a new loss and mass flow rate in a scaled-up

reactor. Therefore, as the reactor scales, its relative heat loss from the side wall decreases

as 1/VrnBM. For our laboratory-scale reactor, we started with 0.4% and 0.3% side wall heat

loss in the mild and severe torrefaction cases, respectively. Table 22 predicts the same side

wall heat losses as the reactor scales up. We can therefore see that as the reactor radius

increases, the thermal dissipation from the side wall quickly becomes unimportant

compared to losses.

Table 22 - Predicted relative magnitude thermal dissipation from the reactor side wall as

the reactor is scaled up.

Biomass feed rate Reactor radius Eside, mild torrefaction Eside, severe torrefaction

~ 1 kg/h 5.1 cm 0.4% 0.3%

- 20 kg/h 22.9 cm 0.09% 0.07%

-200 kg/h 73.2 cm 0.03% 0.02%

5.3.4 Optimization of Thermal Insulation

While we can, if we wish, reduce the side wall heat dissipation by a few percentage points

by insulating the walls more or selecting a material with a lower thermal conductivity kin.

In general, there is a trade-off between the cost of the insulation material and the overall

thermal resistance. That is, while more thermally resistant insulation may reduce the heat

loss from the side walls and therefore the recurrent cost Co in terms of lost biomass

calorific value, the total installation cost C of the thermal also becomes more expensive.

Therefore, there is a trade-off between the upfront installation cost C, and the constant

recurrent cost Co, which is discounted into the future with an interest rate of r = 5% per

annum, assuming a reactor lifetime operation of Tnife = 5 years. Therefore, we can define an

objective function O(Ain,) of the form
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O(Ains) = Ci(Ains) + Co(Ains) fli0 e ertdt = Ci(Ains) + CoAins>rie _ 1)

Eq. 1

Now, how do C1 and Co relate to design parameters such as the thickness of the thermal

insulation? For a common insulation material such as fiberglass, the cost is about $26.50

per 15 in. (38.1 cm) by 25 ft. (7.62 m) for a R-30 (in U.S. customary unit) roll (Home Depot,

2017). This is equivalent to a thermal conductivity coefficient of k = 0.04 W K-1 m-1, and a

cost per surface area of cv = $43.68 M-3 . Therefore, for a reactor of height Hr and radius Rr

and an outer insulation thickness of Ains, the total installation cost C1 of the fiberglass

insulation needed around the side wall is

Ci = 7rHrAins(2Rr + Ains)cv.

So far we have calculated the installation cost of the thermal insulation material. On the

other hand, we need to consider the recurrent cost due to equivalent biomass energy loss

from the side wall. For common types of agricultural residues in the rural area being

earmarked for thermal co-firing, the average price paid is around CBM = $40/wet ton

(Shantilal, 2015). Assuming that the common agricultural residue has an average moisture

content of YM = 40%, then the calorific value on a wet basis is HHVDry / (1 + YM). This means

that the average price of biomass energy can be expressed as CBM (1 + YM) / HHVDry [$ -1.

For typical biomass of a higher heating value of around HHVDry = 18 Mj kg-1 on a dry basis,

the average price turns out to be about $0.03 MJ-1.

As illustrated in Figure 63, we already have the expression of reactor's energy loss Qloss,side

from the side wall. This means that the equivalent recurrent cost Co is given by

SPoQoss,sideCBM(l + YM)
Co H HHVDry

where the proportionality factor Po is related to the fraction of time that the machine will

actually be processing biomass. Assuming two harvest seasons in a year, each lasting about

2 months, and a daily operation of 12 hours, then Po = 0.083. Plugging in both C and Co into

Eq. 1, we obtain:
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0(A) =+A + 2RrHr(TH - Tamb)PO(l + YM)(e life - 1)CBM
Oan)= ltHrAins(2Rr + ainsfcy HH1r (4  +1il ~

H HVDry - ins
(heM kins +hiair)

This massive equation encapsulates many of the design parameters, and it is worthwhile to

discuss them one by one. The first term on the right-hand side essentially states that as the

insulation thickness and the cost per volume of insulation increases, the overall cost will

also increase. As the reactor scales (increasing Rr), this installation cost also increases.

Under these conditions, a reactor with lighter outer insulation is preferred. The second

term on the right-hand side, which describes the present value of all future recurrent cost

arising from the biomass equivalent of thermal loss from the reactor side wall, is more

involved. The recurrent cost goes up, and thus a heavier insulation outer layer is preferred,

as the reactor scales up (increasing Rr, Hr), as the torrefaction reaction becomes more

severe (increasing TH), as the input biomass is wetter (increasing YM), as the life span of the

reactor increases (increasing Tlife), as the price of biomass increases (increasing CBM), as the

reactor use frequency increases (increasing Po), as the intrinsic calorific value of the

biomass decreases (decreasing HHVDy), as the prevalent discount rate decreases

(decreasing r), and finally, as the various thermal resistance terms against side wall heat

loss become larger (such as increasing the ratio Ains/kis).

We can see that the objective function is of the form aAins + bA? s + C . To understandin d+eAins

which terms are more important, we plot the total cost (discounted into present value) as a

function of the different insulation thicknesses, for (a) light torrefaction and (b) severe

torrefaction in Figure 64 using the laboratory-scale reactor.

We can see that the installation cost (blue dashed lines) increases over thickness, as more

material is used. However, the recurrent thermal loss cost (red dotted lines) decreases very

rapidly as the insulation thickness increases. This gives rise to the overall cost (solid black

lines) which has minima at around Ain, = 13.5 cm for mild torrefaction, and Ain, =16.6 cm

for severe torrefaction. This makes sense: as the temperature within the reactor becomes

higher, there is more heat loss from the side wall, and therefore both a greater total cost as

well as a thickness insulation layer necessary. Note that these costs are independent of the
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overall biomass flow rate: that is, at a given reactor temperature and dimension, it is in our

interest to maximize the solid flow rate (minimize solid residence time) if our design goal is

to minimize thermal losses such as from the side wall.

(a) Light torrefaction (T. = 2200C)

0 20 40 60
Insulation thickness (cm)
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(b) Severe torrefaction (TH = 3500C)
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Insulation thickness (cm)
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Figure 64 - Total present value of all costs associated with side wall thermal loss as a

function of insulation thickness, for (a) light torrefaction and (b) severe torrefaction using

the laboratory-scale reactor.

Table 23 - Predicted optimal insulation layer thickness.

Biomass feed rate Reactor radius Ain,, mild torrefaction Ains, severe torrefaction

~ 1 kg/h 5.1 cm 13.5 cm 16.6 cm

~ 20 kg/h 22.9 cm 19.5 cm 24.3 cm

-200 kg/h 73.2 cm 23.4 cm 29.7 cm

In Table 23, we summarize the results of the optimization study on the insulation layer

thickness at different reactor scales and under different torrefaction conditions. We

demonstrate that, in general, as the reactor scales up, the thickness of the insulation also

increases, but only mildly, and therefore remain within the regime of feasibility.
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5.4 Characterizing and Mitigating Losses from the Char-Cooling Segment

The fixed bed reactor is surrounded by insulation in order to minimize heat loss from the

hot central core. Even so, we believe that heat dissipation from the reactor side walls is

non-trivial and set out to quantify it.

5.4.1 Measurement Methodology

After the torrefied biomass emerges from the fixed bed, it is carried in the screw auger

through a 2-foot-long (61 cm) char-cooling segment. The design of this cooling segment is

to prevent hot torrefied product from seeing significant of air prematurely, which could

cause spontaneous combustion. Therefore, the cooling segment is designed to lower the

temperature of the torrefied product effectively, and has no insulation beyond a stainless

steel outer surface. Therefore, we imagine that significant amount of heat may be lost

through this char-cooling segment.

Char cooling temperature profile

- measureowt-

Fitted km = 9.9 Wm 1K-'

0 10 20 30 40 50 60
Distance from char exit (cm)

' Stainless steel 304, ksteel = 16.1 Wm'K'.
(c)

Char .TR~a k - kR k Reactor
outlet .zc V A outlet

x =O x ~ In(I+As,,/ R,) I
k., h., (R, + A )

Figure 65 - (a) Schematic of the char-cooling segment. Hot torrefied product is carried by

the turning screw auger through this cooling segment before it emerges into the ambient

atmosphere from the outlet. (b) A sample steady-state temperature profile along the char-

cooling segment, for pine shavings with Tres = 9 min and a = 0.18, with a model fit in dashed

line. (c) A schematic of the heat transfer model utilized to generate the model fit in (b). The

differential heat transfers into and out of the thin orange slice dx are shown in blue arrows.
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In order to quantify the extent of heat loss, we installed thermocouples lengthwise, spaced

about 15 cm apart, axially throughout the char-cooling segment (Figure 65a) located at the

inner wall at the interface with the cooling biomass. This gives us temperature readouts at

four points (Figure 65b), to which an extrapolated model is fitted (blue dashed line).

Because the axial temperature readouts here are much sparser compared to the previous

case of measuring the heat loss from the reactor side wall, in this case, we need to consider

more carefully how we can use a science-based approach to construct a thermal model that

can interpolate and extrapolate the temperature profile along the char-cooling segment (as

shown in the blue dashes in Figure 65b). In Figure 65c, we sketch out the schematic of a

simplified heat transfer model. Here we assume that there is no radial inhomogeneity, and

that the axial heat transfer occurs, as shown in the two horizontal blue arrows, via (a) axial

conduction (the mRckchardTc/dx term) through a combination of the torrefied char, gases,

and the outer stainless steel lining (with a bulk effective thermal conductivity kchar to be

determined by fitting ,which we assume to the first order is temperature-independent),

and (b) axial convection by the slow-moving torrefied char (the TicharCpcharTc term). At the

same time, throughout the length of the char-cooling segment, heat is continuously being

lost via the surface to the outside, as represented by the 2 7rRcksteel(Tc - Tamb)dx term and

shown by the downward-pointing blue arrow in Figure 65c. Putting all these energy

balance terms together, we arrive at the following model to describe the axial temperature

profile:

d2 TC dT_ 2
kchar dX 2 + Cp,charPcharchar 2  ~~ Tamb),

Eq. 2

where the thermal resistance term fl is defined as:

In (1 + Asteel/Rc) 1

ksteel hair (R + Asteel)

Here, Asteei = 0.64 cm is the thickness of the type 304 stainless steel we used to build the

char-cooling segment, and ksteei = 16.2 W m-1 K-1 is the thermal conductivity of the same

steel. Normally, the heat capacity (Cp,char) and bulk density (pchar) of the torrefied char may

be a function of temperature, and therefore may exhibit spatial dependence as the torrefied
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char cools axially in the segment. Nonetheless, here for simplicity we ignore this second-

order effect, and evaluated pchar by weighing the product. As for Cp,char, we do not have a

simple way to experimentally determine it; however, knowing the elemental (ultimate)

analysis of the torrefied product, we can approximate it by Merrick's correlation (1983):

380 -2 1800 -2
R 380 e-T- 1800 e T

Cpchar (MW)char 380/T 2 1800/T'

where the effective molecular weight (MW)char of the torrefied char is defined as:

(MW)char DA))

(iE{C,H,o,N,S}

In Eq. 2, we have a second-order differential equation of the type aTc" + bT' + c(T, -

Tamb) = 0 that can be solved analytically, with the general solution:

--b + Ib 2 - 4ac
T,(x) = r1 erlx + r2e2x + Tamb, 1 , r2 = 2 -

2a

For each operating condition, this model was utilized to fit Tc(x) to the thermocouple

readouts using the cftool fitting function in MATLAB. Once we obtain the interpolated and

extrapolated profile Tc(x), we can then compute the total heat flow from the char-cooling

segment as:

27r Lc

Qchar = MWJC - Tamb)dX.

5.4.2 Results and Discussion

The thermal dissipation from the char-cooling segment in Figure 66 under different reactor

operating conditions for different biomass types. We observe that in contrast to the

dissipation from the side wall, the relative magnitude of the dissipation from the char-

cooling segment is also minor (around 1% of the total biomass energy flow through the

reactor). However, the same strong dependence on the solid residence time, as rationalized

previously, persists.
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Figure 66 - Total thermal dissipation from the char-cooling segment, as a fraction of the

total biomass energy flow, under different reactor operating conditions for pine shavings

(a), hay (b), and rice husk (c). There is generally a strong dependence on the solid

residence time.

5.4.3 Proposed Air-Preheating Mechanism and Validation Strategy

In a sense, it is desirable to lose heat as quickly as possible in the char-cooling segment.

Nonetheless, this heat is not necessarily irrevocably "lost" to the environment: a scaled-up

reactor design with improvement in overall energy performance may utilize this dissipated

heat to pre-heat the incoming air that will ultimately enter into the reactor. This pre-

heating is beneficial as it stabilizes the torrefaction reaction and reduces product

inhomogeneity. While it is beyond the scope of this thesis to build and validate this air-

preheating mechanism, in this section we use modeling tools to pursue an initial validation

and design selection of such a mechanism.

Figure 67 illustrates our general modeling approach by viewing the char-cooling segment

and air-preheating channel in a transverse (axial) cross section (a) as well as in a

longitudinal cross section (b).
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Air-preheating (b)
channel x = 0

Outer - "
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+x direction x =LC
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Steel wall, A,,, k, Char exit and air
entrance

Figure 67 - (a) Schematic of a transverse (axial) cross section of the char-cooling segment

with a proposed outer surrounding air-preheating channel. (b) Schematic of a longitudinal

cross section of the same char-cooling segment and air-preheating channel.

Let us examine the transverse cross section view first (Figure 67a). We see that the central

core consists of the cooling char of radius Rc, which is then surrounded by steel of thickness

Asteei and thermal conductivity ksteel (shown in light gray), followed by the air-preheating

channel of width AR (shown in white). Finally, outside of the air-preheating channel there is

an outer insulation of thickness Ain. and thermal conductivity ki., (shown in dark gray).

Then from the longitudinal cross section view (Figure 67b), we can define an axial distance

variable x, where x = 0 represents the solid (torrefied product) outlet at temperature Tc(z=

0) as well as the pre-heated air inlet at temperature Tp(z = 0), and where x = Lc indicates

the beginning of the char-cooling segment, where the temperature Tc(z = Lc) of the

torrefied biomass is maximum and the temperature Tp(z = Lc) of the pre-heated air is also

maximum. The torrefied biomass is conveyed by the auger axially from right to left

(decreasing x), while the pre-heated air travels from left to right (increasing x).

With the modeling set-up defined, we proceed to make a few assumptions. Firstly, we

assume that the temperature profile in the solid (cooling torrefied biomass) phase and the

gaseous (pre-heating air) phase is most interesting in the axial direction (as air is heated up

and char cools), and that any radial temperature profile is both less significant and less

interesting. We therefore ignore any radial temperature profiles, and assume that at a

given z position, the entire solid phase is at a homogeneous temperature, and the entire

incoming air is also at a different homogeneous temperature. Based on these assumptions,
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we can modify Eq. 2, our earlier attempt at describing the char-cooling temperature profile

(illustrated in Figure 65), as follows:

d2 Te dT_ 2
kchar dx 2 + Cp,charPcharVchar dx ~~ (T p - ,

where the radial thermal resistance term fl is defined, assuming that Rc << Lc, as:

In (1 + Asteel/Rc) 1
ksteel hair(vair)(Rc + Asteel)

Here, on the end of the torrefaction reactor (x = Lc), the temperature of the torrefied solid is

given by

Tc(x = Lc) = Ttorr,out,

Eq. 3

while on the end of the solid outlet (x = 0), the boundary condition is governed by the

thermal conductivity across the air-facing stainless steel cap (SS 304, thickness Of Acap = 2.5

cm, of thermal conductivity coefficient kcap) from the cooling char to the outside air at an

ambient room temperature of Tamb:

d T Te(z = 0) - Tamb

dx x=0 + cap
hair kcap

Thus we have a second-order differential equation with two boundary conditions.

Here, we have written the convective thermal coefficient of the pre-heating air hair as a

function of the air velocity Vair, which is in turn related to the design parameter AR (width of

the air-preheating channel) as well as the torrefaction reactor operating conditions as

follows:

PBM R2
Vair = (AF)stoicHr

Pair k2(Rc + Asteel)AR + AR res

where Hr is the height of the torrefaction reactor region. There are various estimations for

the convective heat transfer coefficient of air as a function of its velocity. For simplicity we

implemented the following empirically determined in the literature (ETB, 2017):

hair(Vair) ~ 10.45 - Vair + 10-.1fir7
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Eq. 4

Next, we turn our attention to describe the air-preheating phase. Because the air flows into

the reactor at a much faster timescale compared to that of the solid being transported in

the char-cooling segment, we made the assumption that the axial convection of air

dominates over axial conduction (supported by that the Biot number is around 500 in our

design regime of interest). Hence the pre-heated air can be approximated in a plug-flow

fashion, reducing the steady-state heat transfer equation in the gas phase into a first-order

differential equation:

dT_ 21r(Rc + Asteel) 27r(Rc + Asteel + AR + Ains)
(Tc - TP) - , Tamb),dz rnaircairechar-air air air air- amb

where the thermal resistance term Ochargair describes the heat transfer between the cooling

char at location z and the pre-heating air across the steel wall:

In (1 + Asteel/Rc) + I1
Ochar-+air = ksteel air(Rc + Asteel)'

and where the thermal resistance term Oair~ amb describes the heat transfer between the

pre-heating air at location z and the outside ambient air (room temperature) across the

outer insulation:

In Rc + Asteel + AR + Ains
___ 1 Rc + Asteel + AR9 air- amb hair(Rc + Asteel + AR) + ( kins

1
+ hamb (Rc + Asteel + AR + Ans

Furthermore, the mass flow rate of air (iTair) as noted in the differential equation above

can also be re-expressed in terms of the key reactor operating parameters:

mair = PBMTR 2Hr(AF)stoic /Tres.

In order to solve this first-order differential equation, we note that the initial condition is

Tp(z = 0) = Tamb-

Therefore, in summary, we have two coupled differential equations: a second-order

equation describing the cooling solid phase, and a first-order equation describing the

heating gaseous phase. The solution was implemented in MATLAB using the method of

lines.
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5.4.4Air-Preh eating Validation Results

Figure 68 indicates some temperature profiles of the air (blue, panels b and d) and

torrefied biomass (red, panels a and c) phases under different design conditions. Panels a-b

indicate the different results when the width of the air pre-heating channel is varied. Panels

c-d indicate the different results when the length of the char-cooling segment is varied. Let

us focus on the case of varying the width of the air-preheating channel first. Panel (b)

shows that as the channel width decreases from 5 cm to 1 cm, the final pre-heating

temperature of air also increases from about 80*C to about 90*C. The reasoning is that at a

given air mass flow rate, a narrower channel forces the air to flow through at a higher

velocity. This means that the convective heat transfer coefficient hair of air, as described in

Eq. 4, also increases. We therefore see the pre-heated air equilibrate to a higher

temperature. In the meanwhile, the temperature profile in the torrefied output does not

have a significant change.

Varying the width of air pre-heating channel

120 (a) Char cooling temperature profile
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Figure 68- Modeled air pre-heating (blue, panels b and d) and char cooling (red, panels a

and c) temperature profiles under different pre-heating and char-cooling design

configuration. (a-b) As we narrow the width of the air-preheating channel, the air pre-

heating becomes less effective. (c-d) As we decrease the length of the char-cooling segment,

the residual temperature of the torrefied biomass at the outlet also increases.
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On the other hand, if we consider Panel (c), we observe that as we increase the char-cooling

length, the temperature of the torrefied biomass at outlet (z = 0) also decreases. This makes

sense, as a longer char-cooling segment also allows the torrefied biomass more time to cool

down. However, what is remarkable is in Panel (d), varying the char-cooling segment

length has no effect on the final air-preheating temperature. If we examine all the air pre-

heating temperature profiles in Panels (b) and (d), we can start to see why. As seen in the

rapid rise of the air temperature near z = 0 (air inlet), we realize that air is actually pre-

heated very rapidly within a short length (in the initial 5-10%) of the char-cooling segment.

For the remaining part of the char cooling segment, the main limitation in air pre-heating is

not due to the specific heat capacity of air nor the thermal conductivity from the hot

torrefied biomass into cold air, but rather, due to the gentle temperature rise in the char-

cooling segment. This is also evident if we compare the shapes of the temperature profiles

of torrefied biomass (in red) to the respective temperature profiles of pre-heating air, and

notice that except for the initial segment, the shapes are nearly replica of each other.

This observation yields a significant insight: the length of the char-cooling segment is not

dictated by the need to adequately pre-heat air, but rather, the need to drop the

temperature of the cooling torrefied biomass down sufficiently such that it is not

dangerous to handle (e.g. causing a spontaneous combustion) as it emerges out of the char-

cooling segment. Therefore, in designing a good air-preheating and char-cooling segment,

we should aim to reduce the width of the air channel as much as possible (to provide for a

greater extent of pre-heating) as well as to reduce the length of the char-cooling segment as

much as practicable (to minimize the size of the reactor, and as we will see in later analysis,

the "fin effect" for increased thermal dissipation over a large surface area).

In order to understand better the combination of char-cooling segment length and the air-

preheating channel width to select for our design, we swept across different combinations

of char-cooling segment length and air channel width and plotted in Figure 69 the exit

temperature of cooled torrefied biomass (Panel a) as well as the final temperature of the

pre-heated air (Panel b) under different design configurations. We note that the final

torrefied biomass temperature at exit is almost exclusively a function of the char-cooling
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segment length. On the other hand, the final air-preheating temperature is almost

exclusively a function of the air channel width only. This "uncoupled" relationship should

not be surprising given our prior discussion and insights.

(a) Char exit temperature (b) Final air pre-heat temperature
2- 2 9
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Figure 69 - (a) Temperature of cooling torrefied biomass upon exit and (b) final air pre-

heating temperature under different air channel width (x-axis) and char-cooling segment

length (y-axis). The char exit temperature is almost exclusively a function of the char-

cooling length, while the air-preheating temperature is almost exclusively a function of the

air channel width.
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Figure 70 - Two types of energy losses consisting of thermal dissipation from the outer

insulation surface (a) and sensible heat loss from the cooling char at the reactor outlet (b)

under different air-preheating channel widths and char-cooling segment lengths.
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Next, we consider the different forms of energy losses that can arise in this char-cooling,

air-preheating segment. Firstly, despite using the residual heat from the char cooling for

preheating air, we still expect heat to be lost through the outer insulation surface to the

ambient. Secondly, at the reactor outlet, the cooling char may not have stabilized to room

temperature, and therefore still carry some sensible heat that will also be lost to the

reactor system. Figure 70 summarizes these two types of losses. We first look at Panel (b),

which quantifies the energy loss from the char outlet as a fraction of the total solid energy

passing through the torrefaction system. Not surprisingly, this value is directly

proportional to the temperature of the exiting char, and increases sharply as the char-

cooling segment length decreases. On the other hand, Panel (a), which quantifies the

fraction of energy loss from the outer insulation surface, tells a more complicated story.

There are two dependencies here, both due to the same underlying cause which is related

to the total surface area for heat loss. The first dependency is that this loss increases as the

length of the char-cooling segment increases. This is due to the "fin effect", as explained

below. In order to keep everything else constant in this study, the boundary condition of

Eq. 3 imposes a fixed solid-phase temperature at the torrefaction reactor outlet (we

assume that we can adjust the solid residence time and the normalized air/fuel ratio to

achieve this temperature as discussed in 0). As the total char-cooling length (and therefore

surface area) increases, the total thermal dissipation from the entire length also increases.

This means in order to maintain the boundary condition, the torrefaction reactor must now

work harder to compensate for this additional heat loss. We can therefore see that

increasing the char-cooling segment length is analogous to adding a cooling fin to the

torrefaction system: while it aids the cooling and safe exit of torrefied biomass, it

conversely also imposes an energy penalty on the overall system. The second dependency

is that the energy loss increases as the air-preheating channel width increases. To

understand why, we undertake a sensitivity analysis of the different variables as we double

the air channel width and summarize the results in Table 24.
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Table 24 - Sensitivity analysis of various values as the air channel width is doubled.

Variable Nominal value for AR = 1 cm % change as AR is doubled

Air velocity (vair) 7.3 cm s-1 -52%

Air convective heat 13.1 W r-' K-1 -10%

transfer coefficient (hair)

Char-to-air thermal 0.71 m K W-1 +11%

resistance (Ochargair)

Air-to-ambient thermal 2.5 m K W-1 -4%

resistance (Oairamb)

Outer surface area 0.55 m2  +7%

From Table 24, we can see that as the air channel width doubles, the air velocity almost

halves. This results in a 10% decline in the convective heat transfer coefficient, such that it

becomes more difficult both for heat to get from the cooling char to the pre-heated air,

which increases the char-to-air thermal resistance. However, somewhat counter-

intuitively, the air-to-ambient thermal resistance actually decreases, making it easier for

heat to be lost from the pre-heated air to the ambient surrounding. This is because

increasing the air channel width will necessarily increase the outer radius and thus surface

area of the insulation, making it easier for heat to escape. The overall result is an increase

in the energy loss as we increase the air channel width. In fact, by making the char-cooling

segment very long (2 m) while maximizing the air channel width (0.1 m), we can lose as

much as 30% of the overall total solid energy through the exterior surface of the char-

cooling segment!

The summation of Panels (a) and (b) in Figure 70 gives us the total energy loss through

both the exterior insulation as well as the char outlet. Comparing this quantity with the

original energy lost in the char-cooling segment without air-preheating, we can compute

the fraction of energy saved from the original loss. This quantity is plotted in Figure 71. We

see that across the board, there is significant energy saving (from 68-82% of the original

energy loss without pre-heating) due to implementing air pre-heating. This saving is most
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significant when the air channel width is small, and the char-cooling segment length is

short. However, due to physical dimensions, we cannot make either dimension arbitrarily

small. Furthermore, the requirement that the cooling char emerges from the reactor in a

manner that is safe to handle will impose additional lower bounds on the char-cooling

segment length. From Figure 69 above, we see that if we wish the torrefied biomass to

emerge at a temperature of no more than 50*C, then the minimum viable char-cooling

length will be around 0.5 m. This length, combined with an air channel width of 1 cm, gives

a 75% saving in energy loss compared to the default design case without air pre-heating in

place.
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Figure 71 - Fraction of the original char-cooling energy loss (without air pre-heating in

place) saved as a result of implementing air pre-heating under different air channel width

and char-cooling length configurations.

5.5 Characterizing and Mitigation Losses and Emissions from the Exhaust

Finally, we consider the energy losses from the escaping exhaust gases (C0 2, H20, other

post-combustion products, as well as unburned volatiles). These losses come in the form of

(a) sensible enthalpy loss (residual heat from the reactor being carried away by the exhaust
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gases at a higher-than-room temperature, and (b) chemical enthalpy loss (unreacted

escaped volatile gases that have a positive higher heating value).

5.5.1 Measuring the Sensible Enthalpy Loss

In order to quantify the sensible enthalpy loss from the exhaust stream, a thermocouple

was placed at the exit of the reactor assembly and monitored the exit temperature of the

exhaust stream under different reactor operating conditions. Figure 72 plots the calculated

energy losses due to the sensible heat from the exhaust stream. The temperature of the

exhaust stream increases as the torrefaction becomes more severe, and thus the overall

sensible energy loss also increases. However, this energy loss generally occupies a very

small fraction of the total solid energy flow through the reactor system, typically no more

than 1%. As we will show in the next section, it is much more interesting quantifying and

harnessing the energy losses present in the unburned volatiles in the exhaust stream.
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Figure 72 - Energy losses due to the sensible heat from the hot flue gases escaping the

reactor, as a fraction of the total biomass energy flow, under different reactor operating

conditions for pine shavings (a), hay (b), and rice husk (c).

5.5.2 Measuring the Chemical Enthalpy Availability

As illustrated in Figure 73, on top of the reactor outlet, we propose to build an additional

column with a profile thermocouple to monitor the temperature at different axial positions.

First, as the warm exhaust gas mixture exits from the reactor at temperature TA. Then,

there is a port where a certain amount of preheated air is injected into the column at a
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specified flow rate. The amount of preheating is adjusted until there is flammability of the

exhaust mixture, and the air flow rate is adjusted until a maximum reaction zone

temperature TB is achieved. From the flame temperature, the chemical enthalpy of the

unburned volatile gas mixture can be estimated.

(a) ((b)

TA

Exhaust from
reactor outlet

Figure 73 - Experimental set-up to characterize the chemical enthalpy availability in the

reactor exhaust stream. The exhaust from the reactor outlet is mixed with preheated

secondary air stream and undergoes oxidation. A profile thermocouple measures the

temperature of the oxidation zone. (a) A conceptual schematic, and (b) a SolidWorks

rendering of this set-up.

Figure 74 illustrates the experimental set-up by showing the reactor outlet (a) without

secondary oxidation, and (b) with secondary oxidation in the zone below. As can be seen in

the reactor's native state (a) without secondary oxidation, there is significant amount of

particulate matter emerging from the outlet. After the secondary oxidation zone was

implemented in (b), we see that the post-combustion flue gas is devoid of visible particles.

This is an initial visual proof that secondary oxidation not only able to harness the

unburned energy in the exhaust stream, but also to significantly clean up the emission

profiles of the exhaust stream. While in this section, we will focus primarily on the energy

harnessed from secondary oxidation, in a following section, we will also explore how we
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can quantify the completeness of combustion and the reduction in the emission profiles

from the reactor exhaust stream.

(a) Without secondary oxidation (b) With secondary oxidation

Figure 74 - Implementation of the reactor outlet (a) without the secondary oxidation zone

and (b) with the secondary oxidation zone. Contrast the amount of visible particulates

emerging from the reactor in the two cases.

In order to understand how this secondary oxidation, we repeated the experiment over

various reactor conditions for pine shavings and rice husks. Experiments on hay were not

performed, as our hay straws have similar dimensions as the reactor radius, and the

current experimental set-up caused excessive clogging of biomass particles in the

secondary oxidation zone, leading to significant safety hazard.

The first question we asked is: How much secondary air pre-heating is needed to sustain an

oxidation flame that lasts at least one minute in duration? For each type of biomass and

reactor condition, we adjusted the power output of the inline heater element for the

secondary air, and noted the minimum viable pre-heating temperature where such a flame

can be sustained. In the case of pine shavings, in the severe torrefaction regime, no pre-

heating was needed. As the torrefaction reaction became less severe, we needed to increase

the air pre-heating temperature, to the point where this pre-heating was so intensive

(above 300'C) such that it could not be feasibly achieved using any natural heat exchange

mechanism in our torrefaction setup without external energy input. This boundary of

feasibility is delineated by the dashed black line in Figure 75. In the case of rice husks
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(Panel b), we generally observed that it was much more difficult than pine shavings to

sustain a stable flame: in all conditions in Panel b, a significant amount of pre-heating (at

least 200'C) was required.

(a) Pine shavings (b) Rice husks
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Figure 75 - Minimum secondary air pre-heating temperature required to oxidize the

unburned volatiles in the exhaust stream under different reactor conditions for (a) pine

shavings and (b) rice husks. In general, as the torrefaction condition becomes less severe,

the amount of secondary air pre-heating also increased significantly, to the point that no

amount of realistic air pre-heating sufficed to start an oxidation flame (delineated by the

black dashed line in both plots).

The next question that we pursue is: Given a certain amount of minimum required

secondary air pre-heating in order to maintain a stable flame, what is this flame (oxidation)

temperature in each case? Figure 76 summarizes the answer for different reaction

conditions and biomass types. We see that for pine shavings (Panel a), an oxidation of

around 600*C was achievable under the severe torrefaction conditions. As the torrefaction

severity reduces, the flame temperature also decreases to around 450*C whilst the air pre-

heating temperature increases. This signals decreasing chemical enthalpy availability as

torrefaction severity decreases. We observe a similar in the case of rice husks (Panel b), but

in this case, the flame temperature is significantly lower, at around 400-450*C.
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Figure 76 - Temperature in the secondary oxidation zone for (a) pine shavings and (b) rice

husks under different torrefaction conditions. This oxidation temperature was observed to

decrease as torrefaction becomes less severe.

Now, knowing (a) the temperature and mass flow rate of the unburned exhaust stream

emerging from the reactor, (b) the pre-heating temperature and mass flow rate of

secondary air stream, and (c) the temperature in the secondary oxidation zone, we can

estimate the chemical enthalpy availability fchem from the original (native) exhaust stream

that can be harnessed by the method of secondary oxidation as follows:

7nexhCp,exh (Texh - T0 ) + rnair2Cp,air (air2 - T0) + 'chem - (hair2 + rnexh)Cp,flue(Tflame - T0)

- rnH2 0AHvap - QIoss = 0,

where the first term with the subscript "exh" refers to the incoming enthalpy carried by the

unburned exhaust emerging from the reactor unit, the second term with the subscript

"air2" refers to the incoming pre-heated air, the fifth term refers to the heat of

condensation of steam, and the sixth term Qioss refers to the energy loss through the side

wall of the secondary oxidation zone, which is a function of the difference between the

oxidation temperature and the ambient air temperature. The third term Hchem [W] in this

case reflects the difference in chemical availability between the incoming mixture (exhaust

and some portion of unreacted volatiles) and the outgoing mixture (exhaust and a much

smaller portion of unreacted volatiles), or in other words, the chemical availability that can
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be harnessed in the secondary oxidation mechanism for useful purpose such as pre-drying

biomass.

The mass flow rates of the unburned exhaust, secondary air, and flue gas are all provided

from actual measurement and mass balance. In the fifth term, the mass flow rate of steam is

more difficult to access. To quantify this, we first obtained the ultimate (elemental) analysis

of the raw biomass and the torrefied biomass. This helps us deduce the elemental

composition of the volatile gases and exhaust mixture, of the form CHOy. By chemical

balance, we have the following equation:

CHxOy + (1 + 0.25x - 0.5y) 02+3.76 x (1 + 0.25x - O.5y) N2 -

CO 2 + 0.5x H 20+ 3.76 x (1 + 0.25x - 0.5y) N 2 .

This gives us an estimate of the final composition of the flue gas, and we can therefore

deduce the amount of steam in the mixture that would release the enthalpy of

condensation in the fifth term.

The sixth term, which describes the energy loss from the side wall of the secondary

oxidation zone, can be formulated in the same manner as done previously for the case of

thermal dissipation through an insulated surface:

2wHox(Tflame - Tamb)
s 1 + ln (1 + Asteei/Rox) + In (Rout,ox/(Rox + Asteel)) + 1

hfueRox ksteel kins hflueRout,ox

where Hox and Rox are respectively the height and radius of the secondary oxidation zone,

and Rout,ox= Rox + Asteel + Ains is the radius of the outer insulated surface surrounding the

secondary oxidation zone.

Figure 77 plots this chemical availability term Hchem as a fraction of the total solid energy

flow through the torrefaction reactor under different reaction conditions and biomass

types. In regions of flammability delineated in Figure 75, this value was experimentally

determined. Outside of this region of flammability, this value was deduced through linear

interpolation in MATLAB.
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Figure 77 - Total chemical enthalpy availability harnessed by the secondary oxidation

mechanism under different reactor conditions for (a) pine shavings and (b) rice husks, as a

fraction of the total solid energy flow through the reactor system. In general the amount of

chemical enthalpy availability increases as the torrefaction reaction becomes more severe.

We see that in general, the total chemical enthalpy availability that can be harnessed by the

secondary oxidation mechanism represents a significant portion of all the losses

characterized so far. This chemical availability is in the range of 10-25% of the total solid

energy flow, and generally increases as the torrefaction severity increases. In the case of

rice husks, we should be mindful that we are sweeping over a much more restricted area of

normalized air/fuel ratio (torrefaction severity), and therefore we observe a lower

chemical availability (-10-15%) and a gentler trend of increase compared to the case of

pine shavings.

5.5.3 Emission Profiles and Completeness of Secondary Combustion

In the discussion above, we assumed that the secondary oxidation mechanism reacts any

unburned fractions in the exhaust stream virtually to completion. In order to evaluate the

completeness of this secondary combustion process, and to characterize the changes in the

emission profiles of the post-combustion flue gas, we selected two quantities to keep track:

carbon monoxide level, and particulate-2.5 im (PM-2.5) level. For monitoring the carbon

monoxide level, we installed a commercial CO datalogger (Lascar EL-USB-CO) inside the
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exhaust duct approximately 0.5 m above the reactor outlet. Likewise, for monitoring the

PM-2.5 level, we installed, at the same position, a UCB particle sensor capable of detecting

PM-2.5 down to 25 mg M- 3. This sensor was specifically designed for characterizing the

emissions from burning biomass-based fuel in the kitchen, and has been scientifically

validated elsewhere (Lifton et aL, 2004; Edwards et al., 2006, and Chowdhury et aL, 2007).

A pressure transducer (Omega Engineering PX278-30D5V) was tapped into the exhaust

duct to constantly monitor the total gas flow rate. This gives us the dilution ratio needed to

back out the actual emission levels emerging from the reactor outlet. The emission levels in

the post-combustion flue gas (after secondary oxidation) are compared against those in the

reactor's native state (without secondary oxidation) in order to provide some measure for

the completeness of combustion as well as the environmental emission profiles.

We first give the measured values of the native (without secondary oxidation) emission

profiles of carbon monoxide and particulates emerging from the reactor under different

reaction conditions. As shown in Figure 78, which summarizes these values, we observe

that the emission levels increase as the torrefaction reaction becomes more severe, which

makes sense as more energy is contained in the unburned volatiles in the exhaust stream

under this regime. For carbon monoxide (Panels a and b), under severe torrefaction

conditions, the CO level is about tripled than under the moderate conditions. For

particulates, in the case of pine shavings, the level is almost doubled. However, for rice

husks, the increase is more gentle, from about 1,800-2,500 ptg m-3 . These differing trends

may reflect the intrinsic chemical differences and combustion characteristics of bulk pine

shavings and rice husks, which were qualitatively noted previously in Chapter 3.
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Figure 78 - Native emission profiles of carbon monoxide from the reactor outlet (without

secondary oxidation) for (a) pine shavings and (b) rice husks under various torrefaction

reaction conditions, as well as particulate levels for (c) pine shavings and (d) rice husks.

We then took the emission measurements with the secondary oxidation mechanism in

place, and compared the two emission results. In Figure 79, we plot a sample trace of the

measured CO level under a representative torrefaction reactor operation (pine shavings,

Tres = 12 min, a = 0.37). In the first part of the time trace (t < 60 min), the reactor was

warming up to a steady-state level, and no secondary oxidation was implemented. As we

can see, the CO level was consistently high, and increased to above 1000 ppm as the reactor

approached the steady-state condition. After the start of the secondary oxidation

mechanism, we observed a dramatic drop of CO levels generally to less than 100 ppm. Even
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during this period, they were a few spikes in the CO level. These spikes correspond to the

temporary flame-outs in the secondary oxidation flame as we had to periodically feed raw

biomass into the reactor through the secondary oxidation zone. Therefore, these spikes can

be considered as artifacts that can be removed with an improved biomass input feed design

that is not within the scope of our study. During our analysis later, we removed these

spikes from consideration by including the stabilized CO levels only 30 seconds after we

visually observed a stable secondary oxidation flame. However, in short, from Figure 79, it

is clear there is a reduction in the CO emission after the onset of secondary oxidation.
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Figure 79 - Sample time trace of the carbon monoxide level under a representative

torrefaction reactor operation condition (pine shavings, Tres = 12 min, a = 0.37). In the first

part of the reactor warm-up (up to t = 60 min), there was no secondary air oxidation.

Afterwards, secondary oxidation was implemented, with temporary flame-outs due to

biomass feeding.

In order to quantify this reduction over a larger range of reactor operating conditions, we

took the ratio of the mean emission level (CO and particulates) with secondary oxidation to

the mean emission level (CO and particulates) in the reactor's native state without

secondary oxidation, at the same time accounting for the differences in the air dilution

factor in the exhaust hood. In Figure 80, we report the percentage reduction in the

emissions (CO and particulates) from the native reactor operation without secondary

oxidation. These figures can also be used, on the first-order approximation, as proxy for
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quantifying the completeness of combustion in the secondary oxidation mechanism (as

well as the percentage of chemical availability that can be harnessed by the secondary

oxidation). We generally observe a significant reduction of 95-98% in carbon monoxide

emission and of 97-99% in the particulate emission with the onset of secondary oxidation.

As the torrefaction becomes less severe, the emission reduction (and by proxy, the

completeness of reduction) also reduces slightly. This is not surprising, as at a lower

oxidation temperature under the mild torrefaction regime, oxidation kinetics proceed at a

slower rate, and within a certain gas residence time, the combustion will be less complete.
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Figure 80 - Percentage reduction of carbon monoxide from the reactor outlet with the

secondary oxidation mechanism compared to the native case (without secondary

oxidation) for (a) pine shavings and (b) rice husks under various torrefaction reaction

conditions, as well as the percentage reduction of particulate levels for (c) pine shavings

and (d) rice husks.
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5.5.4 Characterization of Uncertainty Ranges

In order to be confident about the results discussed above and the apparent improvements

brought about by the implementation of secondary oxidation, it is important to consider

the uncertainty ranges of the various quantities that we measured or calculated. In this

section, we characterize the effects of various uncertainties on the measurement of volatile

chemical availability as well as the emission characteristics using the same method as we

carried out in Section 3.6 for the reactor performance metrics.

First we examined intrinsic uncertainties. These govern input quantities such as the mass

flow rates of the primary and secondary air into the reactor, as well as output quantities

such as the temperature and emission readouts. These uncertainties are listed in Table 25

below; some of these ranges have been replicated from Table 13 for convenience of

reference.

Table 25 - Summary of various instruments used in the

uncertainty ranges in the readout signals.

experiment and their intrinsic

Quantity Instrument Uncertainty range

Mass flow, primary air Omega FMA5528A Max of 1.5% and 0.1 L/m

Mass flow, secondary air Dwyer RMC series Max of 2% and 10 scfh

Temperature Omega Max of 0.4% and 1.1 K

Particulate levels UCB 32%

Carbon monoxide levels Lascar EL-USB-CO Max of 6% and 7 ppm

Dilution factor calculation Omega PX278-30D5V 1.0%

Solid mass (in/out) Dr. Meter ES-PS01 Max of 1% and 5 g

Likewise, we summarize the extrinsic uncertainties in Table 26. Once again, these extrinsic

uncertainties-which reflect the variation in the reactor operation and process, are

computed by taking replica measurements of the same quantities and tabulating their

means and standard deviations in order to compute the standard errors of the mean.
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Table 26 - Summary of the uncertainty ranges associated with reactor operation with

respect to various relevant variables, for the sample case of pine shavings, res 12 min, G =

0.23.

Quantity Uncertainty range (% of the mean)

Solid residence time 14%

Temperature of native exhaust stream 4%

Temperature of secondary oxidation 4%

Thermal conductivity of outer insulation 9%

Particulate levels, native 10%

Particulate levels, secondary oxidation 50%

CO levels, native 28%

CO levels, secondary oxidation 26%

Note that in Table 26, the variables listed are only associated with reactor operations (and

the measured outputs). For any directly measurable inputs that are not affected by the

reactor operations (such as the temperature and mass flow rate of the pre-heated air

entering into the secondary oxidation zone), then the uncertainty range is limited to that

described in Table 25 by the measurement instrument.

From Table 26, what may seem a little surprising is that some emission levels, such as the

particulate measurement under secondary oxidation conditions, have a disproportionately

large uncertainty range (as large as 50%). One main reason why this is so is that these

sensors are mostly designed to measure high-emission conditions. The UCB particulate

sensor, for example, is designed specifically for indoor biomass cooking experiments. While

these sensors are simple and low-cost to use, under low-emission conditions, their

accuracy tends to fare worse compared to high-end emission characterization sensors. The

UCB particulate sensor, for instance, has a lower detection limit of 30 pg m 3 for PM-2.5

levels. During secondary oxidation conditions, the measured particulate levels are often as
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low as 40-60 pg M-3, and under this regime, it is no longer surprising that there is a large

measurement uncertainty.

However, we argue that these large uncertainty ranges in the emission level measurement

do not significantly affect the interpretation of our results of the performance of secondary

oxidation. As shown in Figure 80, we generally expect a 97-99% in reduction in the

particulate emissions with secondary oxidation. This means that for the hypothetical case

of a native particulate emission of 2000 pg M-3 (with an uncertainty range of 200 kg M-3 ),

the post-secondary-oxidation particulate emission level is on average 40 kg M-3. A 50%

uncertainty means that this post-secondary-oxidation value could be anywhere between 20

to 60 kg m-3 . However, regardless of the large uncertainty range, what is certain is that it is

still a dramatic improvement compared to the native emission level of (2000 200) kg m-3

by two orders of magnitude. In other words, this uncertainty range translates to an

ultimate uncertainty of 1% in the 98% emission reduction.

5.5.5 Discussion on Energy Losses in the Exhaust Stream

In this section, we focused our attention on quantifying the energy losses in the exhaust

stream. We first found that this loss predominantly occurs through the chemical enthalpy

availability in the unburned volatiles in the exhaust stream, rather than the sensible

enthalpy in the exhaust stream. We then built an experimental set-up to quantify the

chemical enthalpy availability that can be harnessed by creating a secondary oxidation

zone. We demonstrated that we can capture between 10-25% of the total solid energy flow

from the uncombusted volatiles, and that secondary oxidation reduces the emission (in

terms of carbon monoxide and particulates) by above 95%. We can therefore also use this

emission reduction as a proxy for quantifying the completeness of combustion, and

conclude that the secondary oxidation is able to harness the majority of the combustibles in

the native reactor exhaust stream.

More importantly, the experimental set-up in this section is also an indirect validation of a

design improvement that we can implement to the reactor in order to introduce an actual
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secondary oxidation zone. The excess heat can then be redirected for other purposes such

as pre-drying the incoming biomass. Pre-drying the biomass before it enters into the

reactor proper also serves the purpose of reducing the amount of dilution of the

combustible fraction in the exhaust stream, thereby improving the secondary oxidation

zone stability and completeness of combustion. To demonstrate how this could work with

pre-drying the biomass, we constructed a simplified process model for pre-drying biomass

before it enters into the reactor, as shown in Figure 81. For each reactor operation

condition, we obtain a certain flow rate and temperature of the exhaust as well as

secondary air. Given a certain flow rate of wet biomass into the dryer (and subsequently

into the reactor), we ask ourselves the following question: what is the maximum

permissible moisture content YM that the initial biomass can have and be adequately dried

by the sensible heat carried in the flue gas from the secondary oxidation zone, assuming no

other heat loss mechanisms?

Wet biomass
Moisture content Ym
Room temperature

Cold flue gas
Hot flue gas and water

Secondary air

MSeairp,

Tsecair

exhaust Texhaust 
Dry biomass

Exhaust stream

Figure 81 - A simplified process flow-sheet model for incorporating pre-drying of biomass

utilizing the heat harnessed in the secondary oxidation zone. We assumed that the dryer is

continuously operated at 105'C.

We implemented the overall system energy balance calculation in MATLAB, and display the

results in Figure 82. We see that by harnessing the sensible heat from the flue gas emerging
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from the secondary oxidation zone, we can pre-dry incoming biomass with a moisture

content of up to 60% for pine shavings, and up to 32% for rice husks. As we increase

torrefaction severity, we can see that the system can support pre-drying of feedstock with

increased moisture content Therefore, we can imagine that part of the reactor condition

selection may depend on the original moisture content of the native biomass.

(a) Pine shavings (b) Rice husks
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Figure 82 - Maximum possible moisture content in the incoming biomass while still

allowing for adequate pre-drying by utilizing the sensible heat from the secondary

oxidation zone prior to entering into the torrefaction reactor, for (a) pine shavings and (b)

rice husks under various torrefaction reaction conditions.

5.6 Summary and Perspectives for Improvement

Based on the insights we gained in the previous sections, we now have a more refined view

of how the reactor operates, and what we should do to arrive at a more energy-efficient

design. We identified three mechanisms of energy losses-loss from the side wall, loss from

the char-cooling segment, and loss from the exhaust stream-and experimentally

quantified their relative magnitudes. We found that in general, the loss from the exhaust

stream is one order of magnitude greater than either the loss from the side wall or the loss

from the char-cooling segment. Of the loss from the exhaust stream, we also concluded that
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the chemical availability from the unoxidized volatile species dominate over the sensible

heat loss. While in a scaled-up reactor, it is important to optimally insulate the reactor side

walls and to recycle the char-cooling heat by pre-heating incoming air, how to design an

effective secondary oxidation zone that can stably harness the chemical availability should

command our utmost attention, not only to improve energy efficiency, but also to reduce

potential pollution from the volatile emissions into the atmosphere.
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Chapter 6 Bulk Hydrodynamic Characteristics in a

Biomass Moving Bed and Their Effects on Scaling

A moving bed is a very common design for a continuous biomass-processing reactor in a

wide range of applications, such as torrefaction, gasification, and incineration. In order to

ensure effective heat and mass transfer through the fixed bed, a good understanding of the

bulk hydrodynamic characteristics in the fixed bed is of critical importance. Nonetheless, so

far there lacks sufficient data in the literature documenting these characteristics with

respect to different types of biomass of various particle sizes. In this paper, we describe an

experimental framework to determine and quantify the bulk fixed-bed hydrodynamic

characteristics. We assumed-and verified-that the gas flow inside a biomass fixed bed

can be roughly approximated via Darcy's law. We obtained the bulk porosities of a range of

biomass types and demonstrated that they often diverge from predictions derived from

common empirical correlations. We then used our newfound data for a specific application

of designing a torrefaction reactor for scale-up, and showed that under certain conditions,

the reactor can be powered entirely by the stack effect generated by a hot column of rising

gas without any external pressure drive. Therefore, we showed that our methodology can

be useful in informing some fundamental scaling questions regarding biomass reactor

operation and performance.

6.1 Importance of Hydrodynamic Data in Biomass Moving Bed

A moving bed is a common reactor designed to allow two heterogeneous materials

(commonly a solid and a gas, for example) to react with each other. In a moving bed

reactor, a solid phase in a packed bed typically migrates downwards by gravity, and is

continuously fed from the top and removed from the bottom. A fluid (gas or liquid) phase

passes through the packed bed and reacts with the solid phase. Moving bed reactors is not

a new concept by any means, but has recently received renewed attention in many

chemical engineering design situations, such as wastewater treatment (Rakovitsky et al.,
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2016; Mazioti et aL., 2017), chemical synthesis (Constantino et aL., 2016; Tie et aL., 2016),

and biofuel production (Ray and Ray, 2016; Regufe et aL., 2016). In the realm of biomass

processing and conversion, which this paper is focused on, moving bed reactors are also a

common choice for various processes such as combustion (Mahmoudi et aL., 2016; Razmjoo

et aL., 2016), gasification (Adnan et aL., 2017; Tursun et aL., 2016), pyrolysis (Branca et aL.,

2016; Cai and Liu, 2016), and torrefaction (Kuzmina et aL., 2016; Park et aL., 2015).

For moving bed reactors to work, a crucial element to consider is the hydrodynamic

property of the solid packed bed material. To wit, different particle sizes and different bulk

porosities can imply that different pressure drives are required to deliver a specified flow

of gases past the solid packed bed. For applications with a well-defined solid component or

catalyst that does not readily change, this may not be of much interest or relevance beyond

an initial bed optimization selection. However, in the case of biomass processing, one

common functional requirement is that the moving bed reactor should be adaptable to

different types of biomass of different physical characteristics. In this case, we may find

that the ability to quickly characterize the bulk hydrodynamic characteristics of the packed

bed and relate these to the overall reactor operating requirements to be highly useful in

scaling the reactor. As a motivating illustration, in the case of a moving bed torrefaction

reactor design (described previously in Section 2.5), one important scaling consideration is

how to supply air in the correct ratio with respect to biomass into the base of the reactor in

order to achieve a desired torrefaction severity. A dense biomass packed bed, for example,

may require an externally powered pressure drive (e.g. a fan) to maintain the flow. On the

other hand, a loose biomass packed bed may be able to rely on the natural stack effect from

the hot rising column of air within the reactor to continuously draw air in from the base

and expel exhaust from the top of the reactor, without an external pressure drive. The

ability to measure the hydrodynamic characteristics and to predict in which regime we

operate, and if needed, to size the appropriate pressure drive requires a good

quantification of the effective bulk bed permeability and the extent to which the biomass

bed impedes fluid flow.
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Typically, for a porous packed biomass bed, a good first-order relationship between

pressure drive/drop (AP [Pa]) and the fluid flow (Q [m 3 S1]) is Darcy's law, and we

assume-and later verify-that this law is indeed applicable to a biomass bed in our

regime of interest:

KArAP

Q Hr

where Ar = wrR2 is the cross-sectional area of the moving bed reactor (with a radius Rr), Hr

is the height of the solid packed bed portion within the moving bed reactor, [t is the

viscosity [Pa s] of the flowing fluid (which we can look up in the literature), and K is

effective bulk permeability [M 2 ] of the biomass moving bed (which we must determine

experimentally).

Currently, there is surprisingly little quantification in the literature on the effective bulk

permeability for the purpose of biomass moving bed reactor design. The only study we are

aware characterizing this value comes from Di Blasi et al. (2004), which in their biomass

gasifier model assumes that a straw bed has a bulk permeability of 1 x 10-6 M 2. and char

has a bulk permeability of 5 x 10-6 M 2 . Beyond these two materials, data from other types of

biomass, to our best knowledge, remain unquantified.

In this study, we describe an experimental setup to help us obtain the data for the relevant

types of biomass of interest to us, and compare the results with the predictions from

existing correlations. Finally, we discuss how we can use the data to inform reactor-scaling

strategy in the particular case of biomass torrefaction.

6.2 Experimental Set-Up

To verify the applicability of Darcy's law in a biomass moving bed and then to quantify the

bulk moving bed permeability, one strategy is to control the gas flow rate Q and then

measure the pressure drop AP across the moving bed for different reactor heights Hr. Then

we can fit for the bulk permeability knowing the gas viscosity as well as the cross-sectional

area of the moving bed. In setting up the experiment, we assumed that because typically,
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the biomass migrates downwards in the reactor at a very slow rate (around 4 cm/min)1

compared to the typical velocity of the upward-flowing gas (around 2 cm/s) 2, we can

approximate the moving bed biomass as quasi-static in the timescale of gas flow. This

stationary solid approximation hugely simplifies our experimental design and data

collection set-up. Figure 83 illustrates this experimental set-up, where the biomass moving

bed is approximated as a stationary batch reactor (represented by a 4" NPT threaded pipe,

McMaster-Carr 4549K814) open at the upper end and capped at the lower end by a

modified NPT cap (McMaster-Carr 4880K811) that has a 1" hole drilled at the center for

gas inlet. The gas is connected on the other end to a compressed nitrogen cylinder (NI 300)

and the flow rate (Q) in the line is regulated by a mass flow controller (Omega Engineering

FMA-5528A) within a range of between 0.1 to 50.0 standard L/min. Immediately before the

entrance at the bottom of the biomass packed bed, a differential pressure transducer

(Omega Engineering PX278-30D5V) measures the pressure difference (6Pexp) between this

point and the top of the biomass packed bed.

For each type of biomass, we varied the height (Hr) of the packed bed to be 8, 15, 23, and 30

cm, and measured the pressure difference under various incoming flow rates. In order to

subtract the effect of any major and minor losses within the reactor that are unrelated to

the porous flow through biomass, we also conducted a control experiment where the same

pressure-flow rate relationship was obtained by flowing gases through an empty reactor

column (Hr = 0), yielding the reference pressure differential 51o. This gave us the baseline

major and minor loss approximation that we need to subtract from the measured pressure

differences in the actual biomass experiments. In general, we found the baseline major and

1 For rice husk with a bulk density of 100 kg/M 3 and maximum mass flow rate of 2 kg/h in
a 4-inch-diameter reactor, the downward migration velocity is about 4 cm/min; for pine
shavings with a bulk density of 30 kg/M 3 and maximum mass flow rate of 0.5 kg/h in a
reactor of the same diameter, the downward migration velocity is about 3 cm/min.
2 For a torrefaction experiment with pine shavings where room-temperature air is injected
2 For a torrefaction experiment with pine shavings where room-temperature air is injected
at a normalized air/fuel ratio of 0.37 into the biomass moving bed, it travels upwards at a
superficial velocity of 2 cm/s if the bed were unreactive (at room temperature). In a hot,
reactive bed such as under torrefaction conditions, the density of air drops by a factor of 2-
3, which means that the superficial velocity also increases by a factor of 2-3.
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minor losses to comprise no more than 5-25% of the total measured pressure drop.

Therefore, the final pressure drop APporous attributable to the porous flow is given by:

APporous = -(Pexp - 6Po).

Biomass
bed H

Figure 83 - Experimental set-up showing a biomass packed bed connected with a

compressed gas source with adjustable flow rate control, and a pressure transducer to

measure the pressure difference across the biomass packed bed.

Furthermore, in order to conduct the experiment over a wide range of physical

characteristics, we selected four types of biomass: pine shavings, hay, rice husk, and

sawdust. Three of these types (pine shavings, hay, and rice husk) were also used in our

laboratory-scale torrefaction reactor tests described in 0. For pine shavings, hay, and rice

husk, we were also able to physically measure the dimensions (major and minor axis

lengths) of 100 randomly selected particles each, in order to understand how similar or

dissimilar in physical characteristics these different types of biomass are from each other.
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Figure 84 - Single-particle characteristics for different types of biomass. Top row, (a-c):

Distribution of particle sizes (major axis lengths: red; minor axis lengths: blue) of 100

representative biomass particles for pine shavings (a), hay (b), and rice husk (c). Bottom

row, (d-): Distribution of particle sphericities of 100 representative biomass particles for

pine shavings (d), hay (e), and rice husk (f).

Figure 84(a-c) shows the distributions of the particle sizes of these representative

particles. Because most biomass particles are not isotropic in all dimensions, for each

particle, we measured the lengths of the longest axis (major axis) and the shortest axis

(minor axis). We see that all three types of biomass have distinct distributions for the

major axis lengths compared to minor axis lengths, but for some types of biomass (such as

hay), these two distributions are more distinct from each other. This means that hay

particles have a much more elongated shape. In order to quantify this biomass particle

disparity further, we draw upon a mathematical concept called sphericity S, which

measures how close to a spherical shape an object is, and can be defined in 2D (major and

minor axes are assumed to be perpendicular to each other) as
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S C(a, b)'

where a, b are the major and minor axes, respectively, and C(ab) is the circumference

length of an ellipse with a major axis a and minor axis b. For a perfectly spherical biomass

particle, we would expect the sphericity to be 1. In the limiting case of a one-dimensional

line, the sphericity would be 0. Figure 84(d-f) plots the distributions of sphericities of the

same 100 representative particles of each of the three biomass types. We can more clearly

see from these plots that pine shaving particles most closely resemble spheres, while hay

particles most closely resemble needles, which intuitively makes sense. Table 27

summarizes the average statistics derived from these representative biomass particles.

Table 27 - Characteristic dimensions of 100 representative particles from 3 types of

bioimass.

Biomass type Mean major axis Mean minor Characteristic Mean sphericity

length axis length particle size

Pine shavings 11.09 mm 6.35 mm 8.39 mm 0.91

Hay 22.89 mm 4.35 mm 9.98 mm 0.61

Rice husks 7.59 mm 1.76 mm 3.65 mm 0.71

From the exercise above, we can therefore see that we have selected biomass types that are

quite distinct from each other not only in terms of particle sizes, but also in terms of their

geometrical shapes. We believe that all these differences will factor into the bulk

permeability of the moving bed, and our next task is to quantify this permeability.

6.3 Validation of Darcy's Law in Biomass Moving Bed

Having selected and characterized a few dissimilar types of biomass, we now proceed to

verify whether or not we can describe the hydrodynamic characteristics of the biomass

moving bed using Darcy's law. Figure 85 plots the response curves of measured pressure

drop AP across the biomass packed bed attributable to the porous flow (i.e. major and
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minor losses within the reactor length have been subtracted) as a function of variable

nitrogen gas flow rates Q. For both hay (a) and rice husk (b), we observe a roughly linear

increase in the pressure drop as a function of flow rate, and the slope (APporous/Q) increases

with increasing biomass packed bed depth Hr. Both of these observations are consistent

with Darcy's law description for porous medium flow.

(a) Hay (b) Ric husk
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Figure 85 - Response curves of measured pressure drop across the biomass packed bed

(AP, y-axis) versus gas flow rate (Q, x-axis) generally show a behavior consistent with

Darcy's law, for different biomass bed depths, for hay (a) and rice husk (b). The different

colors show biomass packed beds of different depths; the dots are experimentally

measured data points; and the lines are linear fits to these dots.

In the case of the looser biomass (hay), we notice that the linear fit for APporous-Q is not as

tight as the denser biomass (rice husk), and there are larger relative deviations of the data

points from the linear fit line. We attribute these deviations to the limitation of a small-

scale laboratory set-up to fully emulate a relatively homogeneous biomass bulk, as for our

reactor size (4 inches), this dimension approaches the characteristic size of the larger

biomass particles such as hay (which is on the order of an inch along its major axis).

Based on a given linear fit for APporous-Q data of slope (APporous/Q)fit, we are able to deduce

the bulk packed bed permeability as follows:
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pHr
Kmeasured R Pporous/Qfit

These deduced permeability values for the four types of biomass measured in this study

are listed in Table 28.

Table 28 - Deduced bulk permeability values of packed biomass bed consisting of different

types of biomass.

Biomass type Measured permeability

Pine shavings (1.5 0.2) x 10-7 m 2

Hay (1.0 0.1) x 10-7 m2

Rice husk (8.6 0.2) x 10-9 m 2

Sawdust (2.4 0.3) x 10 m 2

It makes sense to observe that loose biomass such as pine shavings and hay typically have a

higher measured permeability (around 10-6 M 2) compared to dense biomass such as

sawdust (10-10 m2), which is akin to that of typical sand. Furthermore, for loose biomass

types such as pine shavings and hay, the values we measured are about an order of

magnitude smaller compared to the value for similarly loose straw assumed by Di Blasi et

aL. (2004).

In brief, in this section, we demonstrated that the four types of biomass, in packed bed,

behave hydrodynamically consistent with Darcy's law, and that we are able to

experimentally calculate their bulk permeability values.

6.4 Comparison with Existing Permeability Correlations

Once we obtain the permeability values above, the next question to ask is: How do they

compare with existing correlations? Could we save the trouble of setting up the experiment
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for multitude of biomass types if we could just calculate and predict their values from a

handful of physical parameters. To address this question, we begin by citing a commonly

used empirical model for calculating the permeability coefficient described by the Carmen-

Kozeny equation (1937):

CK-(S)2E3 (d P)2 +-2 dp-
K = ___=1+_ 2 d

cK a(1 - E)2 2' 3(1 - E) 2R,'

where (S) is the mean sphericity of the particles, (dp) the mean characteristic size of the

particles (both were measured earlier in Figure 84), a = 180 is a proportionality constant,

and E is the bulk porosity of the bed, which can be approximated as:

_ 1 -Pbulk

Psolid

where Pbulk is the measured mass density [kg M- 3] of the uncompacted biomass in a packed

bed, and Psolid is the intra-particle mass density. As an example, pine shavings that we

obtained in our study has a bulk density of about 30 kg M-3 , but its actual intra-particle

density is around 400 kg M- 3 . Therefore, the packed bed porosity is E = 0.93 in the

uncompacted form. Given these parameters, we can calculate the theoretically predicted

bulk permeability values for these same four types of biomass, and the outcome is given in

Table 29.

Table 29 - Bulk permeability of biomass packed beds predicted by the Carmen-Kozeny

relation and its overestimation factor in comparison with experimental values.

Type of biomass Predicted permeability Overestimation factor

Pine shavings 1.5 x 10-s m 2  100

Cut hay 4.1 x 10-6 M 2  40

Rice husk 1.0 x 10-? m 2  12

Somewhat surprisingly, we note that theoretical correlations consistently overestimate the

biomass fixed bed permeability. We define the "overestimation factor" as the ratio between

the bulk permeability predicted by the Carmen-Kozeny relation to the actual measured

bulk permeability for each type of biomass. We see that the overestimation is consistently
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by over an order of magnitude. We also note that the theoretical estimation tends to

improve as the particle sizes are reduced (i.e. in the case of rice husks).

We can think of two possible explanations for this consistent overestimation: (a) irregular

biomass particle geometry, and (b) distribution of different particle sizes. Firstly, we note

that Carmen-Kozeny relation was built upon the idealized assumption that the packed bed

consists of perfect spheres of identical radii. In the case of actual biomass particles, these

are often irregular in sizes. Some of these geometrical irregularities may create additional

losses as a fluid flows past them, thereby creating additional pressure losses, which

partially account for the perceived reduction in the bulk permeability values. Secondly,

biomass particles do not come in one size, but consist of a distribution of sizes. Therefore,

packed amongst the larger particles are smaller particles, and so forth. This tends to create

further blockage for the fluid channels, reducing their effective hydraulic diameter while at

the same time increasing the contours. All these changes contribute towards a larger

pressure loss and therefore further perceived reduction in bulk permeability.

From the comparison between our measured permeability and the theoretical gold

standard, we conclude that currently there lacks good datasets as well as useful tools to

predict the bulk hydrodynamic characteristics of a biomass packed bed. As many biomass

reactor (e.g. gasifier, pyrolysis) modeling studies have been based on these theoretical

permeability values, it is important to note that the accuracy of these studies may have

been negatively affected without a more accurate permeability value. Therefore, the

methodology developed in this study presents a novel contribution towards a more

accurate understanding and quantification of the same.

6.5 Scaling Pressure Requirements in Torrefaction Reactor

Finally, we present an application of why our hydrodynamic studies in biomass packed

beds is important and relevant for biomass reactor design, by considering how such data

can be used to scale a moving bed biomass torrefaction reactor, described previously in
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Section 2.5. In this prototype, the amount of air entering into the reactor was controlled by

a compressed source. However, in a scaled-up version of the reactor, a compressed gas

source is not a realistic set-up; rather, the air must either be forced into the reactor through

a fan (APforced), or be drawn in by the natural stack effect (APstack) due to a hot rising column

of air inside the reactor. It is important for us to quantify this further, in order to know the

design requirements for scale-up. We assume that in this study, the design of the reactor

does not incorporate the improved secondary air oxidation mechanism (as described

earlier in 0).

In a simple sense, the pressure that is supplied to push/pull the air upwards through the

reactor (APorced + APstack) must be enough to counteract against the pressure loss through

the porous medium (APoss,bed) as well as the major and minor losses through the rest of the

non-biomass-filled stack (APloss,stack):

APloss,bed + AP1oss,stack = APforced + APstack-

Here, based on APstack and two APioss terms, we calculate the design requirement for APforced.

Let us first start with APIoss,bed. We first make the assumption that the bulk moving bed

permeability is approximately constant as a function of temperature. While in principle our

prior experimental setup can be modified to measure the effective permeability coefficients

at different temperatures in a large furnace, we will reserve this potential characterization

as future work, and in this Chapter, simply assume that any variations in the permeability

occur within the same order of magnitude in the temperature range of interest. With this

assumption in place, we already know how to estimate a differential porous pressure drop

d(APoss,bed) across a thin axial slice of the reactor dz via Darcy's law:

With these assumptions in place, we can re-write Darcy's law as:

ft(T)Q (T) p(T)QO T
d(AP1oss,bed) = -d(APporous) = ) dz = -d z,

KWRr KWR, To

where we have related the volumetric flow rate Q(T) of the gas at temperature T to that

(Qo) at the reference temperature To by applying the ideal gas law:

Q(T) = (T) QO.
ST\
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Furthermore, the viscosity term t is also temperature-dependent. However, for pure gases

such as nitrogen and carbon dioxide, its temperature-dependence is well characterized. For

example, one common correlation is given by the Sutherland equation,

kT"h

t(T)=T+C

where the constants k, C, and n are given in the literature such as Bonilla et aL (1951). For

the calculation below, for simplicity, we used the coefficients for air, where k = 1.458 x10-6

kg m-1 s-1 K-1/ 2 , C= 110.4 K, and n = 1.5.

Integrating both sides, and rewriting the air flow rate in terms of the desired solid

(biomass) flux and the normalized air/fuel ratio, and hence, in terms of the solid residence

time, we obtain:

__ Qar~o Hr

APloss,bed - Kair,T0 J T(z)p(T(z)) dz
K7TR2TO

Hr(AF)stoic (PBM U Hr
IT(z)p(T(z))dz,

T0  \ Pair res Jo

where (AF)stoic is the mass ratio of air to biomass at stoichiometric combustion of the latter.

Therefore, we see when we have a way to establish the validity of Darcy's law and quantify

the bulk bed permeability K, then it is possible to relate the pressure loss term within the

biomass moving bed to the original reactor design parameters defined previously in 0, as

well as the biomass type (which affects (AF)sto1 c and native pBM). In particular, the (a/Tres)

dependency makes intuitive sense: as we increase the normalized air/fuel ratio, then we

are dictating more air to go through the reactor system; likewise, as we reduce the solid

residence time, the air flow rate must also increase in order to keep up with the increase in

the overall biomass flow rate. In both cases, we are driving more air through the biomass

moving bed, leading to a greater pressure loss. We have assumed a nominal biomass

moving bed height Hr = 1 m. Given that the viscosity of the volatile and exhaust gas mixture

is difficult to experimentally measure online at a wide range of temperature and reaction

conditions, we estimated this quantity using the kinetic mechanism and transport model

proposed by Anca-Couce et al (2014) for different types of biomass under the torrefaction

regime. In general, the viscosities are much more strongly a function of temperature rather
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than gas composition.3 Therefore, even if our simplifying assumption introduces errors into

the estimation for the viscosity, we do not expect that this will significantly affect the

results.

In Figure 86, we plot the projected pressure loss incurred across the biomass moving bed

under different torrefaction reaction conditions for (a) pine shavings, (b) hay, and (c) rice

husks. We note that in general, the pressure loss is heavily modulated by the bulk bed

permeability: it is around 1-5 Pa for loose biomass such as pine shavings and hay, and

around 100-300 Pa for dense biomass such as rice husks. Therefore, we can see that more

than any other variable, the bulk permeability is probably still the most important factor in

determining the absolute scale of the pressure requirement. Then, for each given type of

biomass, we observe that the pressure loss increases as the normalized air/fuel ratio

increases (increasing torrefaction severity) and as the solid residence time decreases. This

makes sense because the pressure loss/requirement is directly related to the amount of gas

flow through the biomass moving bed. As the torrefaction severity increases, there is more

air inflow for a given biomass flow rate. Furthermore, as the solid residence time

decreases, the biomass is flowing through the reactor at a higher rate, and therefore, in

order to keep the normalized air/fuel ratio the same, we must also increase the flow rate of

air through the moving bed.

3 To support this claim, we list in the table below the kinematic viscosities for typical flue
gas and air at different temperatures (Chu, 2017).
Temperature (*C) Kinematic viscosity (M2 s- x 10-6)

Flue gas Air
50 17 18
100 22 23
150 27 27
200 33 32
250 40 36
300 46 41
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Figure 86 -Projected pressure loss across the biornass moving bed under differ ent

torrefaction reaction conditions for (a) pine shavings, (b) hay, and (c) rice husks. The

pressure requirements increase as a function of increasing torrefaction severity as well as

reducing solid residence time. The ranges of pressure differences are 1-4 Pa for pine

shavings, 1-5 Pa for hay, and 130-360 Pa for rice husks.

Next, let us consider APioss,stack. This term describes the major and minor losses that occur in

the non-biomass-filled portion of the stack, assuming that the chimney height He is greater

than the biomass bed height Hr, and assuming a laminar flow regime 4:

(f(He - Hr) 1\ 2 16MVexhaust PV2xhaust
Lloss,stack 4 Rr ) pexhaust 2

where the friction factorf= 64/Re is approximated by applying Poiseuille's law. Here, the

first term on the right-hand side is the major loss in the chimney length, while the second

term is the exit loss at the top of the chimney. It can be shown that the velocity of the

exhaust mixture can be rewritten as a combination of the reactor design parameters as well

as the performance factor (e.g. solid mass yield, YM):

(c-(AF)stoic + 1 - YM)Hr PBM R 2
Vexhaust - Tres Pexhaustk;cl

4 For a laboratory-scale reactor with a diameter of 4 inches (10 cm) and a typical exhaust
flow rate, the axial flow velocity is about 0.02 m/s. This translates to a Reynolds number of
30. For scaling up, increasing the reactor diameter by a factor of 20 while keeping all other
variables constant results in a Reynolds number of 600. Both of these numbers are well
within the laminar flow regime.
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Figure 87- Estimated exhaust stream velocity from the reactor outlet tinder diffeirent

torrefaction reaction conditions for (a) pine shavings, (b) hay, and (c) rice husks. The

pressure requirements increase as a function of increasing torrefaction severity as well as

reducing solid residence time. The ranges of velocities are 0.07-0.22 m s' for pine shavings,

0.10-0.24 m s- for hay, and 0.05-0.12 m s- for rice husks.

The exhaust velocities under different reaction conditions for different types of biomass

are plotted in Figure 87. Irrespective of the type of biomass, the general velocities are

between 0.03 to 0.22 m s1. The velocity tends to increase as the solid residence time

decreases and as the normalized air/fuel ratio increases, for the same reason as the

pressure drop across the moving bed increases (due to increased flow). Then, knowing the

estimated exhaust velocities, we can then compute the APoss,stack term under different

reaction conditions, as we have done in Figure 88. Once again, the pressure losses in the

chimney segment and the exit pressure losses increase as a function of reducing solid

residence time and increasing normalized air/fuel ratio. The general range of values is

between 0.002 to 0.0 17 Pa, which is miniscule compared to the pressure drops across the

moving bed characterized earlier in Figure 86, and as we will see, the magnitude of the

natural stack effect. Therefore, for the purpose of estimation, we can safely ignore the

dPoss,stack term, and simply compare the natural stack effect against the pressure drop to

drive gases through the moving bed to determine whether or not forced air mechanism is

needed.
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Figure 88 - Estimated pressure loss in the chimney segment and the exit pressure loss

under different torrefaction reaction conditions for (a) pine shavings, (b) hay, and (c) rice

husks. The pressure requirements increase as a function of increasing torrefaction severity

as well as reducing solid residence time. The ranges of pressure losses are 0.001-0.01S Pa

or pine shavings, 0.002-0.016 Pa for hay, and 0.001-0.0o Pa for rice husks. These pressure

losses are almost negligible compared to those across the moving bed, or as we will see

later, compared to the natural stack effect.

Next, we need to find a way to infer APstacc, which measures the pressur e drive due to the

natural stack effect of a hot column of rising gas. With the current laboratory-scale reactor,

we do not have a good means of measuring the natural stack effect. However, we can derive

this stack effect from first principles, and then express it in terms of the reactor design

parameters. First we assume a simplified reactor model where the inside of the reactor is

at an elevated temperature TH with a lower gas density of PH, and the ambient air is at a

colder temperature TH with a higher gas density of pc. We know that the net stack effect

arises due to the hot column of air (dictated by the overall height of the hot air column Hr +

Hc) at a lighter density:

APstack = (PC - PH) gHc =aRn M c-MH g (Hr + He),

where R is the gas constant, and MWc and MWH are the mean molecular weights [kg mol']

of the cold and hot gases, respectively. In this case, the molecular weight of the cold gas

(ambient air) is well known. On the other hand, the molecular weight of the hot gas
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(reactor exhaust) can be calculated by knowing the (a) mass flow rate of the gas, (b)

volumetric flow rate of the gas, and (c) temperature profile of the gas. Most studies

evaluating the stack effect make the approximation that MWH ~ MWc = 0.029 kg mol'

(Klote, 1991; Chu, 2017).

(a) Pine shavings (b) Hay (c) Rice husks
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Figure 89 -Estimated natural stack effect in the reactor assembly (moving bed and

chimney, which is assumed to be 1 m tall) under different torrefaction reaction conditions

for (a) pine shavings, (b) hay, and (c) rice husks. The stack effect increases mostly as a

function of increasing torrefaction. The ranges of values are 13-19 Pa or pine shavings, 14-

20 Pa for hay, and 15-2 0 Pa for i-ice husks.

In Figure 89, we plot the estimated natural stack effect in terms of the pressure drive [Pa].

We note that the general range of values is between 13 to 22 Pa, irrespective of the type of

biomass. This should not be surprising, as the natural stack effect has less to do with the

physical properties of biomass, and rather with the elevated temperature inside the

reactor. As the normalized air/fuel ratio increases, the reactor temperature is also expected

to increase, which leads to a larger natural stack effect, as observed.

Now, we have all the quantities that we need to answer the question: Is the natural stack

effect sufficient to supply enough air to the reactor to sustain the torrefaction reaction,

without an external source of pressure drive? To do this assessment, we compare the

values in Figure 86 (pressure losses across the moving bed) to those in Figure 89
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(magnitudes of the natural stack effect). As discussed earlier, we neglect the major and

minor losses in the chimney stack as these losses are at least one order of magnitude

smaller than the other terms above. Table 30 summarizes the typical ranges of values that

we estimate. As we can see, the answer depends largely on the type of biomass. Namely,

because the magnitude of the stack effect does not vary greatly, what dictates the answer is

the bulk permeability of the moving bed, which then determines the pressure loss in the

moving bed. We see that for pine shavings and hay-which have comparable bulk

permeability coefficients as determined in Table 29-the natural stack effect provides

sufficient drive. On the other hand, because rice husks have a bulk permeability that is 2

orders of magnitude lower, the pressure loss across a moving bed constituted of rice husks

is also two orders of magnitude higher. As a result, the natural stack effect is insufficient to

provide sufficient flow to overcome this resistance to flow. For rice husks, as well as for

other types of biomass with smaller particle sizes and bulk permeability constants, it is

important that an external forced air mechanism provide the majority of the pressure drive

needed to guarantee sufficient flow through the moving bed.

Table 30 - Can the natural stack effect provide enough air into the reactor to sustain the

torrefaction reaction?

Biomass type Pressure loss in Pressure drive due Is the natural stack

moving bed to stack effect effect sufficient?

Pine shavings 1-4 Pa 13-19 Pa Yes

Hay 1-5 Pa 14-20 Pa Yes

Rice husks 130-360 Pa 15-20 Pa No

6.6 Discussion

In this study, we began with the premise that the existing literature has done insufficient

work in characterizing the bulk permeability of different types of biomass in a moving bed

setting and instead has been reliant on idealized correlations, and we set out to
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characterize the same with greater care. We verified that generally, in our operating regime

of interest, the biomass moving bed obeys a Darcy's law behavior where the pressure drop

scales roughly linearly with the flow through the reactor. From this, we also determined

the bulk permeability constants of pine shavings, hay, rice husks, and sawdust. We found

significant deviations-in particular for loose biomass-compared with the idealized

models, and therefore concluded that it is important to reconsider the way that the existing

literature modeled the hydrodynamic characteristics across a biomass moving bed.

By estimating the pressure losses across the moving bed and comparing it with the

magnitude natural stack effect, we also concluded that for loose biomass such as pine

shavings and hay, the stack effect should be able to provide sufficient flow of air to the

reactor. On the other hand, in the case of dense biomass such as rice husks, an external

pressure drive is necessary.

In principle, the pressure losses across the moving bed are directly proportional to the

height of the moving bed. Therefore, we can reduce the pressure losses by simply making

the bed shorter. Another consideration is that the natural stack effect can be increased

simply by increasing the height of the chimney. We also naturally expect that if we

implement the secondary air oxidation improvement to the reactor assembly, the

secondary combustion occurring at a higher temperature will provide a further boost to

the natural stack effect in the upper section of the reactor. However, there are also limits to

these design changes. For example, we cannot make the chimney arbitrarily tall; for the

scale of our reactor, a height of several meters probably is the maximum. In the cases

where the natural stack effect is at least one order of magnitude smaller than the pressure

losses through the moving bed, simply increasing the chimney height is not enough, as the

stack effect only scales linearly with increasing chimney height.

Finally, while this Chapter provides an initial quantification for the pressure drives

necessary to provide sufficient air to drive torrefaction, beyond simply using a compressed

air source, the calculations done in this Chapter are largely estimated, likely accurate only

to the order of magnitude. While this study provides guidelines and preliminary insights
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regarding the reactor system performance, it should not be used to make specific design

decisions. It is important in the scale-up step to experimentally verify the magnitudes of the

stack effect and how it compares with the pressure losses across the moving bed, and to

incorporate the experimental features needed to quantify these pressure losses and drives.
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Chapter 7 Characterization of Transition Timescales

in Scaling Biomass Reactor Operations

(How to Design a Reactor Operation to Start/Stop Effectively)

Most laboratory-scale studies in biomass reactors have focused on the steady-state

operation of the reactor, and so far paid little attention to the practicalities such as what it

takes to start the reactor from a cold state, to stop a reaction quickly, or to adjust the

reaction conditions. Such discussions are invariably important when it comes to scaling the

reactor in real life. In this study, we analyze experimental time series temperature data and

infer the transient behaviors of the test reactor, as well as how it changes with reactor

scaling. We show that the thermal mass of the reactor has a significant part to play in the

reactor's temporal response to changes, and demonstrate that in our design, it is possible

to achieve a reasonable temporal response time at scale. Based on our analysis, we devise a

series of start-up and cooling operation strategies that seek to optimize the time and

feedstock consumption requirements. Finally, we apply the learning to consider the case of

transitioning between two reactor operating conditions, and show, rather

counterintuitively, that the default transition method-which continuously feeds biomass

into the reactor-is probably the least efficient of all possible methods. The insights

learned in this study provide a basis for a more comprehensive study of the reactor

transitional operations that can be encapsulated into an automated control system to

minimize human intervention.

7.1 Transient Response of the Reactor System

In a continuous-flow reactor design in biomass processing, the primary question of interest

is often the steady-state operation conditions of the reactor, which we have addressed

previous in 0 through Chapter 6. However, in order to arrive at the steady state, the reactor

must have originated from a cold state. In practical scale-up operation, it matters how long

the reactor takes to reach this steady state: an unacceptably long start-up time may mean

that the output product, for a long while, may not be subject to the correct reaction
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condition. In this study, we set out to characterize the response time of our laboratory-

scale reactor in different modes of operation, such as (a) starting from a cold state, (b)

shutting down quickly or slowly, and (c) transitioning from one reaction condition to the

next. We also derive the scaling laws for this reactor response time, thereby deriving

insight into how the response time varies as the reactor size changes. Therefore, we create

an analytical framework for characterizing the response time that has applications not only

in our laboratory-scale torrefaction reactor, but also more generally to other biomass

reactors (e.g. gasifiers, incinerators) as well as beyond.

7.2 Analysis of Reactor Thermal Mass

In order to understand the response time of the reactor, the first important question to ask

is how much thermal inertia the reactor has. Our test reactor has an inner radius Rr = 2

inches (5.1 cm) and is comprised of -inch-thick (0.64 cm) stainless steel 304. Then

outside of the stainless steel wall, the reactor is surrounded by a formable ceramic

insulation sheet that is about 1 inch (2.5 cm) thick. We assume that the reactor is

completely filled with biomass (pine shavings, which has a bulk moving bed density of 30

kg m-3 ). Given these data, we can break down the thermal mass of the reactor into three

components: biomass, metal wall, and insulation. Table 31 illustrates calculation of the heat

capacity (thermal mass) [J K-] from these data. As we observe, the volumes of the three

components in our laboratory-scale reactor are comparable (on the order of 10-100 cm 3),

but the density of the stainless steel is almost two orders of magnitude higher than either

the biomass or the insulation material. Even though as a counteracting factor, stainless

steel also has a lower specific heat capacity compared to the other two materials,

ultimately, it contributes to about 84% of the system's thermal inertia at the laboratory

scale.

194



Table 31 - Calculation of the various components of the thermal mass comprising the

laboratory-scale reactor assembly.

Components Biomass (pine Metal (stainless Insulation (AlSi

shavings) steel 304) ceramic)

Volume 49 cm 3  13 cm 3  68 cm3

Density 30 kg/m 3  8,050 kg/M 3  96 kg/m 3

Mass 0.15 kg 11 kg 0.65 kg

Specific heat capacity 1,300 J K-1 kg-1 452 J K-1 kg-1 1,130 J K-1 kg-1

Heat capacity 190 J K-1 4,800 J K-1 740 J K-1

One may wonder how the relative contributions to the thermal inertia change as the

reactor scales. This is approximated in Table 32 for three different dimensions of the

reactor. As the reactor scales up, the amount of biomass that resides within the reactor

volume at a given time is proportional to Rr. On the other hand, for both metal and

insulation, assuming that their respective thicknesses Ai are small compared to the overall

reactor dimension Rr (thin cylindrical shell approximation where A << Rr), then we see that

their masses scale linearly with the reactor radius as -2rRrAi. This explains why, as the

reactor scales, the relative contribution of biomass to the overall thermal mass goes up to

43% while that of metal and insulation decreases. However, at operational scale (200 kg h-

1), we see that the thin metal wall still contributes to more than half of the system's overall

thermal inertia. A high thermal inertia is undesirable from the point of view of long lags in

starting up, cooling down, or making general adjustments to the reactor. The next question,

then, is whether we can improve the system's response time by directly targeting the metal

component.
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Table 32 - Relative contributions of the different components to the total thermal inertia of

the reactor, as a function of the reactor scale.

Reactor dimension Mass flow rate Biomass Metal Insulation

contribution contribution contribution

10 cm (dia) x 60 cm (L) 0.5 kg h-1  3% 84% 13%

50 cm (dia) x 90 cm (L) 13 kg h-1 16% 75% 9%

2 m (dia) x 120 cm (L) 200 kg h-1 43% 51% 6%

The thermal mass comprises the products of the following material characteristics: density,

volume, and specific heat capacity. We can somewhat change the density and specific heat

capacity by changing the selection of the wall material, but we cannot get too creative here,

as we want a commonly manufacturable metal that can also withstand high temperatures

and abrasive conditions. Let us assume that we stay with stainless steel; then, the only

variable we can change is the overall volume, or namely, the metal wall thickness. We

therefore define a "lightweight design scenario" where instead of the original quarter-inch-

thick stainless steel, we assume that it is feasible to manufacture the wall at one-sixteenth

of an inch. This then effectively cuts down the relative contribution of metal to the overall

thermal inertia by a factor of four. Table 33 shows the updated relative contributions from

the different materials to the total thermal mass in this lightweight design scenario.

Table 33 - Relative contributions of the different components to the total thermal inertia of

the reactor, as a function of the reactor scale, in the lightweight design scenario.

Reactor dimension Mass flow rate Biomass Metal Insulation

contribution contribution contribution

10 cm (dia) x 60 cm (L) 0.5 kg h-1  10% 56% 34%

50 cm (dia) x 90 cm (L) 13 kg h-1 36% 42% 21%

2 m (dia) x 120 cm (L) 200 kg h-1 70% 20% 10%
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Naturally, ultimately, the useful measure of reactor performance is the response time;

therefore, in the next sections, we will explore how this thermal mass translates in terms of

the overall response time for different operating conditions

7.3 Starting a Reactor from Cold State

We first consider the case of starting the reactor from a cold state. Our goal is to identify a

start-up strategy that minimizes both the start-up response time and the amount of

biomass consumed during the start-up phase. We further assume that we have a specified

target temperature Ttarget that the reactor must reach by the end of the start-up phase.

First, we remark that during the start-up transition phase, if we are continuously flowing

biomass through the system under a small normalized air/fuel ratio a < 1-as we would do

during the steady-state torrefaction process-then we are simply wasting much of the

biomass as they come out unusable due to incomplete torrefaction. Therefore, for the

purpose of minimizing wasting biomass, the start-up procedure we have decided to take is

to bring the normalized air/fuel ratio all the way to stoichiometric combustion (a - 1). This

serves two purposes. Firstly, it completely combusts the unusable biomass and harnesses

all the energy for starting the reactor up; secondly, this method maximizes the flame

temperature, thereby heating up the reactor thermal mass more aggressively.

To better understand and quantify the reactor start-up process, we utilized a simplified

heat transfer model shown in Figure 90a. Here, at the bottom, the reactor wall is hottest,

assuming a temperature TH. We further estimate that there is some bulk convective

transfer coefficient h between the reactor wall and the upflowing post-combustion flue gas,

such that when the flue gas escapes from the reactor, it has been cooled to a temperature

Tc. Figure 90b shows the corresponding experimental setup. We tested the start-up

procedure under two different biomass mass fluxes (which signifies different power

outputs for heating up the reactor): 4 g s-' m-2, and 6 g s-' m-2 . Note that once the biomass
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flux was specified, the air flow rate was adjusted to provide an approximately

stoichiometric combustion (a -1).

Thermocouple
Reactor outlet
(T)

Thermocouple
Irnnirfac of0
reaction zone(T,,)

(a)

Figure 90 - (a) Conceptual model used for evaluating reactor start-up timescale. (b) The

corresponding experimental setup, showing the locations of the thermocouples.

Figure 91 shows the temperature traces (in time, where t = 0 represents starting from the

cold state) for the lower biomass flux (4 g s-' m-2, Figure 91a) and for the higher biomass

flux (6 g s-1 m-2, Figure 91b). In both plots, the red line traces the inner surface temperature

of the reaction zone (proxy for TH), and the blue line traces the temperature at the reactor

outlet (proxy for Tc). In both cases, the reactor heats up on the order of 2 hours, though

depending on the biomass flux (power output), the final steady-state temperature is

different: it is around 225*C for a biomass flux of 4 g s-1 m-2, and about 290*C for a biomass

flux of 6 g S-1 m-2.

198

(b)

Tc

h

TH

Metal
Insulation

I



300 1 11 1 300 11 1 1 1
In0ne fce ofreaction zon Innrac of reaction zonel

250 250-

0-200 - 3200-

.. 100 1 100-150 150

0- 0
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

Time (min) Time (min)

Figure 91 - Temperature traces in time at the inner face of the reaction zone (red lines) and

at the reactor outlet (blue lines) for starting up the reactor by the stoichiometric biomass

combustion at two biomass mass fluxes: 4 g s-1 m-2, and 6 g s' M- 2 .

What does this mean in terms of designing the optimal procedure for starting up the

reactor? Given that we know a specific target torrefaction temperature Ttarget to reach, then,

firstly, Ttarget sets a constraint on the minimally viable biomass mass flux: as an example, if

we want the target torrefaction temperature to be at 260*C, then it makes little sense to try

to warm up the reactor using a biomass mass flux of 4 g sI M-2 , as we know from the

experiment above that under this low flux, the steady-state reactor temperature will never

reach 260*C. Rather, a higher biomass mass flux is needed. However, as Figure 92

illustrates, we have various choices for the biomass mass flux: should we (a) find a biomass

mass flux where the final steady-state temperature is just barely above Ttarget, or should (b)

we aim for a higher mass flux with a final steady-state temperature way above Ttarget, and

then transition to the continuous steady-state reactor operation as soon as the reactor

temperature reaches the vicinity of the target temperature? We see that these two

approaches have a trade-off between the total start-up time required (shorter for scenario

b) and the total amount of biomass consumed/wasted for starting the reactor up (lesser for

scenario a). We put forth the concept here only, and will work through a more quantitative

approach to this design choice/trade-off later in the section.
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Figure 92 - Trade-off between (a) starting a reactor with a lower biomass mass flux which

takes longer start-up time, and (b) starting a reactor with a higher biomass mass flux which

may consume more biomass for the start-up procedure.

In order to quantify this trade-off in greater detail, we first need to put some theoretical

framework behind the observations above. We first assume that heat transfer from the

post-combustion flue gas to the reactor can be approximated as a lump sum. This is true

when the Biot number of the reactor assembly is much less than 0.1. We verified that, given

the inner metal wall lining with rapid heat conduction, this condition is satisfied. This

implies that heating the metal from the post-combustion flue gas-rather than the heat

conduction through the metal-is the rate-limiting step in starting up the reactor. The

equation below describes that the energy balance of the post-combustion flue gas:

EcombrnBM HHVm = 2WrRrLrh(TH - Tmetal) + ftiflueCp,flue(Tc - Tair)-

Eq. 5

Here, the left-hand side represents the heat of biomass combustion (adjusted by a lump-

sum efficiency factor Ecomb < 1); the first term on the right-hand side represents the heat

transferred from the post-combustion flue gas to the metal body through the convective

heat transfer coefficient h, and this process cools the upflowing flue gas from the original TH

at the reactor core to Tc at the reactor outlet; and finally, the second term on the right-hand

side represents the sensible heat loss from the warm flue gas at the reactor exit. Here, we

do not know many terms, such as the combustion efficiency factor Ecomb, and the specific
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heat capacity of the flue gas Cp,flue. But as we will show later, it is not necessary to know the

values of these terms in order to approximate the reactor's start-up response time.

Next, we can write the energy balance of the metal as:

M d Tmetal =2Trh(H27r Lr Tea
metalCmetal = 2dRrLrh(TH - Tmetal) - l (T - Tair),

where we have the initial condition Tmetai(t = 0) = Tair in the cold state. Here, the first term

on the right-hand side represents the heat transfer from the post-combustion flue gas to

the metal body, and the second term on the right-hand side represents the heat loss from

the metal body through the insulation material to the ambient air, and this loss is governed

by the thermal transfer resistance factor f2, defined as:

In (1 + Ametai/Rr) In (1 + Ains/(Rr + Ametal)) + h(R

kmetai kins r +,Ametal + Ains)

By observing the blue lines in Figure 91, we made the observation that the temperature at

the reactor outlet-while fluctuating widely throughout-rapidly assumes its steady-state

temperature in comparison with the much slower rise in the reactor core (red lines).

Therefore, in Eq. 5 above, we can assume that Tc is independent of time, and can be

represented by some time-independent average value (Tc).

By combining the two equations above, and rearranging the terms, we obtain:

dTmeta(EcombHHVBm - AFstoiTc) - Tair)) - 27(Lr Tmetal - Tair)-
dt mmetalcp,metal mmetalcp,metal f

Eq. 6

Here, if we assume that the heat capacity of the metal does not vary greatly with

temperature in our regime of interest,5 and we assume that (Tc) can be approximated as a

time-independent constant, then we see that the first term on the right-hand side is

approximately a constant term (time-independent), while the second term on the right-

s For stainless steel 304, the specific heat capacity can be estimated by Cp,metai = 443 + 0.2T -
(8 x 10-7) T2 [J K-1 kg-1] (Valencia and Quested, 2008), valid for the temperature range of
between 298 and 1727 Kelvins. At room temperature (T = 298.15 K), Cp,metal = 503 J K-1 kg-1.
At the high end of the torrefaction regime (T = 598.15 K), cp,metal = 562 J K-1 kg-1. The
difference between the two values is less than 10%.
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hand side has a time-dependent Tmetai term. For the purpose of curve-fitting from our

experimental data, this equation can be simplified into the linear equation Y = A - X / Ts,

where

_ dTmetal mmetalCp,metalfl

dt X Tmetai - Tair, and ' 27L,.

Here, the time constant T, in fact represents the response time of the reactor in starting up

based on biomass combustion. Table 34 gives the fitting parameters for the two different

biomass mass fluxes measured previously.

Table 34 - Fitted parameters to calculate the reactor start-up response time.

Biomass mass flux Fitted value for A Fitted value for T,

4 g s-1 m-2  2.10 0.11 [K s-1] 147 1 [min]

6 g s-1 m-2  3.15 0.12 [K s-1] 114 1 [min]

Indeed, as remarked earlier, the representative time constant is around 2 hours, which is

consistent with our earlier observations in Figure 91. We also see that the fitted constants

change as we change the biomass mass fluxes; this should not surprise us, as different

temperatures and combustion conditions can affect various factors in Eq. 6.

The next question that we wish to ask is: How does the reactor response time scale as we

scale up the reactor for real-life operation? We note that Eq. 6 contains various reactor's

geometrical factors Rr and Lr, and we can therefore make an educated guess for the new

reactor start-up response timescale -* given new dimensions L*. and R* of the scaled-up

reactor:

T*L*. flS~ _

TS _ rf*

Eq.7

assuming all other factors (such as choice of insulation material) are held constant. By the

same logic, we can also make an educated guess for the new reactor start-up response

timescale in the lightweight design scenario (where the metal thickness, Ametai, is 1/16
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inches (16 mm) rather than 1/4 inches (64 mm), which also affects the heat transfer

resistance term fl). The results are summarized in Table 35.

Table 35 - Predicted reactor start-up timescales under various reactor dimensions and

metal thicknesses (shaded versus non-shaded).

64 mm

(traditional)

4 g s-1 m-2

6 g S-1 m-2

147 min 179 min
4. *1* I

114 min 139 min

188 min

146 min

16 mm 4 g s m 2 52 min 68 min 62 mm

(lightweight) 6 g s'm 2 40 min 52 min 48 mm

We therefore make two observations. Firstly, as we make the reactor lightweight (use less

metal), we can drastically reduce the reactor's start-up response time by a factor of 2-3.

Secondly, as we scale up the reactor using the current metal thickness ( -inch stainless

steel), the reactor's response time increases only mildly, and therefore, manageably: while

the biomass flow rate is increased by a factor of 400 (with a 80" reactor diameter

compared to a 4" reactor diameter), for both biomass fluxes, the reactor's start-up

response timescale increases only by a factor of 1.3. However, in the case of the lightweight

design scenario, as the reactor scales up, the response timescale initially increases mildly,

and then decreases at the largest scale (80" compared to 20" in reactor diameter) mildly.

To intuitively understand this mild dependence as the reactor scales up, we note that in the

limit that Rr becomes very large in comparison with Ametal and Ains, we can approximate the

response timescale as

T Lr((Rr + Ametal) 2 - Rr)Cp,metaif1 __ Cp,metalAins

Ts = 2WLr kins metal + Ametai)-

The strong dependency on Ametai explains the drastic improvement in the reactor's

response time in the lightweight design scenario, and the fact that this expression has no

dependence on the reactor's dimensions explains why the response timescale changes only
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mildly as the reactor scales up: the timescale is asymptotically approaching a constant

value that depends only on the insulation and the metal thickness.

Finally, we revisit the earlier concept and trade-off captured in Figure 92, which outlines

different biomass mass flux rates we can undertake to reach the same target reactor

temperature, some faster than others, and some consume less biomass than others. Now,

with the reactor's start-up response timescale quantified, we can proceed to capture this

trade-off also in a more quantitative manner. For the ease of analysis, we will assume that

the target reactor temperature is Ttarget = 225*C, and carry out the analysis using the two

biomass mass fluxes that we experimentally carried out to measure the temperatures in

Figure 91. This process below is used as an example to illustrate an experimental and

design framework that can be generalized (for other biomass mass fluxes) to optimize the

reactor start-up operations for other target temperatures and types of biomass.

If we want to reach Ttarget = 225'C with a biomass mass flux of IBM = 4 g s~ m-2, then we see

that from Figure 91a, the red curve takes about Tt = 130 minutes to cross the 225*C line.

This means that for our laboratory-scale reactor with a radius Rr = 2 inches, the total

amount of biomass consumed is mBM = iRTcIDBMt = 252 g. On the other hand, for the

biomass mass flux of <tBM = 6 g s' m-2, the red curve takes only about Tt = 95 minutes. In

this case, the total amount of biomass consumed is 295 kg. Therefore, we see that in this

case, if we put in a higher biomass mass flux, we get a 30% decrease in the overall start-up

time, but only a 17% increase in the total amount of biomass consumed/wasted for starting

the reactor up. Which mass flux to select depends on the operation needs: if we are in a

hurry to process a massive amount of biomass for a long time period, then the time it saves

during the start-up phase may very well justify the extra consumption of biomass to start.

However, on the other hand, if we are only processing a small batch of biomass, or if the

biomass is very expensive, then every gram of it counts, and in this case we may select to

have a slower start-up time that also consumes a smaller quantity biomass.

The next question we ask is: How does this biomass consumption scale as the reactor

scales? Because as the reactor scales, we will be processing biomass at a significantly
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higher flow rate, in order to make the figures comparable between different scales, we

define a quantity for the reactor start-up phase called the specific residence time Tr:

1TRf 2DBMTt

TrE ?BM

where rnBM is the steady-state biomass mass flow rate of the reactor. This quantity has the

unit of time. Therefore, in essence, we are normalizing the total biomass consumed/wasted

during the start-up period by the nominal steady-state biomass mass flow rate, and this

quantity reflects the time's worth of the amount of biomass consumed/wasted during the

start-up period. As an example, for the calculations done above for the base case of our

laboratory-scale reactor (rIBM ~ 0.5 kg h-1). For the case of the lower biomass mass flux, Tr

= 252 g / (500 g h-1) - 30 min. For the case of the higher biomass mass flux, Tr~ 35 min.

Therefore, in terms of the amount of biomass consumed/wasted to warm up the reactor, it

represents, respectively, 30 and 35 minutes' worth of continuous reactor processing.

Table 36 - The amount of biomass consumed/wasted to warm up the reactor-expressed

in terms of the specific residence time-for different reactor scales for the target

temperature of Ttarget = 225'C for pine shavings.

-. 3.t.0 @6 * . -

64 mm 4 g s-1 M-2 30 min 35 min 37 min

(traditional) 6 g s- 1 M- 2  35 min 42 min 48 min

16 mm 4 g s' m 2  11 mm 13 mm 13 mm

(lightweight) 6 g s-1 M-2  12 mm 16 mm 15 mm

We see from Table 36 that, as already observed previously in the reactor response

timescale, even as we massively scale up the reactor, the specific residence time is not

predicted to change drastically. We assume that for a real-life reactor operation at scale, it

will visit a 1-acre farm over a period of one day, processing about 2 dry tons/acre of

biomass residues. At a scale of 200 kg h-1 (reactor diameter = 80 inches), this requires

about 10 hours of continuous operation. Therefore, wasting approximately 40 minutes'
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worth of biomass to start up the reactor represents no more than 7% of the overall

feedstock assuming that the wall is -inch stainless steel. In the lightweight design

scenario, the waste represents no more than 3% of the overall feedstock, which is an

improvement by more than a factor of 2. This is encouraging, as it suggests that we do not

need to implement additional strategies to facilitate the start-up timescale as the reactor

scales up.

Therefore, in conclusion, for the reactor start-up procedure, we showed that it generally

takes about 2 hours for the standard reactor design, and about 1 hour for the lightweight

reactor design (with 1/16" or 16 mm steel), and the amount of biomass consumed is about

40 and 20 minutes' worth of the steady-state operating time for the two respective

scenarios above. These numbers only scales weakly as the reactor scales up. Furthermore,

there is generally a trade-off between warming the reactor up with a higher biomass mass

flux (reducing the start-up time) and with a lower mass flux (reducing the amount of

biomass wasted for starting up). The actual operation selection will depend on the use

scenario, considering whether a faster processing time or overall conversion efficiency is

the higher priority.

7.4 Two Methods for Shutting Down the Reactor

In the previous section, we discussed at length the design considerations in selecting an

operating condition to warm the reactor up. In this section, we consider the opposite topic:

How do we shut down the reactor effectively? We note that, unlike the case of starting up

the reactor, where we tend to want the system response time to be as fast as possible, in

the case of shutting down the reactor, the desired system response time depends on the

specific use case. For example, in the case of a reactor malfunction, and we want the repair

done quickly and safely without affecting the production, then the functional requirement

is that the reactor should be cooled down as soon as possible. On the other hand, in the case

of finishing the torrefaction reaction at one farm and immediately moving to a different

farm, then the functional requirement is that the reactor should stay warm for as long as
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possible, so that when the unit is moved to the new farm, we do not expend extra energy to

try to warm up the reactor assembly again. In this section, we consider both cases.

7.4.1 Keeping the Reactor Warm

In the case of keeping the reactor warm, then we want to fill the reactor core completely

with biomass, so that the hot metal wall is not exposed to the outside ambient air. In

addition, we will also cap the top of the reactor, so that it does not promote an updraft

stack effect (Figure 93a). In this case, the biomass bulk is still going to admit heat loss from

the hot metal wall, but the amount of air flow-and the extent of convective cooling-

through the inner metal wall will be very limited, and instead, heat loss will mostly be

happening through the outer insulation with the ambient air (with a convective heat

transfer coefficient of h), which will be slower.

Figure 93b shows a sample experimental temperature trace of the temperature from a

thermocouple probe located at the center of the biomass bed at the lower part of the

reactor, for a sample pine shavings experiment. Here, we see that the heat loss is indeed

very slow, and after more than 2 hours, the inner reactor still retains about 50% of the

original heat. In order to understand the timescale and how it scales more quantitatively,

we assume that the reactor can be modeled as a simplified lump sum block with a total

mass mr and specific heat capacity Cp,r, and write the overall heat loss equation as follows:

dT (2wLr 2irRy
mrcp,r 1p = - Tair)-

ds cap

Eq. 8

Here, ficap represents the bulk heat transfer resistance offered in the axial direction by the

reactor caps. The fBdr term in the denominator on the right-hand side depicts the radial heat

loss through the biomass bulk, the metal and the insulation layers:

R In___In 1_+___ns _ln In + Imetai) ln + Rr + Ametai1
fds kBM kmeta + kis h(Rr + Ametal + Ains)
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Figure 93 - Strategy for keeping the reactor warm as long as possible, by filling the inner

volume with biomass and capping the reactor outlets (a), together with a sample

temperature trace in time showing the cooling profile for an experiment with pine shavings

(b).

From Eq. 8, we can see that the heat loss timescale Tds in this case can be defined as:

mrcp,r
Tds ~- 2 ir + 2mR'

fds fcap

and Eq. 8 can simply be solved analytically as a decaying exponential, assuming that the

different terms in the equation are temperature-independent. When this exponential is

fitted to the experimental data in Figure 93b, we obtain an approximate timescale of 197

1 min.

Now, we proceed to investigate how this cooling timescale changes as the reactor is scaled

up, using the same logic of proportionality as done earlier in Eq. 7. Then, Table 37 reports

the outcome.
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Table 37 - Reactor cooling timescale at different reactor scales and metal thicknesses, in the

scenario of keeping the inner core ofthe reactor warm as long as possible.

Reactor dimensions (diameter x height)

Metal thickness 10 cm x 60 cm 50 cm x 90 cm 2 m x 1.2 m

1/4 inches (64 mm) 3.3 hours 6.0 hours 8.4 hours

1/16 inches (16 mm) 1.2 hours 2.0 hours 2.8 hours

From Table 37, we can see that as the reactor scales up by factor of 400 (in terms of the

biomass mass flow capacity), the cooling timescale also increases by a factor of 2.3 to 2.5.

At scale, the reactor design made from thicker metal has a cooling timescale that is 3 times

greater than the lightweight design, due to the massive thermal inertia in the metal.

Therefore, we can immediately see a design trade-off here: while in the previous case,

having a lightweight reactor design (with thinner metal walls) may make the reactor more

agile in terms of start-up response time, here, this agility actually works against the

reactor's ability in retaining heat over a long period of time. However, the more practical

question to ask is: If the reactor is moved from one farm to another and need to stay warm

as long as possible, how long is this transit time? If the transit time is shorter than 3 hours,

then even in the lightweight reactor design at scale, there is sufficient thermal mass to keep

the reactor reasonably warm over that time period. However, if the transit time will be

longer than 3 hours, then perhaps a solution is to look for an intermediate metal thickness

between the two investigated in this study to find the optimal trade-off between reactor

thermal agility in heating up and thermal inertia in cooling down.

One final note is that during the cooling down process, if we are filling the reactor in full

with biomass, then by necessity we are consuming/wasting the amount of biomass

equivalent to the reactor's solid residence time in order to keep the reactor warm.

7.4.2 Cooling the Reactor Quickly
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In the previous case, we considered in how to keep the reactor warm as long as possible

during the cooling process. In this section, we consider the opposite scenario: Suppose that

the reactor has a fault during operation, and repair needs to be performed quickly and

safely in order to minimize reactor downtime. In this case, our interest is in cooling the

reactor down as quickly as possible. Instead of filling the reactor with biomass and capping

both ends to avoid the natural stack effect, in this case, we want to remove the biomass

completely from the inner reactor, and keep the inner metal exposed to the cooling air,

such that the reactor body can be cooled both on the inside and the outside (through the

outer insulation).

Figure 94a shows the conceptual illustration of this cooling strategy, and Figure 94b shows

the experimental cooling data. While on the outside, the air is relatively still (with

convective heat transfer coefficient hs). Inside the reactor, depending on the amount of

stack effect (which we quantified earlier in Section 6.5) and the pressure drive we apply,

we can achieve forced cooling to various extents (given by a convective heat transfer

coefficient hf). Here, in our experiment, we let air flow through the reactor at three

velocities: 0 cm/s (black), 1.9 cm/s (blue), and 2.8 cm/s (red). The discrete points are real

experimental data, while the dashed lines are the exponential curve fits (strategy to be

described next) and their error bars.

To develop a quantitative method to curve-fit and extract the quantitative timescale in

different cooling scenarios and to infer reactor scaling, we again build a heat loss model

based on Figure 94a by assuming that the reactor body (metal and insulation layers) can be

approximated as a simplified lump sum with total mass mr and specific heat capacity Cp,r.

We can then write the heat loss equation as:

dT Tair)mrcp,r ; = -21Lr + (T - Tair)-

Eq. 9
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Figure 94 - Strategy for cooling the reactor down as quickly as possible, by letting cooling

air flow inside the reactor, together with a sample temperature trace in time showing the

cooling profile for an experiment with pine shavings (b) under different inner air flow

velocities of 0 cm/s (black), 1.9 cm/s (blue), and 2.8 cm/s (red).

Here, the hf term on the right-hand side represents heat loss due to forced convection

inside the reactor, and the Ildr term on the right-hand side represents heat loss through the

reactor's outer insulation:

In(A etal In s1 +
~~dr kmetai \ +Ametall+

dr metal +ins h(Rr + Ametal + Ains)

By assuming that only the temperature T is the time-dependent term in Eq. 9, we can then

define the rapid cooling reactor response time tr as:

_~ mrcp,r
Tdr =7L (h 

-,2Lr (h+Rr +1d

Eq. 10

By fitting the various experimental data in Figure 94b with decaying exponentials and then

extracting the time constant, we obtained the following time constants: at an air velocity of
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0 cm/s, Tdr = (124.1 0.6) min; at 1.9 cm/s, Tdr = (78.1 3.7) min; and at 2.8 cm/s, Trd =

(76.7 9.2) min. We can therefore see that forced convection does result in faster cooling

timescales. However, how does the timescale depend on the air velocity?

To answer this question, we assume that the forced convective heat transfer coefficient, hf,

is a linear function of the air velocity:

hf (Vair) ~hY + (cfvr) air-

Then, we can rewrite the rapid cooling timescale equation (Eq. 10) as:

(1 2LrRr dhf 27Lr O 1(= Vair + (hf Rr
Tdr mrCp,r dvair mrcp,r Ldr/

We can see that this equation is of the linear form Y = a X + b, where Y = 1/Tdr, and X= Vair.

Figure 95 shows this linear fitting for the three experimental data points we carried out for

pine shavings.
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Figure 95 - Linear fitting for the inverse time constant as a function

the reactor.

of the air velocity inside

Once we have an idea of the main dependencies of the rapid cooling timescale, including

the dependency on forced air cooling velocity, the next question we explore is: How does

this timescale change in response to scaling the reactor up? We use the same logic of
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proportionality as described in the previous section, and Table 38 reports the outcomes

from scaling the reactor up.

Table 38 - The reactor's rapid cooling timescale, for different reactor scales for pine

shavings under different forced air flow velocities inside the reactor.

1/4 inches or

16 mm

(traditional)

0 cm s-1 124 min 115 min 114 min

1.9 cm s-1 78 min 73 min 72 min

2.8 cm s-1 77 min 71 min 70 min

1/16 inches or 0 cm s-1 41 mm 38 mm 38 mm

16 mm 1.9 cm s-1 26 mm 24 mm 24 mm

(lightweight) 2.8 cm s-1 25 mm 24 mm 23 mm

From Table 38, we observe that as we increase the forced cooling air velocity inside the

reactor from 0 to 1.9 cm/s, there is a reduction in rapid cooling time by almost 40%.

However, additional velocity increase to 2.8 cm/s only sees a very marginal further

reduction. Therefore, we conclude that forced air cooling is effective in moderate velocities.

Furthermore, as the reactor scales up, we generally see a weak dependency in the rapid

cooling timescale. Finally, as we reduce the metal thickness to 1/16 inches (16 mm), the

rapid cooling timescale decreases by a factor of about 3. Therefore, in consideration of

rapid cooling, the reactor should be as thermally light as possible.

Another alternative strategy for enhancing the rapid cooling of the reactor is to design the

outer insulation to be removable. In the case of warming up the reactor as quickly as

possible and/or preserving heat within the reactor as long as possible, it is in our interest

to put the thermal insulation on the exterior of the reactor. However, in the case of rapidly

cooling the reactor, if we are able to remove this external insulation jacket, then this will

drastically cut down the fdr term, which is also expected to decrease the rapid cooling time

even further.
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7.4.3 Perspectives in Cooling the Reactor

'Fable 39 - A summary of the two cooling modes explored in this study.

Slow cooling mode Fast cooling mode

Purpose Retain heat as long as Lose heat as quickly as possible

possible

Use case Reactor is being moved from Reactor breaks down and needs

one farm to the next for quick and safe service.

ongoing conversion.

Strategy Fill interior with biomass; Empty biomass, drive forced

cap top and bottom to cooling air through the reactor

eliminate stack effect. interior.

Scaling 2-3 times improvement in Weak reduction in rapid cooling

performance storage time as reactor scales time as reactor scales by 400

by 400 times times

Reducing metal use Adverse affects performance Improves performance

In this section, we explored the strategies for cooling the reactor. In the first application, we

want to retain as much of the heat for as long as possible. In the second application, we

want to cool as rapidly as possible. We showed that with the current reactor design, all

these processes happen in the timescale of an hour to hours, which is not unreasonable for

the scaled-up reactor operation. However, the two applications have design requirements

that are diametrically opposite from each other: the former (slow cooling) requires as

much thermal mass and insulation as possible, while the latter (rapid cooling) requires the

reactor to be as thermally agile as possible. In each single design, it is not possible to

accomplish both optimally. Therefore, the final design will depend on the actual operation

requirements, in order to prioritize the design requirements. Another alternative, as

discussed earlier, is to design the outer insulation jacket to be removable on demand. While

this may increase the complexity and overall capital cost of the reactor, the benefit is a

higher performance in both cooling applications. A cost-benefit analysis is needed to
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determine the warrant of this additional design feature. Table 39 summarizes these two

different cooling modes.

7.5 Transitioning Between Two Reaction Conditions

In the previous sections, we discussed the design strategies for heating and cooling the

reactor. Finally, in this section, we explore what it takes for the reactor to transition

between two steady-state operating conditions. As explained later, due to the higher degree

quantifying and generalizing the reactor transition timescale, we do not seek to predict its

scaled-up performance, but rather just verify that within the laboratory-scale reactor unit,

the transition between two steady-state conditions can occur within a reasonable

timeframe. This transition timescale is applicable in use cases where we make adjustments

to the reaction condition, and where we start feeding a different type of biomass, for

example, that has different physical and chemical properties.

(a) (b) 290,
(a b-- Measured temperature in reaction zone

-Model fit
280 -- Fit error range

270 I

0a=Q.58
260 =

S250

240 I

230 =e 41 min

Thermocouple 220
Terfate of
action zone 210

0 50 100 150
Time (min)

Figure 96 - Illustration of the transition timescale between two reactor operating

conditions. (a) Placement of the thermocouple for experimental measurement; (b) an

example trace of temperature in time, for pine shavings, as the reactor's normalized

air/fuel ratio is reduced from o = 0.58 to r = 0.48. This results in a decrease in the steady-

state reactor temperature from about 280'C to 2100 C.
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Figure 96a shows the placement of the thermocouple probe within the reactor to take the

temperature measurement, and Figure 96b shows the result of this temperature profile as

a time series. At t = 40 min, the pine shavings reactor, which has been previously operating

at a normalized air/fuel ratio of a = 0.58, transitions to a new ratio of a = 0.48. During the

transition time, the reactor is still being continuously fed as in the original steady state. We

see a gradual decrease of the reactor core temperature from about 280 to 210*C in a period

of about 2.5 hours. We note that this timescale is very long, and during the transition, we

will be wasting 2.5 hours' worth of biomass if we feed the reactor continuously.

In comparison, for the laboratory-scale reactor, we would achieve a faster transition

timescale if we first vacate the reactor of biomass and then proceed to cool the interior via

forced convection, and then when the reactor approaches the desired final temperature,

refill the reactor with biomass. According to Table 38 above, using rapid cooling, we could

achieve this transition in less than 78 minutes.

On the other hand, what if we are transitioning the reactor from a lower to a higher

temperature (more severe torrefaction)? In this case, our earlier analysis tells us that we

should also first vacate the reactor of the biomass, and then feed a certain predetermined

flow of biomass mass and air into the reactor to ensure complete combustion. If we wish to

accomplish the transition more quickly, we should flow biomass and air in at a higher rate

(thus wasting more of the biomass in the process). If we are not in a hurry, we can flow

biomass and air in at a lower rate. In either case, as Table 35 shows, the transition can be

accomplished at an equal or less time compared to 2.5 hours above, but we will be wasting

much less biomass compared to simply continuously feeding biomass into the reactor

during the transition process.

Unlike in previous sections, it is much more difficult to generalize the transition timescale

because this timescale will change with the specific biomass mass flux (residence time) at

each operating condition. However, by showing one example case study in Figure 96, we

make a case that there are better strategies to accomplish the transition using either rapid

216



cooling or rapid warm methods described earlier. No doubt further work can be done on

other operating conditions to verify whether or not this is true.

7.6 Discussion

In this study, we consider the transient timescales of the laboratory-scale reactor assembly.

This may seem like a peripheral study as it does not delve into the underlying

thermochemistry of torrefaction, but nonetheless it is important from the perspective of

understanding how we can most effectively start a reactor from a cold state, and then after

a fruitful steady-state production of torrefied output, shut it down effectively or move it

elsewhere to operate at a different reaction condition. We first quantified the thermal mass

(and hence inertia) in the reactor system, and showed that in most cases, this resides in the

high-density metal. We identified that for rapid warming up and cooling, thermal agility is a

desired property of the reactor, and this can be effectively achieved by reducing the

amount of metal we use in designing the reactor (such as reducing the wall thickness to the

extend feasible). We further showed that, in cases where we may want to retain the heat

within the reactor for as long as possible (such as when moving the reactor from one farm

to the next), we can devise an alternative strategy by capping the reactor and filling it

completely with biomass. Thermal agility can be further improved by designing a

removable exterior insulation jacket in the case of the need for rapid cooling. By building

thermal transfer descriptions of the different processes, we also have the ability to predict

how these timescales change as the reactor is scaled up. We showed that scaling the reactor

does not generally scale these timescales: they only weakly respond to scaling. This is a

desirable characteristic, as it assures us that as we scale up the reactor from the current

laboratory-scale prototype, all the start-up and cooling timescales will still remain

physically realistic.

A non-obvious insight that came out from this analysis is that, when we make an

adjustment in the reactor condition, instead of continuously flowing biomass through

whilst the transition occurs, it is often more time-efficient and feedstock-efficient utilize the
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rapid start-up or rapid cooling procedure. No doubt, this prediction should be verified

experimentally in greater detail, under different reactor operating conditions, for both the

laboratory-scale reactor as well as for subsequent scale-up.

Finally, the insights learned in this study will also be helpful towards the design of an

automated control system that can achieve these transition goals efficiently. With the few

experimental conditions carried out, this study only serves as an initial proof of concept

based on which a more extensive set of tests can be carried out for all the imaginable

reactor operation and transition conditions. Ultimately, while it is not always possible for

the reactor's operator in the field to know precisely, for example, the amount of air to feed

into the reactor during start-up or cooling down, our laboratory-scale reactor and

subsequent scale-up prototypes present a low-cost and rapid way to experimentally test

and encapsulate these data empirically into the control system, so that the reactor runs

with minimum need for human intervention.
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Chapter 8 Perspectives and Future Work

In this thesis, we began with the premise that the majority of the biomass in the form of

agricultural residue does not present itself in a form suitable for energy conversion and

processing, because it is often inherently wet, bulky, and loose, which makes the collection

and long-distance logistics expensive. We identified decentralized biomass torrefaction as a

promising preprocessing method to improve the quality of biomass in situ, notably, leading

to better long-term storage and transportability. An overview of the existing torrefaction

reactor designs found that they have often been designed for large-scale, centralized

biomass processing; scaling down such technologies to a decentralized application would

cause challenges due to the high degree of complexity and cost built into such large-scale

systems.

Instead, we explored the possibility torrefaction under a low-oxygen environment, and

showed that this could lead to a much more simplified moving bed reactor design. An initial

coarse-grained model was implemented to determine that the dominant form of heat

transfer was in the gaseous phase. A subsequent fine-grained model was implemented that

coupled chemical kinetics, thermodynamics, and heat transfer within the moving bed, and

we verified that a moving bed reactor concept would indeed satisfy the requirements of

torrefaction within physical length scales.

This informed a more detailed design and implementation of a laboratory-scale test

reactor, which was validated in its performance metrics (mass yield, energy yield, and

energy densification) over various operating conditions and over three types of biomass

feedstock: pine shavings, hay, and rice husks. Therefore, our first main contribution is in

developing and validating a laboratory-scale biomass torrefaction reactor that more

accurately captures the realities of scaling up, in contrast to the many existing reactors

which tend to impose artificially controlled conditions such as external heating, a

completely inert condition, and arbitrarily large insulation. We further demonstrated the

differences in the performance metrics between our reactor and those quoted in the
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literature under similar conditions. These differences-generally an increased torrefaction

severity and decreased solid mass and energy yields-are likely a result of a combination

of (a) the penalty in low-oxygen torrefaction, and of (b) other real-life reactor design

conditions that we imposed that may lead to a greater extent of product inhomogeneity and

imperfect mixing compared to the idealized inert reactor case.

Having mapped out the performance of our reactor under various operating conditions, our

second contribution is to establish a design-oriented approach to connect a diverse range

of external performance requirements-such as fixed carbon content, grindability, and

cooking characteristics-back to the reactor operating conditions, by linking the two with

an index of torrefaction, which was defined based on the energy densification ratio and

which is one way to quantify the torrefaction severity. We proceeded to show that the

index of torrefaction has a functional (one-to-one) mapping against many of these external

fuel characteristics/requirements. This then implies that our design selection process can

be simplified into a one-dimensional space. Furthermore, we revealed that while increasing

the torrefaction severity typically leads to a monotonic increase in the energy densification,

this does not always lead to a monotonic increase in the useful energy output and density

in a real-life cooking performance testing setting. This implies that many of these external

performance requirements may have a much more complex relationship with torrefaction

severity, and therefore, it is recommended that the effect of torrefaction be explored

beyond a laboratory setting in a real-life setting.

Having understood how to operate the reactor and then select for specific operating

conditions, our third major contribution is in characterizing the various energy loss

mechanisms from the current reactor design, and then proposing and validating design

improvements for subsequent scale-up. By characterizing thermal dissipation from the

reactor side wall, we developed a method to calculate the optimal insulation thickness

under different operating conditions and reactor scales. By characterizing the thermal

dissipation in the char-cooling segment, we proposed and modeled a mechanism for

recycling this dissipated heat back to the reactor in the form of air pre-heating, and

estimated that we can save 65-80% of the energy loss from the char-cooling segment in
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this way. Finally, in attempting to quantify any energy losses-both thermal and

chemical-occurring through the escaping exhaust stream, we proposed and implemented

a secondary oxidation zone above the reactor assembly in order to harness the remaining

chemical energy in the combustible portion of the exhaust stream. We demonstrated that

the majority of the energy loss from the exhaust stream occurs through the unreacted

chemical availability, and that by introducing a secondary oxidation zone, under moderate

to severe torrefaction conditions, we can harness above 95% of the chemical availability in

the exhaust stream, and reduce the associated particulate and carbon monoxide emissions

by as much. This therefore is also a laboratory-scale proof-of-concept of the secondary

oxidation mechanism that can be improved in the scale-up stage of the reactor.

Next, we explored other design decisions required to effectively scale up the reactor. One of

these centers around how to provide the pressure drive to ensure a continuous flow of air

can flow into the reactor to maintain a low-oxygen torrefaction environment. In an attempt

to answer this question, we made careful measurements of the hydrodynamic

characteristics through a biomass moving bed, which has not been done before in the

existing literature. Our fourth contribution lies in showing that the biomass moving bed

roughly follows Darcy's law in our operating regime of interest, and that the current

models often used for biomass moving bed are actually a poor description of the actual

measured bulk bed permeability. Using these data, we were able to compare the pressure

drive required to move air across different types of biomass moving bed to the pressure

drive provided by the natural stack effect due to a hot column of rising air. We calculated

that for loose biomass such as pine shavings and hay, the natural stack effect sufficiently

provides enough pressure differential to drive the air through the biomass moving bed

without necessitating an external pressure drive. On the other hand, for dense biomass

such as rice husks, an external pressure drive is needed.

Finally, we made the fifth contribution by proposing and validating strategies for starting

the reactor from a cold state, to shut down the reactor effectively, and to transition the

reactor from one operating condition to another. By deriving scaling laws from the

transient measurements of our current laboratory-scale reactor, we are able to predict and
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recommend how the different transition timescales change as the reactor scales.

Furthermore, we showed that in the current design, the metal component of the reactor

constitutes the largest thermal inertia to the system; by redesigning a scaled-up version

using thinner metal, we calculated that we can greatly improve the agility of our reactor

performance.

While we have accomplished much in validating a scalable biomass torrefaction unit for

decentralized deployment, this is only the first step in the long journey to scale this reactor

up and bring it to commercialization. In the remaining Chapter, we discuss some of the next

steps that should be done.

Firstly, the original goal of the torrefaction reactor design is that it should not only be

deployable in the decentralized, rural setting, but also it should be sufficiently robust to be

compatible with different types of biomass. So far, in the limited scope of the laboratory

setting, we have validated the reactor's operation on three different types of biomass-

namely, pine shavings, hay, and rice husks-however, these only represent a small

selection of the much more diverse biomass types. Furthermore, in the laboratory

condition, these biomass samples are relatively homogeneous and dry-about 5-10%

moisture maximum by way of proximate analysis on our TGA equipment. In order to scale

the reactor in the real-life setting, not only is it necessary to validate its performance

against a wide selection (at least 10) types of biomass of different particle sizes, but also at

a much more realistic moisture content. While we do not doubt that a slight increase in the

moisture content will not affect the performance much, a doubling or tripling of the

moisture content may influence the operations in a significant way (for example, by

preventing the secondary oxidation zone from sustaining a stable flame), that it becomes

necessary to pre-dry the biomass in a separate step.

This brings us to the second area of investigation: the implementation of a pre-drying

mechanism in tandem with a hopper that automatically feeds the pre-dried biomass into

the torrefaction reactor without human intervention. While there are many existing dryers

already, there still lies the challenge of selecting the appropriate type that will meet the
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requirements of our system: for example, given a flow rate of biomass, at what temperature

and what moisture content should the biomass enter into the torrefaction reactor in order

to achieve an optimal result, both in terms of the solid conversion process as well as the

stability of the secondary oxidation reaction? How does this pre-drying mechanism adapt

to different types of biomass, with different particle sizes of different thermal thickness?

Thirdly, while the auger system has been serviceable for the duration of the laboratory

experiments associated with this thesis, there are many aspects of solid conveyance that

can be improved. Firstly, the auger, with its very tight clearance with the inner wall of the

char-cooling segment, is prone to clogging-even with torrefaction-for fibrous biomass

types such as hay and even rice husks. Furthermore, in a small-scale test operation, we

have also found that the auger movement could impart a certain undesirable discreteness

into the continuous reactor-for example, when a lump of biomass suddenly falls into a

new opening between the auger flights. While part of this problem may be resolved and the

reactor approaches continuous operation when it is scaled-up, there still remains much

work that can be done to strengthen the design of the solid conveyance system. A concept,

for example, involving two augers working in parallel can be explored that allows the

torrefied biomass greater flexibility to move around, thereby reducing the risk of clogging,

lowering the torque and therefore power required to turn the auger, while at the same time

potentially improving mixing and homogeneity within the moving bed reactor.

Fourthly, a large part of this thesis is concerned about the overall performance of the

reactor. Many of these performance metrics that we care about-such as mass yield, energy

yield, and energy densification ratio-are rather phenomenological. There underlies a

complex interplay between chemistry and heat exchange that affects these characteristics

that are still not well understood in a low-oxygen torrefaction setting like ours. Ironically,

while low-oxygen torrefaction allows the reactor design to be greatly simplified, because of

the presence of reactive oxygen, the underlying torrefaction chemistry and

thermodynamics become much more complex to understand at a fundamental level. How

does the biomass devolatilize under a low-oxygen torrefaction environment? How does the

devolatilization kinetics and thermodynamics change? What volatile species are produced?
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How do they react with oxygen? And how is the heat of reaction generated and transferred

throughout the moving bed? Phenomenologically, we observe that pine shavings burn with

a much more fiery flame, while hay and rice husks smother. What explains these

differences, and how can they be understood and used to better design the torrefaction

process and the reactor system? These fundamental questions, if addressed, will provide a

much more powerful tool in scaling the torrefaction reactor not only under different

conditions, but also across different types of biomass.

Fifthly, in Chapter 6, we made an effort at exploring the hydrodynamic properties of the

biomass moving bed in order to understand the pressure requirements necessary to supply

a certain flow rate of air through the moving bed. We also attempted to predict the natural

stack effect that can be provided by a hot rising column of air. However, the current

laboratory reactor setting prevents us from making actual measurements on these

pressure differences. As the reactor is scaled up, one critical piece of investigation will be

around the selection of a pressure drive. That is to say, every effort will be made to see

whether, given a particular type of biomass, the pressure difference required to flow a

certain amount of air through the moving bed can be supplied and regulated by natural

means. If that proves insufficient-as we predict for dense biomass such as rice husks and

sawdust-then it will be necessary to source an external pressure pump or fan to

accomplish this. What kind of pressure drive will satisfy the specific requirements of

torrefaction? How will it be realistically powered in a rural, decentralized setting?

Finally, this thesis focuses mostly on the technical aspects of scaling a torrefaction reactor.

However, as the author learned through his education in the MIT Tata Center, technology

by itself is hardly sufficient to address a problem as complex as underutilized biomass

resources. As the author learned through his visits (generously sponsored by the MIT Tata

Center) in India and elsewhere, biomass utilization is highly context-dependent. Different

regions and different stakeholders result in different use cases, unit economics, and even

government policies and subsidies. Therefore, beyond technology, the economics, local

culture, and policies must be considered, in the style of Helmer (2015). The author has had

some exposure in the non-technical aspects of biomass utilization from his experience co-
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founding and running a biochar company in Kenya that utilizes rice husk waste, and can

therefore speak to the immense difficulty of trying to get all the non-technical pieces to

work. While a thorough examination of the techno-economics of decentralized biomass

torrefaction, as well as a survey of the related policy framework-both in India and

elsewhere-is beyond the scope of this thesis, they are equally if not more important to

understand as the technical components, so that the torrefaction reactor proposed in this

work, rather than collecting dust in a windowless, nondescript laboratory in Cambridge,

MA, actually has a fighting chance to see the light of the day, whether in a chicken and

alpaca farm in New Hampshire, in the Gangetic Plains, in the Rift Valley Highlands, or in

other yet unimaginable places in this world.
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Appendix A: Table of Common Symbols

Symbol SI dimension Description
(AF)stoic [ ] Mass ratio of air to biomass (as received) to support

stoichiometric oxidation
Cp,s, Cp,BM [J kg-1 K-1] Specific heat capacity of the solid (biomass) phase
cp_ _ [J kg-' K-1] Specific heat capacity of the ith component
dp [m] Characteristic dimension of a biomass particle
HHVi [J kg-1] Higher heating value of the ith component
Hchem [W] Measured enthalpy flow in uncombusted volatiles in the native

reactor exhaust
Hc [m] Height of the reactor chimney
Hi [J kg-1] Enthalpy of the ith component
Hr [m] Height of the moving bed reactor
hair [W M- 2 K-1] Convective heat transfer coefficient of air

Itorr [ ] Index of torefaction, solid energy densification ratio
kr [W m-1 K-1 Bulk axial thermal conductivity coefficient in biomass moving bed
kstee [W -' K-1] Thermal conductivity coefficient of 304 stainless steel
Lc [m] Length of the char-cooling segment

air [kg s-1] Mass flow rate of input primary air to the reactor

hBM [kg s-1] Mass flow rate of input biomass through the reactor
mchar [kg s- Mass flow rate of output torrefied biomass (char)
MWi [kg mol-1] Molecular mass of the ith component

Pu [W] Useful power output in a cook stove experiment
Patm [Pa] Standard atmospheric pressure

Q [m 3 s-1I Volumetric fluid flow rate

Qi [W] Energy (thermal) loss due to the ith mechanism
R [J mol-1 K-1] Gas constant
Rc [m] Internal radius of the char-cooling segment
Rr m Internal radius of the moving bed reactor
S Sphericity of a biomass particle
Tamb [K] Ambient temperature
Tc [K] Native exhaust gas temperature at reactor exit

TH [K] Temperature in torrefaction "hot zone"

Tins [K] Temperature measured at outer insulation surface

Twai [K] Temperature measured at inner reactor wall

Vair [m s-1] Axial velocity of pre-heating air

VBM [m s Downward velocity of input biomass in moving bed

Vexhaust [m S-11 Upward velocity of the exhaust gas from the reactor

v9 [m s-1] Upward velocity of gas in biomass moving bed
x im Longitudinal distance from the torrefied biomass exit

Y [I IMass fraction of thejth component
z [m] Axial distance in the reactor from the top
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Ains [m] Thickness of reactor's outer insulation layer
AR [m] Radial width of the air-preheating channel
Asteel [m] Thickness of the reactor steel wall
5Pi, API [Pa] Pressure difference/drop associated the ith event
8H [M Axial thickness of the torrefaction "hot zone"
E [j] Bulk porosity of the biomass moving bed
K m 2] Bulk permeability of the biomass moving bed
p [kg m1 s-1] Fluid viscosity
cPBM [kg m 2 s-1] Input mass flux of solid through the reactor
WQBM [W m 2] Input energy flux of solid through the reactor
fli [m K W 1] Thermal resistance through the ith component
Oil; [m K W-1] Thermal resistance from the ith to the jth component
pBM [kg m-3 Mass density of input biomass
PE [kg m-3 ] Useful fuel energy density in a cook stove experiment
CY [ ] Normalized air/fuel ratio
Tres [s] Torrefaction solid residence time
TS [Transient timescale for starting up the reactor
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