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1.1 Biomass  

Biomass includes wood, vegetal waste (including wood waste and crops used for 

energy production) and animal materials/wastes. Biomass is one of the major 

renewable primary energy sources, due to its low net carbon dioxide emissions and 

potentially sustainable if the economical, environmental and social impacts are 

properly managed. At present, electricity power mainly depends on fossil fuel 

(petroleum, coal and natural gas) which caused the shortage of fossil fuel in the 

world. On the other side, carbon dioxide (CO2) emission mainly comes from the 

combustion of fossil fuel and has thought to be the major cause of global warming as 

shown in Fig. 1-1 (Marland, G, 2007).  

 

 

Fig. 1-1. Carbon dioxide (CO2) emissions 
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To relieve the electricity insufficiency and carbon dioxide emission problems in 

the future, renewable energy has recently been promoted. There are many renewable 

energy systems, such as solar, wind, hydro and biomass. Among them, biomass is 

one of the renewable primary energy sources, touching all three major issues due to 

its competition with food on land use, low net CO2 emissions and potentially 

sustainable. Biomass shows great potential as a sustainable energy and has been used 

as many kinds of energy sources: combustion and co-combustion with coal, and 

liquid production such as bioethanol (Maciejewska et al.; McKendry 2002; Wang et 

al. 2008). Biomass utilization also includes gas production by pyrolysis and 

gasification, solid formation by torrefaction based on the order of thermochemical 

stability of the biomass constituents as shown in Fig. 1-2.  

 

Fig. 1-2. Staged degasification concept within the thermochemical biorefinery (de 

Wild et al. 2009).  
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However, biomass suffers the problem of low energy density compared with 

traditional fossils fuels. This is mainly caused by the high moisture content that 

commonly exceeds 50 wt% (wet basis, wb), which also limits biomass applications 

as an alternate fuel due to the high transportation cost and storage difficulties reduced 

thermal efficiency during energy conversion.  

 

1.2 Water in biomass 

  Water in biomass could be mainly divided as free water and bound water. Free 

water held by the capillary forces in the microcellular biomass and bound water 

absorbed by the porous cell wall of the biomass.  

 

Fig. 1-3. Water in the biomass (Perre P., 2012) 
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The drying of biomass is complicated and requires an energy supply to overcome the 

many forces inside the biomass, such as capillary forces, forces relating to water 

diffusion, sorption forces and even chemical bonding forces. Free water evaporates 

as easily as water from a planar surface thus the enthalpy of free water is equal to 

liquid water; capillary water in the lumen of the fibers is more difficult to evaporate 

thus a higher temperature is required. Owing to interactions with the pore walls, 

concave menisci are formed, resulting in a decrease in vapour pressure, described by 

the Kelvin equation:  

                      0 2
l n c o s

c

p V

p r R T




 
 

 
                       (1-1) 

where Pc is the vapour pressure of capillary water, P0 is the vapour pressure of 

ordinary water, γ is the surface tension of the air-water interface, r is the capillary 

radius, V is the molar volume, θ is the contact angle and R is the gas constant. On the 

other side, bound water needs energy to desorb from the polymer chains within the 

cell wall. The bound water amount equals the amount of water existing below the 

fiber saturation point (FSP) (Berry and Roderick 2005). The FSP varies at a different 

temperature and can be commonly calculated by eq 1-2: 

       Xfsp = 0.30 – 0.001(Tdry – 20)                   (1-2) 

where Tdry is the biomass drying temperature in the fluidized bed (Siau 1984). The 

enthalpy of bound water could be written as (Stanish et al. 1986): 

 
2

b free vap fsp fsp(T) 0.4h h H X X X    
 

             (1-3) 
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where Hvap is the heat of vaporization. For free water evaporation, 100 °C drying 

temperature is necessary, and for capillary and bound water evaporation drying 

temperature should increase over 100 °C to overcome the forces around the water 

molecular. To achieve lower final moisture content of biomass, the drying 

temperature would increase correspondingly (Fig. 1-4). The moisture content of 

biomass commonly should be decreased to 8–20 wt% (wb) prior to densification and 

energy conversion for economic use (Kaliyan and Morey 2009). Hence, biomass 

drying has been used effectively to increase the energy density and deliver bulk and 

widespread biomass to bioconversion plants. 

 

 

Fig. 1-4. Equilibrium moisture content of wood in three different temperatures of 

superheated steam (Pakowski, Z. 2007) 
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1.3. Biomass dryers 

Many types of dryers or drying processes, such as the pneumatic conveying dryer, 

rotary dryer, fixed and moving bed dryer and pulsed fluidized bed dryer, have been 

explored for drying biomass though directly or indirectly heating method (Stahl et al. 

2004). The common biomass drying systems are to be introduced in the following. 

1.3.1 Fixed and moving bed dryer 

 Biomass temperature increases as the hot drying medium passes through the 

column and evaporated water could be carried out by the drying medium during this 

process. Gas velocity in the fixed and moving bed dryer was low which make 

unnecessary to clean up the exhausted gas. The main drawback of the fixed and 

moving bed dryer was a large vertical gradient in temperature and moisture content 

of the dried bed in the relatively deep bed of biomass. Thus, dried materials should 

be mixed well before the energy conversation process. Moreover, heat transfer rate in 

this kind of dryer is very low, thus it usually takes a few hours for the biomass drying 

and is mainly suitable for small plant. 

1.3.2 Rotary dryer  

The rotary dryer is one of the most commonly used drying systems for biomass 

drying. In the rotary dryer, wet biomass is fed into a slowly rotating cylinder and 

then was lifted by longitudinal flights inside the cylinder to increase the contact 

surface with the drying medium. In a concurrent rotary dryer, wet biomass and hot 

drying medium, move at a same direction. In a countercurrent type, wet biomass and 

hot drying medium move at different directions. This could narrow the temperature 



- 8 - 

difference between the two streams for energy saving, however, increases the 

possibility of fire disaster due to overheating. In the case of indirectly rotary dryer for 

biomass drying, steam is passed through the shell of the rotary drum to heat the tubes 

through which wet biomass flows in a relatively inert atmosphere created by the 

evaporated water vapor. 

1.3.3 Conveyor dryer 

In a conveyor dryer, wet biomass is spread onto a moving perforated conveyor to 

dry the material in a continuous process. The drying medium pass through the 

conveyor and wet biomass to form heat exchange. The conveyor dryer is better to 

take advantage of waste heat for high energy efficiency for its lower temperatures 

than rotary dryers used in hot fuel drying. However, the footprint of single-pass 

conveyor dryer is commonly larger than that of a rotary dryer, thus multi-pass 

conveyor dryer are typically used on the industry for its small footprint and lower 

cost. It should be noticed that the conveyor dryer is not feasible for sticky materials 

drying and materials having a tendency to foul the heat transfer surface. 

1.3.4 Fluidized bed dryer 

In a fluidized bed dryer, biomass particles are fluidized by the high gas velocity 

from the distributor. Fluidized beds generally require less drying time for the large 

contact surface area between solids and gas, the uniform bed temperature, good 

degree of solid mixing, and the rapid transfer of heat and moisture between solids 

and gas, which shortens drying times (Daud, 2008). Wet materials in fluidized bed 

dryers could dry both in batchwise and continuous ways, in which bathwise 
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operation is mainly used for small scale production and continuous operation used 

for large scale production. In a continuous operation, there is a distribution of solid 

moisture content due to the residence times of solids compared with that in a 

batachwise operation. Thus multiple beds or a short-pass is required to prevent the 

distribution of moisture content. When particles are in the fluidized state, the 

hydrodynamic behavior varies significantly with the flow regimes containing 

particulate, bubbling, turbulent, fast fluidization and dilute transport. The key 

operating and design variables that affect the hydrodynamics of a fluidized bed 

include particle properties, fluid velocity, bed diameter, and distributor.  
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Table 1-1. Comparison of different types of dryers 

 

Data from Fluidization Handbook (Horio. M, 1999). 

From Table 1-1, we could find that fluidized bed dryer has the highest heat transfer 

rated which is significantly higher than other types of dryers. To treat a large amount 

of high water content biomass, a higher heat transfer rate in the dryer could make the 

dryer more compacted and then decrease the capital costs. Hence, in this research, 

we mainly adapted fluidized bed dryer as the main dryer for the drying of wet 

biomass, the treatment amount of which is commonly over hundreds ton per day. 

Actually, fluidized bed dryer is currently widely used for the drying of over hundreds 

Dryers Heat transfer 

rate [W/(K m２)] 

or Heat 

capacity rate

ha[W/(m3 K)]

Drying 

temperature 

T[℃] 

Energy 

efficiency[

%]

Final 

water 

content 

[%] 

Shape of 

drying 

material

Note

Fluidized bed 

dryer (Hot air)

ha=2000-7000 100-600 50-65 1-10 Particle

Slurry

・Processing capacity is large due to heat 

transfer is fast

• Multi-chamber horizontal continuous is 

suitable if the product water content is not 

constant.

•  A stirring device, or a distributed input on top 

of the particle layer in fluidized drying process 

is used if wet material is easy to aggregation. 

Rotary dryer 

(hot air)

ha=110-230 200-600 40-70 2-10 Particle

Slurry

Flake

Fiber

・Used for a large continuous material drying 

at a relatively high temperature

• A wide range of materials can be dried

• The high construction costs

• Need a large volume of the dryer and 

installation area large

Rotary Kiln 

dryer 

(Indirectly 

drying) 

U=20-50 100-150 60-75 2-10 Particle

Slurry

Flake

Fiber

・Used for material drying unsuitable for hot air

contact.

Rotary dryer 

with steam 

drying

U=40-120 100-150 70-85 2-10 Particle

Block

Flake

・Capital cost is high

・Maximum heat exchange surface area is 

2000 m2

・Low water content drying

Screw 

conveyor 

dryer （hot air

ha=350-950 400-800 60-70 2-3 Particle

Block

Sludge

・Heat capacity is large

・Large friction of stirring blades

・High Mechanical power

Screw 

conveyor 

dryer 

（Indirectly 

drying）

U=80-350 100-150 70-85 2-3 Sludge

Cake

Flake

・High energy efficiency

・Low exhausted gas

・Small scattering material

・Possible for high and low pressure operation
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ton per day of brown coal with water content over 60 wt% (wb), in the coal fire plant, 

using ether hot gas or superheated steam as the drying medium for the same reason 

(Allardice DJ, 2007). The drying plant for the brown coal has been built and stability 

was investigated (Schmalfeld, 1996). However, different from brown coal, pure 

biomass particles could not be fluidized in the fluidized bed dryer due to its irregular 

shape and low density. To make biomass particles fluidization, biomass is usually 

fluidized by the following methods. 

1.3.4.1 Co-fluidization with inert particles 

Inert particles such as silica sands, glass beads and FCC (fuel cracking catalyst) 

particles could be fluidized well in the fluidized bed dryer. Through mixing biomass 

with the inert particles, biomass particles could also be fluidized. On the other side, 

inert particles addition could enhance the heat transfer rate in the fluidized bed dryer 

due to the increased heat exchange surface area.  

1.3.4.2 Mechanical assisted fluidized dryer 

Biomass particles could be fluidized without channeling or formation of large 

bubbles in the fluidized bed dryer with the assistance of vibration or agitation. Due to 

the assistance of vibration or agitation, lower gas velocity requires for a minimum 

fluidization velocity compared with a conventional fluidized bed dryer. For a 

vibrated fluidized bed dryer, a shallow bed is common for the effect of vibration 

imparted by the vibrating grid decays with distance from the grid. For an agitated 

fluidized bed dryer, a deeper bed is possible compared with a conventional fluidized 

bed dryer, due to the agitation which could increase fluidity of particles. 
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1.3.4.3 Spouted bed dryer 

  Spouted bed is able to handle granular products which are difficult to be 

fluidized. In a spouted bed dryer, gas with a very high velocity goes through the inlet 

with a small diameter at the bottom of the bed. Biomass particles then move with gas 

though the center of the bed from the bottom to the top. The particles fall back on the 

surface of spouted bed after losing the momentous which like a fountain action. Due 

to this action, biomass particles in the spouted bed could be mixed well. However, 

heat transfer rate was relatively decreased due to the inefficient gas-solid contact 

compared with general fluidized beds (Klassen and Gishler 1958).  

 

1.4. Energy-saving process 

The drying process consumes a large amount of energy for latent heat of the phase 

change. Theoretically, assuming an ambient temperature of 15 °C, the energy 

required for water evaporation ranges from 2.48 to 2.57 MJ per kilogram of 

evaporated water
 
depending on the wet-bulb temperature (Brammer and Bridgwater 

1999). In most industrialized countries, 10–25% of national industrial energy is used 

in drying processes (Strumillo, 2006).
 

It is very necessary to develop an 

energy-efficient drying technology system with lower environmental impacts.  

Since the 1970s, energy saving has contributed to various elements of societies 

around the world for economic reasons. Recently, energy saving technology has 

attracted increased interest in many countries as a means to suppress global warming 

and to reduce the use of fossil fuels. The combustion of fossil fuels for heating 
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produces a large amount of carbon dioxide, which is the main contributor to global 

greenhouse gas effects (Eastop & Croft 1990, Kemp 2007). Thus, the reduction of 

energy consumption for heating is a very important issue. Strumillo et al. (2006) 

summarized the important points regarding the reduction of energy consumption 

during drying: 1) the intensification of heat and mass transfer and, 2) heat recovery 

and efficient energy utilization. Regarding the latter, several methods have been 

developed to improve energy saving during drying, including pinch technology 

(Kemp 2005), mechanical vapor recompression (Fitzpatrick and D. Lynch 1995), 

heat-pump drying (Colak and Hepbasli 2009), solar combined drying (Yumrutas et al. 

2003), multistage drying (Djaeni et al. 2007) and heat recovery by recycling 

exhausted air and integrating the drying system with other exothermic processes 

(Kemp 2005; Svoboda et al. 2009). However, for many of the drying systems 

employing conventional heat recovery, only about 20–30% of heat energy can be 

recycled because a minimum temperature difference is needed for heat exchange 

between the hot and cold streams according to the second law of thermodynamics 

(Linnhoff and Hindmarsh 1983). 

1.4.1 Hot air drying with conventional heat recovery 

In direct drying process, the heat required for water evaporation is provided 

mainly by the sensible heat of the air as the drying medium, and the major energy 

loss in the conventional drying process is from the exhausted steam. Thus, heat 

recovery from the exhausted air is a key to increase the energy efficiency of the dryer. 

The exhausted air–steam mixture could be utilized to preheat both drying medium 
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and wet material. However, due to the minimum temperature difference existing in 

the heat exchanger, 20–30 % of energy in the exhausted steam could be recovered. 

1.4.2 Multistage drying 

To fully utilize the input energy and to enhance the overall energy efficiency, 

multistage drying was developed. This technology shows a great energy-saving 

potential which could enable the use of lower temperature inlet stream. In 

superheated steam drying, Potter et al. (1981; 1990) developed a multistage drying 

process for brown coal drying to utilize steam condensation heat with heat recovery 

between successive fluidized beds (Fig. 1-5). Firstly, superheated steam with high 

temperature and pressure is generated from the steam generator by receiving the 

combustion energy from the heater. The generated superheated steam flows into the 

immersed tubes of the first stage to provide the drying heat for wet solid and then 

condenses into water, which is used to preheat the inlet wet solid. Latent heat of the 

evaporated water from the first stage is then used for the next stage drying. To utilize 

the latent heat of vaporization from the previous stage, the pressure decreases with 

increasing stage number. The multistage dryer efficiently use the heat of input 

superheated steam, however, a large amount of energy input still occurs due to the 

fuel combustion for the steam generation. The device cost will also increase as the 

stage number increasing. 
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Fig. 1-5. Schematic process of multistage drying system  

 

1.4.3 Mechanical vapor recompression  

Fig. 1-6 shows the schematic process diagram of mechanical vapor recompression 

system with superheated steam as fluidizing/drying medium as it has been suggested 

by Fitzpatrick and Lynch (1995) which also referred to work done by Potter et 

al. (1984). The exhausted steam from the dryer is split into re-circulated and purged 

superheated steam which is equivalent to the water evaporated from the wet brown 

coal. The purged superheated steam is compressed by compressor and hence its 

temperature is elevated. Then, it flows to the fluidized bed for latent heat exchange 

(condensation of compressed steam mixture and evaporation of water possessed by 

biomass) and finally to heat exchanger for sensible heat exchange. 
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Fig. 1-6. Schematic process of mechanical vapor recompression system  

 

There is no heat recuperation utilizing the sensible heat of the dried product, because 

the temperature, as well as the exergy rate, of the vapor is higher than that of the 

dried product. Therefore, the addition of heat equal to the sensible heat of the dried 

product is required to be input to the system. 

1.4.4 Heat pump drying process 

The heat pump dryer was explored since the 1970s and demonstrated as a 

promising energy saving process. The principle of heat pump dryer is to dehumidify 

and heat the exhausted gas through recovering the latent heat in the exhausted gas by 

heat exchange between the exhausted gas and the refrigerants. It is now commonly 

used for low temperature drying under 50°C such as agricultures and fruits which 

need a low temperature list from the environment temperature (Lee et al. 2010). 
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However, it is not suitable for high temperature drying in case of an over 100°C 

temperature lift, because more compressor work is required to provide to large 

amount of energy for a high temperature lift, which causes a low coefficient of 

performance (COP) (Kemp 2005).  

1.4.5 Self-heat recuperation technology (SHR)  

To further save consume energy in a process, Kansan et al. developed a theory of 

self-heat recuperation technology (SHR), in which both the latent heat and the 

sensible heat of the process stream can be circulated without any heat addition 

(Kansha et al. 2009). In this technology, i) a process unit is divided on the basis of 

functions to balance the heating and cooling loads by performing enthalpy and 

exergy analysis and ii) the cooling load is recuperated by compressors and exchanged 

with the heating load. As a result, the heat of the process stream is perfectly 

circulated without heat addition, and thus the energy consumption for the process can 

be greatly reduced. By means of the compression of the effluent stream, the effluent 

stream is heated to provide the minimum temperature difference for heat exchange 

with the feed stream, and all of the self-heat of the process stream is recycled based 

on exergy recuperation to reduce the energy consumption (Fig. 1-7). The input 

energy (compressor work) in SHR was dramatically reduced to 1/5-1/22 of that of 

heat pinch technology (Kansha et al. 2009).  
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Fig. 1-7. Self-heat recuperation technology.  

 

There are similarities between a heat pump dryer and an SHR dryer that both 

systems elevate low-exergy exhausted heat to high-exergy heat and recycle the heat 

for subsequent drying. The principle of a common heat pump dryer is to dehumidify 

and heat the exhausted gas through recovering latent heat in the exhausted gas by 

heat exchange between the exhausted gas and refrigerants for energy saving (Kiang 

and Jon 2009). Heat pump dryer is now commonly used for low-temperature drying 

below 50°C such as that in agriculture and fruit production, which require a small 

increase in temperature from the environment temperature (Lee et al. 2010). 

However, the heat pump dryer is not suitable for high-temperature drying where the 

temperature needs to be raised more than 100°C, because more compressor work is 

required to provide a large amount of energy for a large temperature rise, which 
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results in a low coefficient of performance (Kemp 2005). Additionally, much exergy 

is lost in the heat transfer owing to the large temperature difference between the hot 

and cold streams. By contrast, an SHR dryer can use the self-heat of the effluent, and 

therefore, only a small amount of work is required to provide a minimum 

temperature difference between the hot and cold streams for heat exchange. An SHR 

dryer thus has wider application and achieves greater energy savings than a heat 

pump dryer (Fig. 1-8). Coefficient of performance (COP) is usually used to check the 

performance of a heat pump. The COP of SHR is calculated as high as 30. This value 

is much higher than that of heat pump which commonly under 10. Thus, SHR is 

hopeful to be applied for heat and cooling process, separation process and reaction 

process which mainly exist in chemical plant.  

 

Fig. 1-8. Comparison of SHR with Heat pump dryer. 
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1.5. Scope and structure of this research 

Wet biomass has low energy density which limited by economic feasibility 

compared with fossil fuels causing less biomass is used currently. In this research, a 

self-heat recuperative biomass dryer was developed, with the objective of reducing 

the energy consumption required for biomass drying and to develop a more compact 

and efficient dryer.  

In Chapter 2, exergy losses were investigated in the drying process and heat 

pairing concept was brought out to apply SHR technology for the drying process. 

Energy analysis was performed for the investigations of in the existing energy-saving 

drying processes.  

In Chapter 3, SHR technology was succeeded to be applied for biomass drying in a 

fluidized bed dryer for reducing energy consumption. Biomass drying experiments 

were conducted in the exergy recuperative fluidized bed dryer to investigate 

hydrodynamic behavior and stability in the fluidized bed dryer based on the 

simulation conditions. 

In Chapter 4, SHR technology was applied to other biomass drying systems 

(Rotary dryer and screw conveyor dryer) with gas as the drying medium and exergy 

analysis was conducted in the proposed drying process. 

In Chapter 5, a further energy-saving drying module using superheated steam as 

the drying medium based on SHR technology was brought out and applied for 

biomass drying processes. Biomass drying experiments with steam as the drying 

medium were conducted in the fluidized bed dryer based on the simulation 
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conditions. Moreover, a novel fluidized bed dryer was proposed was designed and 

used for biomass drying, which was more compact and economical without inert 

particles or mechanical assistant.  

In Chapter 6, summary and future work of this research was discussed. SHR 

technology is to be applied to a combined drying and torrefaction process for the 

production of torrefied wood pellets. The success will enable the development 

markets for forest and agricultural biomass residues, contributing to the sustainable 

development of natural resources. SHR technology also shows a good front view by 

applying for brown coal drying. 
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Fig. 1-9. Scope and structure of this research. 
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2.1. Exergy analysis of the heat transfer during the drying process 

Exergy changes of both streams by heat transfer can be calculated by the following 

equations with the law of energy conservation.  

loss 0d d dEX h T s                                  (2-1) 

dh is the enthalpy change and ds is the entropy change of both streams. Exergy loss 

in the hot and cold streams can be calculated as following: 

loss,hot hot 0 hot 0 hotd d d = d dEX h T s Q T s                   (2-2) 

loss,cold cold 0 cold 0 coldd d d =d dEX h T s Q T s                  (2-3) 

Thus, exergy loss (dEXloss) associated with this differential heat (dQ) can be 

derived as:  

   loss loss,hot loss,cold 0 hot coldd d d = d dEX EX EX T s s        (2-4). 

Here, dshot has a negative value. It is known that 

 cold hotd d dQ T s T T s                     (2-5). 

Thus, Eq. 2-4 can be rewritten with the temperature difference (ΔT) between the hot 

and cold streams, the temperature of cold streams (T), as shown in eq. 2-6 (Kansha et 

al, 2013): 

0 0
loss hot coldd d d

T T
EX T s T s

T T + T
    


             (2-6) 

This means that exergy loss of heat transfer is a function of temperature difference 

between hot and cold streams (ΔT) and that the exergy loss increases with increasing 

of ΔT. If heat exchange temperature ΔT is much smaller than T0 and T, and the 
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temperature of the cold stream (T) is close to the standard temperature (T0). The 

exergy loss in heat transfer can be simply expressed by the following equation: 

 lossEX T s                            (2-7) 

Eq. 2-7 means that ΔEXloss becomes close to ΔTdscold when T is close to T0. Thus, the 

total exergy loss (EXloss) during heat transfer becomes ΔTΔs due to the summation of 

this exergy loss.  

For biomass drying, water in the biomass is divided into two forms—free water 

held by the capillary forces in the microcellular biomass and bound water absorbed 

by the porous cell wall of the biomass. The drying of biomass is complicated and 

requires an energy supply to overcome the many forces inside the biomass, such as 

capillary forces, forces relating to water diffusion, sorption forces and even chemical 

bonding forces. Here, we consider the two main factors, i.e., capillary forces and 

sorption forces. Thus, the input exergy for biomass drying (E) should include both 

the exergy required for irreversibility during heat exchange (EHX) and bound–water 

desorption (Esorp): 

HX sorpE E E 

                                  

(2-8) 

To separate water from the biomass by thermal drying, both free water and bound 

water need to be heated. The exergy required owing to irreversibility during heat 

exchange is calculated in eq 2-9: 

    trs
HX p p l l free sorp

trs

T T
H

E m S m S m m
T

  


    

                

(2-9) 

The first and second terms on the right side of eq 2-9 represent the exergy required 
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for preheating of wet biomass and evaporation of water in the biomass, respectively. 

Here, mp, ml, mfree and msorp are the mass of (dry) biomass, water in the wet biomass, 

free water and evaporated bound water, respectively. ΔHtrs and Ttrs are the 

evaporation enthalpy following phase transition and the phase transition temperature. 

ΔSp and ΔSl are the entropy change of biomass and water during the heating process, 

and ΔSp can be calculated:  

f p

p
i

= d 
C

S T
T

                             (2-10) 

where Cp is the heat capaicity of the biomass and calculated from eq 2-11 (Simpson 

and TenWolde 1999).  

Cp=0.1031 + 0.003867T                                (2-11) 

In addition, bound water needs energy to desorb from the polymer chains within 

the cell wall. The bound water amount equals the amount of water existing below the 

fiber saturation point (FSP) (Berry and Roderick 2005). The FSP varies at a different 

temperature and can be commonly calculated by eq 2-12 (Siau 1984):  

       Xfsp = 0.30 – 0.001(Tdry – 20)                   (2-12) 

where Tdry is the biomass drying temperature in the fluidized bed and is 90°C in this 

work. Xfsp is calculated as 0.23 which means 1 kg dry biomass contains 0.23 kg 

bound water. Then, evaporated bound water, msorp can be calculated as 

fsp

sorp l final

fsp

( )
1

 


X
m m X

X
                    (2-13) 

where Xfinal is the final water content of the dried biomass which is 10 wt% (wb) in 

this work. The water sorption heat in biomass, ∆Hsorp, can be calculated from the 



- 31 - 

sorption isotherm using the Clausius–Clapeyron equation given as eq 2-14 (Skaar 

1988). R is the universal gas constant (8.314 kJ (kmol K)
-1

), Mv is the molar mass of 

water, Pv/Pvs is the ratio of equilibrium vapor pressure to saturated vapor pressure 

and Tsorp is the adsorption temperature. ∆Hsorp is expected to be consistent as the 

sorption heat for the oven-dry biomass which is 1000 kJ kg
-1 

(Skaar 1988). 

v

vs
sorp 1

v sorp

d(ln )

d( )
  

P

PR
H

M T
                           

(2-14) 

The exergy required for bound water desorption is given:  

n

sorp n-1w nw sorp

n=1

( )= m mE  H                        (2-15) 

Based on the above equations, we could find that temperature difference should be 

near to the minimum temperature difference (∆Tmin) of the heat exchanger for exergy 

loss minimization drying the heat exchange process. 

 

2.2. Heat pairing 

To make the heat exchange temperature difference is the ∆Tmin at each point in the 

heat exchanger. We brought a new concept named heat pairing. Heat pairing which 

means that the sensible and latent heats are paired with the corresponding sensible 

and latent heats, is feasible to form the heat circulation for exergy loss minimization. 

If the heat capacity is independent from the pressure, hot and cold streams are always 

in parallel and separated by the ∆Tmin. Thus, exergy loss becomes the minimum and 

all of the heat including latent and sensible heats in the system can be recirculated 
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effectively by the least compression work input. Heat pairing concept for biomass 

drying is shown in Fig. 2-1. The dryer can be separated into three parts, in which the 

sensible heat of water is exchanged for preheating to boiling point (dryer 1), the 

latent heat of water is exchanged for evaporation (dryer 2), and the sensible heat of 

steam is exchanged for superheating (dryer 3). The final status of the cold stream is 

compressed to create a temperature difference and recycled for heat exchange with 

cold stream for self-heat recuperation. 

 

 
Fig. 2-1. Basic concept of heat pairing: left) flows of sample, water and gas and right) 

temperature diagram of water. 
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Actually we found the mismatched heat pairing is the main reason that the existing 

energy-saving biomass drying processes are still consuming a large amount of energy. 

We will explain it in detail in the following. 

 

2.3. Existing energy-saving biomass drying systems 

Thermodynamic analysis is conducted on the existing energy-saving drying 

systems. These systems can be divided into the conventional heat recovery drying 

process (CHR), multistage drying process (MSD) and mechanical vapor 

recompression drying process (MVR).  

2.3.1. Conventional heat recovery drying process 

Fig. 2-2 shows the configuration of a conventional heat recovery dryer. The boxes 

represent units, and the lines represent the flow of materials or energy. The material 

flow in the diagrams comprises the flow of air, (dry) biomass and water, and wet 

biomass is considered as combined (dry) biomass and water. We assumed that a heat 

exchanger (HX) can be divided into a self-heat transmitter (HT) and a self-heat 

receiver (HR).The concept of the CHR arises from the heat cascade utilization. The 

exhausted steam is utilized to preheat the wet solid. In the CHR, a large amount of 

latent heat and sensible heat of water below 373 K cannot be recovered as a 

minimum temperature approach between the hot and cold streams required for heat 

exchange. In general, a perfect heat matching is impossible because of the existence 

of pinch point, resulting in a large amount of exergy loss.  
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Fig. 2-2. Conventional heat recovery drying. SHS stands for superheated steam. 

 

2.3.2. Multistage drying process 

Energy balances for the steam generator and each stage of the MSD can be 

conducted as follows:  

1) Energy input for the generation of high-temperature and high-pressure superheated 

steam 

MSD SHS 0e pw super sur( )mH L C T T                                   
(2-16) 

2) First stage 

1 2
SHS 0e pw super super 1 1e 1 1 1 pw 1 sur 1 1 ps 1 sur

11
( ) + ( )+ (1 ) ( )m m m m

w w
L C T T L H w C T T w C T T

w





        

(2-17) 

3) “i”stage 
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1 2 1 2
i 1 i 1e pw i 1 i 1 i ie i i 1 pw i sur i 1 ps i sur

1 11 1
+ ( ) + ( )+ (1 ) ( )m m m m

w w w w
L C T T L H w C T T w C T T

w w
   

 


 

      
 

(2-18) 

where w2 is the final water content of the dried solid. Tsuper, T’super and T1 are the inlet 

superheated steam temperature, condensed water temperature and drying temperature, 

respectively, at Stage 1. Ti-1, T’i-1 and Ti are the inlet superheated steam temperature, 

condensed water temperature and drying temperature, respectively, at Stage i. L0e, L1e 

and Lie are latent heats of water evaporation at different pressures; m1, mi-1 and mi are 

the wet solid input amounts at the corresponding stage. The total amount of treated 

wet solid in the MSD is: 

tot i 1 2 3 i= + + + ... + m m m m m m                         
(2-19) 

 

Compared with the CHR, the MSD could utilize the energy of the inlet steam in 

the drying process efficiently. However, a large amount of exergy loss still occurs 

due to the fuel combustion for the steam generation as shown in Fig. 2-3, in which 

the solid and dash-dot lines represent the heating and cooling streams. Condensed 

water is cooled to purge the additional exergy which is the gray colored area in Fig. 

2-3, and the total amount is equal to the exergy loss during the combustion based on 

the energy balance. Thus, the larger the gray area is, the more exergy loss occurs in 

the drying process. 
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Fig. 2-3. Temperature and heat diagram of the MSD. 

 

2.3.3. Mechanical vapor recompression drying process 

The MVR technology could recycle the latent heat of evaporated solvent for 

decreasing the input energy and has already been applied to the desalination 

(Darwish and ElDessouky, 1996), distillation (Brousse et al., 1985; Lynd and 

Grethlein, 1986) and drying processes (Ewers et al., 2003; Kakaras et al., 2002). The 

exhausted steam is compressed for a higher exergy rate and recirculated to be utilized 

as a heat source for successive wet solid drying. Energy consumption of the MVR is 

equal to the enthalpy increase of the inlet streams based on the energy balance: 

1 2
cp,MVR 1 wet ps 1 wet pw 2 sur wet pw 2 sur

11
(1 ) + ( )+ ( )m m m

w w
W w C w C T T C T T

w





      

(2-20) 

T2 and T2’ are the drying temperature and temperature of the outlet condensed water, 

T
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Stage 1Stage 2Stage i

Reaction heat
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Hot stream
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respectively, and mwet is the input wet solid amount. 

The MVR reduces energy consumption by the compression of the exhausted steam 

and this eliminates the exergy loss occurring in the steam generator. Unfortunately, 

this system cannot recover the sensible heat of the condensed water effectively, as 

shown in Fig. 2-4. The condensed water with a high temperature is wasted in a cooler 

shown as the gray colored area. This occurs because of unmatched heat pairing in the 

MVR. Thus, additional energy equal to the unrecovered heat energy in the hot stream, 

is required to be input into the system through the compressor.  

 

Fig. 2-4. Temperature and heat diagram of the MVR. 
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2.4. Initial evaluation of energy efficiency in a biomass fluidized bed dryer based 

on SHR technology 

2.4.1. Concept of SHR technology based fluidized bed drying 

Principally, state-of-the-art SHR technology is developed based on the idea of 

SHR technology, by which both latent and sensible heat from the process stream can 

be circulated without heat addition. The hot stream is heated by compression, to 

provide the minimum temperature difference required for heat pairing and exchange 

with the cold stream, and all of the self-heat of the process stream is recirculated 

based on exergy recuperation. As a result, all of the heat involved in drying can be 

recuperated and reused as a heat source for the subsequent drying process. This 

includes recuperation of sensible heat from the gas serving as the drying medium, 

both sensible and latent heat of the evaporated water and the sensible heat of the 

dried products. In addition, SHR also recovers the energy utilized to increase the 

exergy rate of the evaporated water and drying medium exhausted from the dryer.  

A schematic of the SHR-FBD designed for the biomass drying system, using air as 

the drying/fluidizing medium, is shown in Fig. 2-5. Wet biomass is fed and heated 

through a pre-heater (dryer 1a) to a certain temperature. Subsequently, the main 

drying stage (water evaporation) is performed inside the FBD (dryer 2). The internal 

heat exchangers, which are filled by a compressed mixture of air and steam, are 

immersed inside the FBD, providing the heat required for water removal. The 

exhausted mixture of air and steam is then superheated (dryer 3) and continuously 

flows to a compressor for pressure increase. The compressed vapor (air-steam 
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mixture), with higher exergy rate, is circulated back and utilized as the heat source 

for superheating (dryer 3), evaporation (dryer 2) and pre-heating (dryer 1a), in that 

order. In addition, the sensible heat of the hot, dried biomass is recovered by the 

drying medium, to further reduce drying energy consumption (dryer 1b). 

 

 

Fig. 2-5. Schematic layout of the SHR-FBD using air as the fluidizing/drying 

medium. 

 

In general, as the pressure increases, the saturation temperature of the exhausted 

mixture of air and steam rises accordingly. Pressure increase is conducted so that the 

heat pairing and exchange between each sensible and latent heat matches optimally. 

Here, the determination of the optimal pressure increase becomes one of the key 

factors for successfully achieving the maximum energy reduction in the proposed 
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drying process. In addition, a superheating stage (dryer 3) can be introduced, with the 

objective of preserving a complete vapor phase (vapor quality, x, equal to 1.0) to 

avoid water condensation during compression. This superheating stage is optional, 

and its existence/extent depends strongly on the relative humidity of the exhausted 

mixture of air and steam and also the system performance (heat loss, etc).  

The compressor increases the saturation temperature of the exhausted air-steam 

mixture. An expander is utilized to recover the compression work from the 

compressed air-steam mixture. In addition, a blower is installed to provide the 

pressure difference required for fluidization. A flash is installed before the expander, 

which drains the condensed water to ensure the high quality of the vapor entering the 

expander. Finally, a condenser cools the air-steam mixture and subsequently drains 

the condensed water. Hence, the moisture carrying capacity of the air increases. Here, 

it should be noted that although air is used as a drying medium in both the SHR 

drying system and in conventional hot air drying, the systems are significantly 

different in terms of the heat source required for water removal. In hot air drying, the 

latent heat required for water evaporation is provided only by the sensible heat of the 

air drying medium, using an external heat source such as a furnace or electric heater. 

Thus, the temperature of the air is usually high, resulting in a high risk of fire, 

difficulty during drying operations, and high drying energy consumption. On the 

other hand, in the proposed SHR drying system, the evaporation heat is provided by 

the condensation heat of the compressed vapor (air-steam mixture). Hence, the 

temperature of the inlet air is significantly lower than that used for hot air drying. 
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2.4.2. Process Design and Calculations 

To evaluate the energy efficiency of the SHR-FBD, the mass and energy balance 

was calculated using Pro/II ver. 9.0 software (Invensys Corp.). The energy 

consumption of the SHR-FBD is compared with that of the CHR and that of the 

SHR-FBD assuming (1) the FBD with internal heat exchanger can be as a mixer, a 

heat exchanger and a separator, (2) complete mixing inside the FBD, (3) the heat 

exchange is cocurrent in the FBD and countercurrent in other heat exchangers, (4) 

the minimum temperatures (∆Tmin) in the FBD and other heat exchangers approach 

are 10 and 30 K respectively, (5) in order to compare the energy consumption in the 

different drying processes, we assume that the biomass inlet flow rate is the same as 

5000 kg h
–1

 with the initial moisture content of 75 wt% (wb), (6) drying is conducted 

until a moisture content of 10 wt% (wb) is reached in all the drying processes, (7) the 

air velocity is set to be three times minimum fluidization velocity for the biomass 

drying in the FBD based on the experimental result from section 4.2, (8) the 

adiabatic efficiencies of the compressor, blower and expander are 80%, 80% and 

90%, respectively, (9) drying is performed under atmospheric conditions, (10) 

thermodynamic calculations employ the Soave–Redlich–Kwong (SRK) method, (11) 

there is no heat loss from the system and no mass transport resistance in any phase. 

2.4.3. Energy comparison of the drying processes 

The energy balance is calculated for the entire drying system according to the 

energy conservation law:  

            
i n i n o u t o u t l o s s

i n o u t

m h m h H  
                

(2-21)
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where min and mout are the input and output mass flows of material, hin and hout are the 

input and output specific enthalpy and Hloss is zero, assuming no heat loss from the 

system to the surroundings. 

 

      

Fig. 2-6. Energy and materials flow diagrams of SHR-FBD drying processe  

 

Fig. 2-6 is a schematic diagram of the SHR-FBD process. Wet biomass was 

preheated and evaporated in HR1 (216.4 kW) and HR2 (2389.3 kW), which were 

paired with HT1 and HT2 and supplied with sensible and latent heat of the 

compressed air–steam mixture, respectively. During the heat exchange, vapor in the 

air–steam mixture turned into liquid water and was separated from air. Moreover, the 

sensible heat of the dried biomass was recuperated by air in HX3 (6.6 kW). The total 

energy input in the SHR-FBD, Wtot,SHR, is: 

 Wtot,SHR = Wcp + Wbl – Wex                                 (2-22) 

where Wbl is the power of the blower; and Wcp is the compression work of the 
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compressor, which can be partly recovered by the expander as expander work Wex. 

No external heater is required in the SHR dryers. Once the necessary heat for 

drying is injected, all the heat in the process can be circulated with the compression 

and expansion of the air–steam mixture. Thus, energy consumption of the SHR-FBD 

can be reduced dramatically to 1/4 of that for the CHR, respectively. Energy 

consumption in each unit of the four drying processes is presented in Table 2-2. It is 

very important to note that in the MVR system, the sensible heat of the dried biomass 

is abandoned without recovery, because its temperature and exergy rate are same or 

lower than those of the fluidizing/drying medium. On the other hand, in the proposed 

SHR-FBD system, all of the heat, including the sensible heat of the dried biomass, is 

recovered. This results in a more significant energy saving. 

Table 2-2. Energy consumption and CO2 emissions in the biomass drying processes  

Case CHR (Basic) 

 

MSD 

 

MVR     SHR-FBD 

 

 

Effici

ency 

Energy input (kW)     

Heater 2313.1 1015.8 - -  

Blower 104.6 135.6 174.1 104.6 80% 

Compressor - - 665.6 534.3 80% 

Expander - - - -66.5 90% 

Total 2417.7 (100%) 1151.4 (50%) 839.7 (35%) 572.4 (24%)  
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Fig. 2-7 shows the temperature and enthalpy diagram of each heat exchanger in 

the proposed drying system, with the heat exchangers and temperatures 

corresponding to those in Fig. 2-5. The solid and dotted lines express the hot and 

cold streams in each heat exchanger, respectively. Compared with other heat 

exchangers, the amount of heat exchange in HX2 (in the FBD) was the largest due to 

the latent heat exchange between the compressed steam and the water of the biomass. 

The heat curves of the hot stream (compressed air-steam mixture) and cold stream 

(wet biomass and air) were almost parallel. Thus, the exergy loss in the heat 

exchanger could be minimized. The remaining heat of the compressed air-steam 

mixture was utilized for pre-heating of wet biomass (HX1) and air (HX4) before a 

part of the compression work was recovered as electrical work by the expander. The 

sensible heat of the dried biomass was also used for air pre-heating (HX3). It can be 

seen that heat could be recuperated effectively by the proposed SHR technology in 

heat exchangers HX1, HX2, HX3 and HX4.  

The minimum exergy required for the process is seldom described previously 

although it is critical for an energy-saving process design. By comparing with the 

theoretical minimum input exergy, it could clearly show the reduce potential for the 

energy input of the process. Thus, we calculated the theoretical minimum input 

exergy required for the biomass drying. The theoretical minimum input exergy for 

the drying of wet biomass stream (5000 kg h
-1

) from the water content of 75 wt% 

(wb) to 10 wt% (wb) described in this paper is calculated as 98.0 kW. As can be seen 

in Table 2-2, the energy consumed by the SHR-FBD can be reduced to about 30% of 
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that consumed by the CHR, however, is still much higher than the theoretical 

minimum input exergy. The difference is due to the irreversibilities in the SHR-FBD. 

In the following, to clarify the reason for the additional energy input in the drying 

system and to develop a more energy-saving system based on the SHR technology, 

we conducted exergy analysis. 

 

 
Fig. 2-7. Temperature-enthalpy diagram for the SHR-FBD 

 

2.4.4. Exergy analyses of the proposed process 

Exergy analysis has been proven to be useful for understanding and optimizing 

the design of thermal systems that are more efficient (Dincer and Cengel 2001) and 

has been applied successfully to various engineering applications (Dincer and Sahin 

2004; Zhang et al. 2009). The exergy balance in each unit or in the whole SHR-FBD 

is expressed as 
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i i wk loss sur

out in tot tot

E E E E E      
           

(2-23) 

where ∑out Ei and ∑in Ei are the exergy accompanying outgoing mass flows and 

incoming mass flows, respectively; ∑tot Ewk is the exergy of input work; ∑tot Eloss is 

the exergy loss in the drying process and Esur is the exergy loss to the surroundings 

which is zero assuming no heat loss from system to the surroundings. Properties of 

the streams from the simulation results in the SHR-FBD are illustrated in Table 2-3.  

 

Table 2-3. Properties of the steams in the SHR-FBD  

Stream no. phase 
mass flow 

mi (kg h
-1

) 

temp. 

(°C) 

pressure 

(kPa) 

enthalpy  

hi (kJ kg
-1

) 

entropy 

si (J kg
-1 

K
-1

) 

sample mixed 5000 20.0 101 35.0 3810 

2 mixed 5000 54.4 101 127.5 4108 

3 mixed 11066 90.0 101 947.9 7877 

4 mixed 9677 322.3 500 1392.6 8938 

5 mixed 10677 145.9 470 1299.5 8788 

6 mixed 10677 99.3 455 457.3 6647 

7 mixed 10677 95.6 430 428.9 6582 

8 vapor 6937 95.1 420 446.1 6956 

9 mixed 6937 64.4 145 344.2 6989 

10 vapor 6066 20.0 135 49.0 6267 

11 vapor 6066 69.3 130 99.0 6436 

12 vapor 6066 111.7 181 141.9 6458 

13 liquid 3739 95.2 420 397.1 5902 

14 liquid 2739 95.2 420 397.1 5902 

15 liquid 2739 50.0 420 228.2 5413 

16 liquid 1000 95.2 420 397.7 5903 

 

The exergy of each stream can be calculated by eq 2-24.  

i i i i 0 0 i i i 0( ) ( )   E m h m h T m s m s
            

(2-24) 

where Ei is the exergy of a stream, mi is the mass flow, hi and si are the specific 
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enthalpy and specific entropy of the stream, respectively, h0 and s0 are the specific 

enthalpy and specific entropy, respectively, of the stream at a standard state (20°C 

and 1 atm). T0 is the temperature of the surroundings, which is assumed to be 20°C in 

this paper. Then, the exergy change between the outgoing and incoming streams is:  

i i out out in in 0 out out in in

out in

( ) ( )     E E m h m h T m s m s

      

(2-25)
 

Moreover, according to eq 2-25, the exergy of compression/expansion work (Ew) 

equals to the exergy increase/decrease between the outgoing and incoming streams of 

the compressor, the blower or the expander and can be calculated by eq 2-26: 

wk i i

out in

E E E                             (2-26) 

The exergy of input work in the SHR-FBD is  

wk cp bl ex

tot

E E E E  
                      

  (2-27) 

where Ecp and Ebl are the input exergy through the compressor and the blower, 

respectively, and Eex is the output exergy through the expander. The exergy of input 

work is calculated as 610.0 kW (Ecp = 764.7 kW, Ebl = 60.9 kW and Eex = 215.6 kW) 

according to eq 2-26 and eq 2-27. Furthermore, system exergy efficiency ηsystem is 

defined as the ratio of the theoretical minimum input exergy to the exergy of input 

work: 

min
system

wk

tot

W

E
 

                          
(2-28) 

The system exergy efficiency of the SHR-FBD is calculated as 0.16 according to 

eq 2-28. Assuming exergy loss of the whole system tends to approach a minimum 
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value equal to Wmin, exergy efficiency will be approximately 1.0, which means all the 

exergy of input work is used for separation water from biomass. However, in an 

actual case, a large amount exergy of work is used to compensate for the exergy loss 

due to irreversible heat transfer and pressure losses resulting from friction or phase 

change and owing to the heat capacity of air and water/steam changing with 

compression and heating. Hence, it is critical to decrease the exergy loss in the 

process, and then it increases the exergy efficiency. From Table 2-4, we can find that 

there are still significant exergy losses in the overall system, and the largest exergy 

loss (479.7 kW) occurs in the FBD. The reason is that the temperature difference 

between the hot and cold streams in the FBD is much larger than the ∆Tmin (10 K) in 

the FBD. Further energy saving can be predicted if the temperature difference 

between the hot and cold streams is decreased near to the ∆Tmin in the fluidized bed 

dryer, thus diminish the irreversibility. Based on the energy and exergy analyses, the 

proposed design showed a good energy saving potential and further energy-saving 

solutions were conceived raised. The largest amount of heat exchange in the drying 

process was found to occur in the FBD which was selected as an evaporator in this 

study.  
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Table 2-4. Exergy loss in each heat exchanger and mixer in the SHR-FBD.  

T0 is the temperature of the surroundings (20°C). 

 

2.5. Conclusions 

Exergy loss was investigated in the drying process and heat pairing concept was 

brought out for applying SHR technology to the drying process. Energy analysis was 

performed for the investigations of in the existing energy-saving drying processes. 

We also conducted exergy analysis for the SHR-FBD and calculated the theoretical 

minimum input exergy and exergy loss in each unit. Results show that the exergy 

loss is greater in the FBD than in other units in the SHR-FBD and solutions for the 

further energy saving for the SHR-FBD are suggested.  

  

Unit Biomass preheater Fluidized bed 

dryer 
Air preheater 

E
loss  

(kW) 40.0 479.7 18.6 
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3.1. Process design of self-heat recuperative fluidized bed dryer for 

biomass drying 

3.1.1. Introduction 

In Chapter 2, SHR technology was applied to a fluidized bed dryer for biomass 

drying. The process showed that up to 75 % energy-saving potential could be achieved 

compared with a conventional heat recovery dryer. However, energy consumption was 

still much higher which could be found from the temperature-heat diagram Fig. 2-7. 

Exergy analysis study illustrated that exergy loss occurred due to the mismatched 

heat pairing in the drying process. Thus, it is necessary to overcome this problem for 

a further energy-saving.  

3.1.2. Energy-saving drying process based on self-heat recuperation technology 

Fig. 3-1-1 shows the schematic layout of a self-heat recuperative drying process for 

biomass drying. Compared to the previous drying process, the advanced drying 

process focuses on performing heat pairing for sensible heat and latent heat. Good 

heat pairing which means that the sensible and latent heats are paired with the 

corresponding sensible and latent heats, is feasible to form the heat circulation for the 

energy saving. Heat capacities of hot and cold streams are slightly affected by the 

pressure rather than the temperature. Thus, a good heat pairing makes lines of hot 

and cold streams at different pressures in the temperature-heat diagram in almost 

parallel which are separated by the minimum temperature difference. Initially, wet 

biomass is fed into heat exchangers (HX1–HX4) for preheating to a certain 

temperature. HX1, HX2 and HX3 are heat exchangers to recuperate the sensible heat 
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of condensed water, dried biomass and hot air, respectively. The sensible heat of the 

air–steam mixture is used for preheating the wet biomass (HX4). Thus, the latent heat 

of steam condensation could be paired with the latent heat of water evaporation in 

HX5 where the liquid water in the biomass is converted into vapor. HX5 is a 

concurrent heat exchanger in the case of fluidized bed dryer. The air–steam mixture 

from the evaporator is compressed by a compressor, and recirculated for subsequent 

biomass drying. Air humidity decreases due to temperature drop of the air–steam 

mixture following the heat exchange and expansion in the expander to recuperate a 

part of compression work. During this process, water vapor can be separated from air. 

Then, the dry air is recycled for the subsequent drying process. As a result, all the heat 

involved in drying can be recuperated and reused. This includes recuperation of the 

sensible heat from the gas serving as the drying medium, the dried products, and both 

the sensible and latent heats of the evaporated water. 
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Fig. 3-1-1. Schematic layout of the advanced drying process  

 

The energy and material flow diagrams shown in Fig. 3-1-2, present the method for 

improvements in the system energy efficiency by distinguishing the heating and 

cooling loads of the process. The boxes represent the units, and the lines represent the 

flow of materials or energy. The material flow in the diagrams comprises the flow of 

air, (dry) biomass and water. A better heat pairing has been performed in the advance 

drying process as shown in Fig. 3-1-2a, compared with the previously designed 

self-heat recuperative drying process as shown in Fig. 3-1-2b. Hot dried biomass and 

hot air are exchanged with cold biomass and cold air, correspondently. The 

compressed air–steam mixture provides heat for the water evaporation. The total 

heating energy is provided by self-heat exchange because of the increase in the 
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effluent temperature due to adiabatic compression. Thus, energy input in the 

advanced drying process can be calculated as: 

Wtot,SHR = Wcp + Wmc – Wex,                               (3-1-1) 

where Wmc is mechanical energy consumptions of blower and motor, and Wcp is the 

compression work, which can be partly recovered by the expander as the expander 

work Wex. As a basic case, a conventional heat recovery dryer based on pinch 

technology is investigated as shown in Fig. 3-1-2c. The exhaust heat from the dryer 

including the heat of drying medium, evaporated water and dried biomass is 

recovered for preheating of drying medium and wet biomass. In general, efficient 

heat matching between sensible heat with sensible heat, and latent heat with latent 

heat, is impossible because of the existence of the pinch point, resulting in a large 

amount of energy input. Thus, additional energy in the form of heat is required to 

evaporate the water. Energy consumption of the conventional heat recovery dryer is 

given by: 

                    Wtot,CHR = Wht + Wmc.                                    (3-1-2) 
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Fig. 3-1-2. Energy and materials flow diagrams of (a) the advanced drying process (b) 

the previously designed self-heat recuperative drying process, and (c) a conventional 

heat recovery drying process 
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3.1.3. Process calculations 

The simulation was conducted using PRO/II Ver. 9.0 (Invensys, Corp.) to examine 

the energy consumption required for the drying processes of biomass. Three different 

kinds of dryers: fluidized bed, rotary and screw conveyor dryers were evaluated for 

biomass drying. Properties of biomass and each dryer investigated in this work are 

shown in Table 3-1-1. In simulations, Soave-Redlich-Kwong equation was selected 

for the stage equation. The adiabatic efficiencies of the compressor, blower and 

expander were assumed to be 80 %, 80 % and 90 %, respectively. In addition, the 

minimum temperature differences for the heat exchangers were assumed to be 10 K 

for the fluidized bed dryer and 30 K for the other heat exchangers. Heat exchange is 

concurrent in the fluidized bed dryer and countercurrent in the other heat exchangers. 

The biomass has the same flow direction as the air in the drying system. No heat loss 

is assumed from the drying system to the surroundings. The equilibrium moisture 

content of biomass depends on the water activity which is the relative humidity of gas 

for gas drying (Bjork and Rasmuson 1995). To dry the biomass to a water content of 

20 wt% (wb) with air, the relative air humidity should be kept below 0.9 based on the 

research results of Pakowski et al. (2007).  

Mechanical energy consumptions, Wmc, for the blower and motor were calculated in 

each dryer. In the fluidized bed dryer, energy consumption comes from the blower to 

compensate for the pressure loss in the fluidized bed. The fluidization gas volume can 

be calculated according to the velocity of fluidization. The blower work to provide a 

pressure increase ∆pf that is required for fluidization can be calculated according to 
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the equation proposed by Kunii and Levenspiel (1991) as follows: 

f b dp p p    , (3-1-3) 

b mf p g b(1 )( )
g

p h
c

      , (3-1-4) 

d b0.4p p   , (3-1-5) 

where ∆pb and ∆pd are pressure drops across the bed and distributor, respectively.  

 

Table 3-1-1. Properties of biomass particle and drying devices 

Properties Values 

Biomass  

Flow rate (10
3
 kg h

-1
) 10 

Fed temperature(°C) 20  

Initial water content (wt% wb) 50 

Final water content (wt% wb) 20 

Bulk density (kg m
-3

) 180 

Particle density(kg m
-3

) 400 

Min. fluid. velocity (m s
-1

) 0.88 

Size 
Side length 10 mm, 

Thickness 3 mm 

Sphericity (-) 0.6 

Fluidized bed dryer  

Shape Square 

Side length (m) 4 

Bed aspect ratio (-) 1.0 
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3.1.4. Results and discussion 

Fig. 3-1-3 shows that an increase of air amount which results in an increase in its 

partial pressure in the air–steam mixture, would decrease the drying temperature for 

biomass. On the other side, in the self-heat recuperative drying system, an increase of 

air amount also required less compression ratio for a smaller temperature increase 

due to the reduced drying temperature. 

 

 

Fig. 3-1-3. Drying temperature for different amounts of drying medium air 

 

Energy consumptions required for drying in the fluidized bed drying systems 

including the conventional heat recovery drying process, the previous drying process 

developed by Aziz et al. (2011), and the proposed drying process were investigated. 
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Fig. 3-1-4 shows the total energy input required for drying in the above fluidized bed 

drying systems. Compared to the conventional heat recovery drying system, both 

self-heat recuperative drying systems reduced the total energy input of the drying 

process and the proposed process consumed 1/4–1/6 of that required in drying using 

conventional heat recovery. The variation in energy consumption in each drying 

system is the result of the difference of blower work due to the change of fluidization 

velocity. The fluidization velocity increases accordingly to the increase of volumetric 

amount of the drying medium. Moreover, an increase amount of drying medium 

increases the duty of compressor for the additional gas compression. 

 

 

Fig. 3-1-4. Energy consumption in the drying processes 
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Figs. 3-1-5 and 3-1-6 show the temperature-heat diagrams for the biomass drying 

system developed by Aziz et al. (2011) and the advanced drying system, respectively. 

The solid line represents the hot stream and the dashed line represents the cold 

stream. The heating duty is expressed as the sum of internal self-heat exchange load. 

That the exergy loss due to the heat transfer becomes the minimum can be reflected 

from the area between the hot and cold streams lines; a small area means a small 

exergy loss. Exergy loss amount was calculated as shown in Table 3-1-3. In the 

previous drying process, the largest amount of exergy loss 479.7 kW, occurred in the 

evaporation period which was represented as the space area between the hot stream 

(compressed air–steam mixture,10→11) and cold stream (wet biomass and air, 5→6) 

in Fig. 3-1-5. This is due to unmatched heat pairing in the overall drying system. A 

large amount of sensible heat in the air is generated during the compression of the air–

steam mixture causing unmatched heat pairing. Some part of the sensible heat of the 

compressed air–steam mixture is paired with the latent heat of water evaporation, 

resulting in part of the latent heat of steam being paired with the sensible heat of the 

biomass and the water. The unmatched heat pairing increases the temperature 

difference because of the different heat capacities of the paired streams, which 

causing different temperature changes. The air–steam mixture after heat exchange in 
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Fig. 3-1-5. Temperature-heat diagram for the biomass drying system developed in 

Section 2.1.1 

 

Fig. 3-1-6. Temperature-heat diagram for the advanced biomass drying system 
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Compared with Fig. 3-1-5, Fig. 3-1-6 shows better heat paring by removing the 

sensible heat of compressed air (13→14) through the sensible heat exchange with the 

wet biomass and air (7→8). Thereafter, the latent heat of steam condensation 

(14→15) can be exchanged with the latent heat of water evaporation (8→9), and 

then the effluent stream (10, 20→11, 21) (16→17) is cooled through heat exchange 

with the biomass (1, 3→2, 4) and air (5→6), respectively, for self-heat exchange to 

recuperate its sensible heat. Heat exchange temperature difference could be further 

reduced by increasing the number of fluidized bed stages (Holmberg and Ahtila 2005). 

However, the pressure loss in the fluidized bed increases due to the increasing number 

of stages. Thus, we chose a two-stage fluidized bed as the evaporator by balancing the 

energy consumption due to the pressure loss and temperature difference by increasing 

the fluidized bed stages. Due to the improved heat pairing, exergy loss in the water 

evaporation was reduced to from 479.7 kW to 189.0 kW. As a result, energy 

consumption can be saved by 40 % of the energy consumed by the previous drying 

process as shown in Fig.2-5. 

 

3.1.4. Conclusions 

The SHR technology was succeeded to be applied for biomass drying in a 

fluidized bed dryer for reducing energy consumption. Energy consumption was 

reduced to 1/6 of the conventional heat recovery dryer due to the heat pairing formed 

in the proposed drying process. 
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3.2. Experimental Investigation on biomass drying in the exergy 

recuperative fluidized bed dryer with air 

3.2.1. Introduction 

With the process simulator PRO/II ver. 9.0, we could investigate the energy 

consumption in the designed drying processes. However, for the complex heat and 

mass transfer phenomena in the fluidized bed dryer (FBD), especially the lack study 

on effect of the heating element immersion to the drying performance (Groenewold 

and Tsotsas 2007), it is difficult to obtain concrete information such as the 

hydrodynamic behavior and drying performance in the FBD through the simulator 

Pro/II ver. 9.0. Besides, it is necessary to investigate the system stability of the 

drying system based on conditions of the SHR technology in the simulation part. 

Thus, we conducted experimental investigations in the following. The objective of 

this study is to observe the drying characteristics of the biomass particles in the FBD 

in relation to the fluidization velocity, drying temperature and mass ratio of the 

fluidizing particle (sand) to the biomass particle (rice straw). Rice straw, as well as 

other type of straws (wheat and barley), is selected as sample considering its high 

potential as material for bioethanol production because it is secondary products and 

does not affect the supply food unlike corn etc.  

3.2.2. Experimental setup 

The water in the rice straw was initially investigated through a thermal gravity 

analyzer shown in Fig. 3-2-1. The system mainly consists of a quartz thermobalance 

reactor of 25 mm in inner diameter, an inner quartz tube of 13 mm in inner diameter, 



- 66 - 

an infrared gold image furnace, and a balance sensor. The inner quartz tube was 

installed to avoid influence of buoyancy change due to gas convection during heating. 

A ceramic basket of 8 mm in diameter and 10 mm in length was suspended in the 

thermal balance. The ceramic basket was covered with a platinum sheet to absorb 

radiative heat from the furnace for rapid heating. Temperature was kept at around 

100 °C. Two platinum mesh sheets (150 meshes) were put at the bottom of the 

ceramic basket. Temperature was measured by an R-type thermocouple with 

diameter of 0.1 mm put near the sample during the drying process. Biomass sample 

(10 mg) was placed in the ceramic basket. The weight loss of the sample during 

drying process was recorded by the computer at time intervals of 0.2 s. The weight 

loss per unit time reflects the drying rate. The experiments were conducted at 

atmospheric pressure. 

 

 

Fig. 3-2-1. Device of thermal gravity analyzer (Fushimi, Wada et al. 2011). 
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After that, a laboratory-scale fluidized bed dryer for the biomass drying in which 

wet rice straw was fed and discharged intermittently was set up. Moreover, since the 

peculiar shape of biomass inhibits fluidization, silica sand (dp = 0.3 mm) was added 

to the bed and fluidized together with the biomass to enhance the fluidity. A mixture 

of sand and wet rice straw were fed at intervals of 10 min. Meanwhile, the dried rice 

straw was discharged together with sand from the outlet in every 25 min. The 

discharged sand-straw mixture was separated by sieving and then weighed. The 

separated sand was circulated with the wet rice straw for the next drying process. A 

schematic diagram of the FBD and the detailed properties are presented in Fig. 3-2-2 

and Table 3-2-1, respectively. The size of the fluidized bed and holes for sensor were 

described in Fig. 3-2-3a and b. Air was preheated to the bed temperature before 

entering the FBD. As the drying progressed, the water in the sample evaporated into 

the air. To measure the temperature distribution across the bed, two K-type 

thermocouples Tb1 (bed bottom) and Tb2 (bed top) with diameter of 1.6 mm (Hayashi 

Denko, Japan), were installed at bed heights of 25 and 150 mm from the distributor, 

respectively. The humidity of the air-steam mixture is measured by a hygrometer 

probe (Rotronic, UK) fixed at the height of 275 mm above the distributor. In the 

experiment on the temperature and fluidization velocity effect, three sheathed heaters 

were installed inside the FBD horizontally at a height of 25 mm above the distributor 

to act as a compressed air–steam mixture that was used as a heat source for drying. 

Phenolic foam insulation was fixed around the surface of the fluidized bed to prevent 

heat loss from the bed to the environment. In this study, we focused on the drying of 
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rice straw, but the drying principle and drying technology can be applied to the 

drying of other kinds of biomass.  

 

 

Fig. 3-2-2. Schematic diagram of an experimental fluidized bed dryer
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Fig. 3-2-3a. The detail about the fluidized bed dryer 

 

 
 

Fig. 3-2-3b. The size and arrangement of sensors in the fluidized bed dryer 
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Table 3-2-1. Properties of fluidizing particle, biomass particle, bed and immersed 

heating element  

Properties Values 

Fluidizing inert particle  

Type Silica sand 

Average diameter (mm) 0.3 

Heat capacity (kJ kg
-1

K
-1

) 1.1 

Particle density (kg m
-3

) 2600 

Min. fluid. velocity (m s
-1

) 0.041           Basic experiment 

Biomass  

Type, shape Rice straw, hollow cylinder 

Average length (mm) 20 

Average diameter (mm) 6 

As-received MC (wt% wb) 75 

Bulk density (kg m
-3

) 180 

Particle density(kg m
-3

) 400 

Min. fluid. velocity (m s
-1

) 0.88 

Bed  

Shape Square 

Side length (m) 0.2 

Bed height (m) 0.2 

Aspect ratio (-) 1 

Heating element  

Type Sheathed heater (Sakaguchi corp, Japan) 

Dimension Diameter 6 mm, length 120 mm 

Resistance R (Ohm) 60.5 

Number 3 
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3.2.3. Results and discussion 

3.2.3. 1 Thermal gravity analysis for rice straw 

From Fig. 3-2-4a, it is known that the constant rate drying period continued until 

the moisture content of paddy straw was dried to less than 18 wt% (wb). Thus, bound 

water in the rice straw was less than 18 wt% (wb). Moisture content decreased with 

the particle temperature increasing during the drying process to remove the capillary 

water and bound water from the rice straw as shown in Fig. 3-2-4b.  
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Fig. 3-2-4. a) Drying rate of rice straw with moisture content and b) Moisture content 

and temperature change during the drying process 

 

3.2.3.2. Drying Kinetics in the semi-fluidized Bed Dryer 

3.2.3.2.1 Effect of fluidization velocity and temperature 

In the next step, effect of the fluidization velocities on the drying performances of 

rice straw was evaluated. The moisture contents of the rice straw dried at different 

fluidization velocities were measured according to the ASTM D4442-07 standard; 

the dried biomass was weighted by the balance (M1) and then moved to the oven at 

103 °C, and 101 kPa for 24 hours (M2). The water content could be calculated as 
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where, M1 is the weight of the sampled dried rice straw and M2 is the weight of the 

dried rice straw after kept in the oven for 24 h. The effects of the fluidization velocity 

on the moisture content of the dried straw are shown in Fig. 3-2-5. It illustrates that 
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the water content in the dried rice straw decreased with an increase in the fluidization 

velocity from 2Umf to 3Umf, suggesting that the fluidization velocity greatly affects 

the water content. The reason for the relationship is that an increase of the 

fluidization velocity can reduce the partial pressure of steam in the air-steam mixture, 

leading to a lower relative humidity of the air–steam mixture. As a result, the driving 

force for water movement in the biomass and evaporation increased, resulting in 

lower moisture content. Another important reason why the high fluidization velocity 

dramatically decreases the final water content of dried rice straw is that high 

fluidization velocity results in a good mixing status in the fluidized bed which 

increases the heat transfer rate between the hot air and wet biomass. However, when 

the fluidization velocity increased from 3Umf to 4Umf, the moisture content of the 

dried straw changed slightly due to the internal diffusion control (Chandran, Rao et al. 

1990). It is assumed that velocities below 2Umf provides insufficient particle mixing 

resulting in partial fluidization and, thus non-uniform heat transfer and temperature 

across the bed. Beyond a velocity of 3Umf, a homogeneous bed formed. This 

demonstrates that the mixing quality mainly depends on fluidization velocity in that a 

low fluidization velocity causes segregation while a high fluidization velocity 

increases the mixing quality. These results show the same tendency with the results 

reported by Rowe et al., (1965) and Hemati et al., (1990) in which strong segregation 

occurred when the gas velocity was under 2 times the minimum fluidization velocity 

of jetsam particles and 2.5 times the minimum fluidization velocity of sand, 

separately. Results show that the fluidization velocity, which was 3Umf, is feasible for 
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the actual biomass drying, and a good drying performance of rice straw could be also 

confirmed in this condition. Fig. 3-2-6 illustrates the effect of the bed temperature to 

the moisture content of the dried rice straw in the case of fluidization velocity Uo 

=3Umf. The final water content of dried straw decreases as the bed temperature 

increases. The increase of bed temperature and mass ratio at a constant fluidization 

velocity Uo causes the decrease of relative humidity (relative vapor pressure) and 

finally, increasing the driving force of water movement inside the particle and its 

evaporation into the air.  
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Fig. 3-2-5. Effect of fluidization velocity Uo to moisture content of dried straw (a) 

Mass ratio mr of 500/50 and (b) Mass ratio mr of 500/75 
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Fig. 3-2-6. Effect of bed temperature Tb to moisture content of dried straw, (a)   

Mass ratio mr of 500/50 and (b) Mass ratio mr of 500/75 
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heat transfer tube immersed inside the FBD is shown in Fig. 3-2-9 based on the 

simulation conditions as shown in Section 2.1. Length of tube increased as the 

amount of air flowing in the system and the mixing ratio of biomass to the silica sand 

increased. Effects of the mixing ratio and pressure of the air-steam on the heat 

transfer rate were also investigated through the experiments. With mixing ratio of the 

air-steam increasing, UA increased which was considered to be due to the more 

moisture condensation in the high mixing ratio of the air-steam (Fig. 3-2-10a). Fig. 

3-2-10b showed the impact of the total pressure of the air-water vapor on the heat 

transfer rate. When the pressure of the air-steam increased, there was no significant 

difference between UA, but with a little increase. This seems total pressure of the air- 

steam. This was because as the pressure increased, the temperature of the air-steam 

also increased correspondingly. Temperature difference between the tube inside and 

outside would increase causing a high heat transfer rate eventually. 

 

 

Fig. 3-2-7. Internal heat exchanger in the fluidized bed dryer 
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Fig. 3-2-8. Thermodynamic model of the fluidized bed dryer with internal heat 

exchanger 

 

Fig. 3-2-9. Required tube length in the fluidized bed dryer 
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Fig. 3-2-10. a) Effect of air-steam ratio on the overall heat transfer rate, and b) effect 

of air-steam pressure on the overall heat transfer rate 
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3.2.3. 3. Stability of the fluidized bed dryer 

In the stability investigation experiment, a high-temperature compressed air–steam 

mixture flowed through the immersed tubes inside the FBD and was used as the heat 

source for water evaporation. Properties of tubes and the air–steam mixture are 

presented in Table 3-2-2, and the fluidization velocity was 3Umf and the bed 

temperature was maintained at 90°C, to act as the same conditions with inlet air–

steam mixture in the simulation part.
 
Samples were taken and the water content of 

the sampled rice straw was measured using the ASTM D4442-07 standard.  

 

Table 3-2-2. Properties of heat transfer tubes immersed inside FBD and mixture of 

air and steam in the drying experiment 

   Properties Values 

Tube  

Tube Material SUS316 (18% Cr, Ni 12%, 

Mo 2.5%, 67.5% Fe) 

Thermal conductivity (W mK
-1

) 16.7  

Inner diameter (mm) 8  

Outer diameter (mm) 10  

Arrangement  Horizontal 

Pitch distance (mm) 50  

Mixture of air and steam  

Mixing ratio (kg-steam/kg-air) 0.52 

Flow rate (NL min
-1

) 100 

Relative humidity (-) 0.45 

Inlet temperature (°C) 114.3 

Inlet pressure (kPa) 215 



- 81 - 

The mixture of sand and dried rice straw was added in every 10 min from the inlet; 

meanwhile, a sample was taken from the outlet of the FBD. Fig. 3-2-11 shows that 

the temperatures in the bed, especially the bed top temperature, dropped at the time 

of wet biomass feeding under the influence of the cold wet biomass feeding from the 

top of the bed. Afterward, the temperature soon returned to the mean temperature 

owing to the good mixing in the fluidized bed. The temperature difference among the 

top, middle and bottom levels was very small, indicating a homogenous state in the 

fluidized bed.  

 

Fig. 3-2-11. The bed temperature distribution and relative humidity of outlet moist 

air in the FBD 
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Moreover, no segregation tendencies were observed visually between the rice 

straw and silica sand in the fluidized bed. The relative humidity of the outlet air was 

highest for a large amount of evaporated free water, when the rice straw was added to 

the bed, and decreased as time passed owing to the removal of the surface water and 

the internal water ratio increased. Consistent temperature and pressure of the air–

steam mixture at the outlet of heat-exchange tubes are confirmed and shown in Fig. 

3-2-12. The mean values of the outlet absolute pressure and temperature of the air–

steam mixture were about 185 kPa and 95°C, respectively, indicating a stable heat 

exchange between the immersed tubes and the fluidized bed. The drops in pressure 

and temperature through the 18 immersed tubes during the heat exchange were about 

30 kPa and 20 K, respectively, owing to the consistent heat exchange with the wet 

biomass and the condensation of vapor in the compressed mixture. 
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Fig. 3-2-12. Temperature and pressure of the air–steam mixture at the inlet and outlet 

of the FBD 

 

Mixture of sand and biomass was sampled from bed in every 15 min. Average 

water content of the dried biomass was detected using the formal method. The weight 

ratio of biomass to sand is also constant (Fig. 3-2-13a). The value shows stable and 

14.6 ± 1.6 wt% (Fig. 3-2-13b).  
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Fig. 3-2-13. a) the weight ratio of dried biomass to sand at the outlet of fluidized bed 

dryer, b) moisture content of the dried rice straw at the outlet of fluidized bed dryer. 
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3.2.4. Conclusions 

In the experiment, we investigated the hydrodynamic behavior inside the FBD 

with silica sand as the fluidizing particles and immersed heating elements as a heat 

source. The results show that good solid mixing, as well as a uniform temperature 

across the bed, can be achieved under the condition that the fluidization velocity is at 

least three times the minimum fluidization velocity of sand and a good drying 

performance can be also achieved in this situation. Heat transfer in the fluidized bed 

has also been studied between the compressed air-steam mixture in the heat transfer 

tubes with biomass particles in the fluidized bed and showed the possibility of using 

compressed air-steam mixture as the heating source. Furthermore, a stability 

investigation of the FBD was conducted in which a good stability has been found in 

the experiments.  
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4.1. Introduction 

SHR technology has so far only been applied to fluidized bed dryers. It is known 

that there are many other drying systems for biomass drying, such as the rotary dryer 

(Zabaniotou 2000), conveyor dryer (Waje, Thorat et al. 2006; Waje, Thorat et al. 

2007) and fixed and moving bed dryers (Zanoelo, di Celso et al. 2007). No 

investigation into the application of SHR technology to these drying systems has been 

conducted. This chapter aims to evaluate the energy-saving potential by applying SHR 

technology to biomass drying systems including both concurrent and countercurrent 

dryers. Energy consumption of each drying system was calculated and compared with 

that of a conventional heat recovery drying process. Reasons for energy saving in 

biomass drying system were discussed and factors such as the heat exchange type, 

ratio of air to product, minimum temperature difference in the heat exchanger, and 

drying medium were evaluated when applying SHR technology to a biomass drying 

system. The basic concept of the drying process is the same with that in Chapter 3, 

however, the dryer for biomass water evaporation was change from the fluidized bed 

dryer to the rotary dryer and screw conveyor dryer.  

4.2. Process calculations 

The simulation was conducted using PRO/II Ver. 9.0 (Invensys, Corp.) to examine 

the energy consumption required for the drying processes of biomass. Three different 

kinds of dryers: fluidized bed, rotary and screw conveyor dryers were evaluated for 

biomass drying. Properties of biomass and each dryer investigated in this work are 

shown in Table 3-1-1. In simulations, Soave-Redlich-Kwong equation was selected 
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for the stage equation. The adiabatic efficiencies of the compressor, blower and 

expander were assumed to be 80 %, 80 % and 90 %, respectively. In addition, the 

minimum temperature differences for the heat exchangers were assumed to be 10 K 

for the fluidized bed dryer and 30 K for the other heat exchangers. Heat exchange is 

concurrent in the fluidized bed dryer and countercurrent in the other heat exchangers. 

The biomass has the same flow direction as the air in the drying system. No heat loss 

is assumed from the drying system to the surroundings. The equilibrium moisture 

content of biomass depends on the water activity which is the relative humidity of gas 

for gas drying (Bjork and Rasmuson 1995). To dry the biomass to a water content of 

20 wt% (wb) with air, the relative air humidity should be kept below 0.9 based on the 

research results of Pakowski et al. (2007). Water is transferred from the wet biomass 

to the air during the drying process and could be illustrated as (Pang and Mujumdar 

2010): 

g s

Y X
m m

z t

 
 

  ,                                 
(4-1) 
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Table 4-1. Properties of biomass particle and drying devices 

Properties Values 

Biomass  

Flow rate (10
3
 kg h

-1
) 10 

Fed temperature(°C) 20  

Initial water content (wt% wb) 50 

Final water content (wt% wb) 20 

Bulk density (kg m
-3

) 180 

Particle density(kg m
-3

) 400 

Min. fluid. velocity (m s
-1

) 0.88 

Size 
Side length 10 mm, 

Thickness 3 mm 

Sphericity (-) 0.6 

Fluidized bed dryer  

Shape Square 

Side length (m) 4 

Bed aspect ratio (-) 1.0 

Rotary dryer  

Diameter (m) 4.5 

Length (m) 36 

Rotary speed (rpm) 7.7 

Screw conveyor dryer  

Diameter (m) 0.5 

Length (m) 60 

 

where Y is the air humidity, X is the moisture content of biomass (dry basis), and z is 

the length of the dryer. Drying process in the self-heat recuperative drying process 

can be separated into preheating and evaporation periods. In the evaporation period, 
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drying usually takes place in two stages: constant drying rate period and falling rate 

drying period. During the constant drying rate period, free water is evaporated from 

the surface of the material. Furthermore, during the falling rate drying period, water 

evaporation rate is controlled by diffusion mechanism. The inner moisture is first 

transported to the particle surface by diffusion and then evaporated. In this paper, 

biomass drying is conducted to the water content of 20 wt% (wb) which is higher 

than the fiber saturation point. Thus, mainly free water is evaporated. The drying rate, 

Rw, could be calculated based on Eq. 4-2: 

s
w s

vap

qX
R m

t H


  

  .                                                 (4-2) 

The drying rate is constant as 3,750 kg-water h
-1

 for drying 10,000 kg h
-1 

biomass 

from 50 to 20 wt% (wb). For water evaporation, evaporation heat, qs, is transferred 

from the compressed air–steam mixture inside the heat transfer tubes to the wet 

biomass, and can be approximate as 

 s vap sq UA T T 
;                                                                   (4-3) 

the corresponding heat balance was calculated as 

    s
vap s s vap s ps l pl g pg+ + +

TX
UA T T m H m C m C m C

t t


  

  .            
(4-4) 

 Kinetics of heat transfer in the recuperative dryer and required heat exchange 

surface were also evaluated. The overall heat transfer coefficient, U, and surface area, 

A, is approximated by the following equation: 
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 
c c t t t

ln1 1 1

2

R
r

UA A L A
  

   
.                                         (4-5) 

Heat transfer coefficient due to the horizontal heat element immersed inside the 

fluidized bed can be represented as (Borodulya, Teplitsky et al. 1989; Borodulya, 

Teplitsky et al. 1991; Yang, W.C., 1999) 

20.14 0.24
3

2p p p0.1 3
t p

g g g

0.74 0.46
C

Nu Ar Re Pr
C

 


 

   
       

   

,                 (4-6) 

where, 
t

t

g

pa d
Nu


 .                                             (4-7) 

Convection heat transfer coefficient for flow in tube bundles in the rotary dryer is 

depending on the dryer rotational speed, and flow rate of air which is used to carry 

away evaporated vapor. Heat transfer coefficient between samples and jacket is 

calculated from the correlation of Schlünder (1984) for immersed heating surface to 

the drying samples. Heat transfer from the hot surface to materials in the screw 

conveyor dryer is 6 to 70 W m
-2 

K
-1

, depending on the screw speed and water content 

of the material
 
(Nonhebel 1971).

 
Heat transfer coefficient of film condensation in the 

horizontal tubes is approximated using a general correlation proposed by Shah (1979) 

based on the Dittus-Boelter equation as follows: 

 
 

0.040.760.8 0.4
0.8l l l

c 0.38

crit

3.8 10.023
1

2

x xRe Pr
x

r p
p




 
 
   
  

    

.                 (4-8) 

In the rotary dryer, energy is consumed because of the power of blower which 
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compensates for the pressure loss in the rotary dryer and motor power to drive the 

rotary dryer. The former can be calculated as follows : 

2

b s s
s

e vap

4 ( 1)
0.5

2
f N D G

p
D 

 
   

 
,                            (4-9) 

-0.2

s e

vap

1.87
G D

f


 
   

 

,                                      (4-10) 

where ∆ps is the pressure drop across the rotary dryer. The motor power, bhp,

given in the break horsepower (1 bhp is equal to 0.75 kW), can be calculated

 by the following equations (Krokida, Marinos-Kouris et al. 2009): 

 mat tot tot4.75 0.1925 0.33

100,000

N DW D+2 W W
bhp

   

.

 (4-11) 

In the screw conveyor dryer, energy is consumed in turning the screw and moving the 

drying materials. Equations for the calculation of energy consumption in the screw 

conveyor dryer are available in the research of Waje et al. (2006; 2007).  

Exergy analysis was conducted in the drying systems to investigate and quantify 

the exergy loss, and could be divided to inevitable and avoidable exergy losses.  

loss inv avi= +Ex Ex Ex                                             (4-12) 

Inevitable exergy loss is the minimum exergy loss for the drying process and 

avoidable exergy loss occurs from the heat transfer due to the heat exchange 

temperature difference larger than the minimum temperature difference. Inevitable 

exergy loss owing to irreversibility during heat exchange during preheating and 

evaporation can be calculated by Eqs 4-13 and 4-14, respectively: 
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  mininv,pre p p l l TEx m S m S    ,

                               

(4-13) 

min

vap

inv,evp l

trs

T
H

Ex m
T

 


.                                       (4-14) 

Exergy balance in the heat exchanger could be expressed as: 

loss i i

in out

=Ex Ex Ex  .                                        (4-15) 

Exergy of each stream can be calculated by Eq. 4-16,  

i i i i 0 0 i i i 0( ) ( )Ex m h m h T m s m s    .                            (4-16) 

Then, the exergy change between the outgoing and incoming streams is:  

i i in in out out 0 in in out out

in out

( ) ( )Ex Ex m h m h T m s m s      .          (4-17) 

For the compressor, exergy balance could be presented as: 

i elect i loss

in out

Ex W Ex Ex    .                                (4-18) 

 

4.3. Results and discussion 

SHR technology has also been applied to other biomass drying systems. Table 4-2 

illustrates that energy consumptions in both rotary and screw conveyor dryers could 

be reduced to 1/5–1/7 of that of a conventional heat recovery dryer. It was also found 

that the rotary and screw conveyor dryers consumed less energy compared to the 

fluidized bed dryer to dry the same amount of biomass. The reason was that 

compression works for rotary and screw conveyor dryers were much less than that for 
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the fluidized bed dryer which were shown in Table 4-2. Energy consumption in the 

self-heat recuperative dryers mainly comes from the compressor as shown in Eq. 4-19. 

The compression work for the heat circulation in a self-heat recuperative drying 

system is given by 

cp stm vs g vgW m C T m C T    ,                 (4-19) 

where ∆T is the temperature difference between the outlet and inlet of the compressor. 

The steam amount, mstm, in the dryer is fixed for drying the same amount of wet 

biomass to the same water content. Thus, a large amount of input air would increase 

the energy input for the compressor and generate a large amount of sensible heat of 

air causing the unmatched heat pairing. In the fluidized bed dryer, a large amount of air 

with high velocity is required to form the fluidization of particles in the fluidized bed. 

In the rotary dryer, biomass particles are moved down throughout the dryer due to 

gravity following the slop of the drum and drag force of the gas, and in the screw 

conveyor dryer, particles are moved by a screw. The air amount which is smaller in the 

rotary and screw conveyor dryers than that in the fluidized bed dryer, reduces the 

energy input of the compressor. 
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Table 4-2. Exergy loss in each device of different biomass drying systems 

Unit of exergy loss is kW, and T0 is the temperature of the surroundings (20°C). 

 

We also calculated exergy loss during the compression in different drying systems. 

Exergy loss of compressor increased with the increase of air amount, which were 

52.0 and 40.5 kW, respectively, in the rotary and screw conveyor drying systems, and 

65.4 kW in fluidized bed drying system. Another important reason for the less energy 

consumption in rotary and screw conveyor dryer is that, temperature difference 

between the cold and hot streams is closer to the minimum temperature difference in 

the countercurrent heat exchange dryer (rotary and screw conveyor dryers) than that 

in the concurrent heat exchange dryer (fluidized bed dryer), which increases the 

energy efficiency. Avoidable exergy losses during water evaporation were 3.9 and 1.0 

kW respectively, in the rotary and screw conveyor dryers, which were much less than 

the 122 kW occurred in the fluidized bed dryer. Large exergy loss occurs owning to a 

 
Air amount 

(10
3
 kg/h) 

Preheating Evaporation Comp

ressor HX1    HX2,3   Exavi  HX4   Exavi 

Previous 

fluidized 

bed dryer 

6.2 40.0 18.6 9.6 479.7 355 99.4 

This work  HX1,2  HX3  HX4  Exavi HX5   Exavi  

Advanced 

fluidized 

bed dryer 

6.2 8.4 1.5 97.7 58.6 189.0 122 65.4 

Rotary 

dryer 
3.1 11.7 1.8 92.7 57.2 197.2 3.9 52.0 

Screw 

conveyor 

dryer 

1.0 15.0 1.4 67.7 35.1 192.8 1.0 40.5 
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large temperature difference over the minimum permissible which results in 

unnecessary irreversibility. 

To design a self-heat recuperative drying system, it is important for the heating 

surface of heat exchanger to form a good heat paring and recuperate the heat in the 

system. Heat exchange areas in different drying systems were shown in Table 4-3. To 

achieve the heat exchange surface area, in the rotary dryer, about 101 tubes with 36 

m length were required to be rotated axially along the dryer when the air amount was 

6,200 kg h
-1

. In the screw conveyor dryer, the screw flights could be considered as a 

fin on a heated surface, and heat exchange could through the inner surface of the 

screw dryer and the surface of screw flights. The screw shaft diameter is commonly 

35 % of the screw diameter and screw pitch ranges 0.7 to 1.0 times the screw 

diameter. Heating surface area in the screw conveyor dryer was 331.5 m
2
 and screw 

pitch was 0.45 m. On the other hand, although more energy consumption was 

required for the fluidized bed dryer due to blower power for the fluidization, the 

drying system was more compact requiring less heating surface for the same amount 

of product compared with the rotary and screw conveyor dryers. The main reason 

comes from the high heat transfer coefficient, at, between the tube surface and the 

drying materials in the fluidized bed owing to the large gas-solid surface which 

increases heat and mass transfer rates, which was 7 times higher than that of the 

rotary and screw conveyor dryers (Daud 2008; Eliaers and De Wilde 2013). Tube 

number increased with the increase of fluidization rate, and about 495 tubes arraying 

on a 45° pitch were required for heat exchange in the fluidized bed dryer at an air 
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velocity of 3Umf. Considering the tubes were uniformly distributed across the bed, 

the pinch distance among the tubes was about 0.17 m which was significantly larger 

than the biomass size. The immersed tubes could also improve the biomass fluidity 

and enhance heat transfer performance by reducing the bubble size in the fluidized 

bed. The relationship between energy saving from additional surfaces and the 

consequent capital cost needs to be investigated in a future study. Moreover, the 

self-heat recuperative drying process increases heat exchange surfaces and requires a 

compressor for heat circulation, which increases the capital cost of the drying system. 

However, the increased capital cost could be recovered through significant energy 

consumption reduction after 3–5 years’ operation depending on the properties and 

amount of the materials to be dried.  

In the following, effect of the minimum temperature difference in the heat 

exchanger on the energy consumption was investigated. Fig. 4-1 shows a linear 

correlation between the energy consumption and the minimum temperature 

difference. With the minimum temperature difference decreasing from 40 K to 5 K in 

the self-heat recuperative rotary dryer with air input amount of 3100 kg h
-1

, energy 

consumption decreased by 50 %.The reason was that exergy loss due to the 

irreversibility of heat transfer was reduced by reducing the temperature difference 

during the heat exchange. A lower minimum temperature difference requires less 

energy consumption for the compressor, thus reduces the energy consumption in the 

total drying system. However, it should be mentioned that the temperature difference 

in the heat exchanger is limited by the increase of the capital cost.  
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Table 4-3. Energy consumptions of the biomass drying systems
 

Dryer 

Conventional 

heat recovery 

dryer  Fluidized bed dryer  Rotary dryer  

Screw 

conveyor 

dryer  

Air amount (10
3
 kg/h)         6.2  12.4  18.6  1.0  3.1  6.2  1.0  

Energy Input (kW)         

Heater  2700  - -  -  -  -  -  -  

Blower  -  95  185  276  4  13  25  -  

Compressor  -  529  692  854  375  467  575  375  

Expander  -  –157  –270  –372  –39  –95  –169  –39  

Motor  -  -  -  -  98  98  98  60  

Total input  2700  449  590  726  428  483  529  396  

Heating surface area (m
2
) 135.5 162.6 186.2 236.1 279.3 341.9 331.5 

Heating surface per kg of 

product (m
2
) 

0.022 0.026 0.030 0.038 0.045 0.055 0.053 

Length of tubes (m) 1,438 1,726 1,977 2,506 2,965 3,629 3,519 

Tube number (-) 360 432 495 70 83 101 - 

Screw pinch (m) - - - - - - 0.45 

a
Negative values mean recuperated work from the expander. 

b
Tube diameter is 30 mm, thickness is 2 mm and tube material is SUS444 (18 % Cr, 1.9 % Mo, 80 % Fe) 

with thermal conductivity, t, of 26.8 Wm
-1

K
-1

.
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Fig. 4-1. Effect of the temperature difference on the energy consumption of the proposed 

drying system 

The self-heat recuperative drying system is a closed system, thus the drying medium 

can be recirculated resulting in the broader possibility of applying an inert gas such as 

nitrogen or carbon dioxide as the drying medium, to avoid spontaneous combustion 

during drying. Energy saving potential with nitrogen or carbon dioxide as the drying 

medium was investigated. As shown in Fig. 4-2, the drying medium could also affect the 

energy consumption of the drying system, but not so dramatically. Energy consumption 

with nitrogen as the drying medium is a little smaller than that with air, and the energy 

consumption with carbon dioxide as the drying medium is the smallest. The variation in 

energy consumption results from the different heat capacities of the drying medium, and 

a low heat capacity reduces the compression work for the same temperature increase.  
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Fig. 4-2. Effect of the drying medium on the energy consumption of the proposed drying 

system 

 

4.4. Conclusions 

An advanced biomass drying process based on SHR technology was proposed for 

reducing energy consumption. Three drying systems (fluidized bed dryer, rotary dryer 

and screw conveyor dryer) were investigated based on SHR technology. In the new 

developed drying system, energy consumption was reduced to 1/7 of energy consumed 

by a conventional heat recovery dryer. Energy saving by applying SHR technology to 

the biomass drying systems mainly depends on counter/concurrent heat exchange and 

the minimum temperature difference between the hot and cold streams in the heat 

exchanger. Exergy analysis has been conducted for further energy saving solutions. 

Results showed that a countercurrent heat exchange and a smaller minimum 
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temperature difference contribute to energy saving in the biomass drying process, 

although the heating surface area was larger. This newly developed drying system could 

also use inert gas as the drying medium, and energy consumptions in the cases of nitrogen 

or carbon dioxide show almost the same value as that of air.  
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CHAPTER 5 

FURTHER ENERGY-SAVING BIOMASS 

DRYING BASED ON SELF-HEAT 

RECUPERATION TECHNOLOGY  
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5.1. A novel exergy recuperative drying module with superheated 

steam 

5.1.1. Introduction 

The exergy analysis study in Chapter 4 shows that a large amount of exergy loss 

occurred due to the existence of air, which caused the heat pairing unmatched. Thus, we 

changed the drying medium from incondensable gas to superheated steam to solve the 

above problem. Steam drying has been applied for industry use since a few decades ago. 

The advantages of using steam show as the improved energy efficiency due to the 

possibility of latent heat utilization, and the elimination of explosion and hazard risks. 

In this work, we firstly developed a novel drying module using superheated steam as the 

drying medium based on self-heat recuperation technology. Energy consumption in the 

exergy recuperative drying system was estimated by using a process simulator PRO/II 

to compare with that of the existing energy-saving drying system. Then, the exergy 

recuperative drying module would be applied for the biomass drying systems with a 

fluidized bed dryer as the evaporator.  

 

5.1.2. Basic concept of an exergy recuperative drying module 

Fig. 5-1-1 shows the basic concept of an exergy recuperative drying module. Wet 

sample is preheated and evaporated through sensible and latent heat exchange, 

successively. Water in the wet sample is converted to vapor. Thereafter it is superheated 

and compressed adiabatically to increase its exergy rate to provide heat for the 

successive drying. A heat pump module was utilized to recover the sensible heat of the 

dried solid for heat exchange with the inlet solid.  
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Fig. 5-1-1. Basic concept of exergy recuperative drying module  

5.1.3. Design of an exergy recuperative drying system based on self-heat 

recuperation technology 

5.1.3.1. Schematic layout of an exergy recuperative drying system 

When applying the exergy recuperative drying module to an actual drying process, 

the existence of bound water internal to solids which requiring energy for desorption 

results in unmatched heat pairing. Thus, we divided the drying process into three 

continuous stages: preheating period, constant drying period for unbound water removal 

and falling rate drying period for bound water removal. Fig. 5-1-2 shows the schematic 

layout of the exergy recuperative drying system using superheated steam as the drying 

medium. Since the drying rate is controlled by the heat and mass transfer in the constant 

drying period, a fluidized bed dryer increases the drying rate and makes the equipment 

more compact. For the falling rate drying period, we chose a screw conveyor dryer with 

a countercurrent type, and the reason will be explained in Section 5.1.3.2.3.  
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Fig. 5-1-2. Schematic layout of the exergy recuperative drying system. 
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Initially, the wet solid receives heat from the heat exchanger HX1 for preheating to the 

boiling point. Subsequently, it is fed to a fluidized bed dryer (HX2) where the unbound 

water is evaporated by the heat supplied from the compressed steam flowing inside the 

heat exchangers immersed in the bed. Then, the exhausted steam is split into the 

recycled and purged superheated steams. The purged superheated steam equivalent to 

the water evaporated from the wet solid is compressed and recirculated as the heat 

source for evaporation (HX2) and preheating (HX1). Then, the wet solids with the 

bound water are fed to the screw conveyor dryer (HX3) for the remaining water 

evaporation. The evaporated water is compressed and recycled to the screw conveyor 

dryer to increase the drying medium temperature. As a result, the relative pressure of 

superheated steam decreases to improve water holding capacities for water removal. 

Finally, the dried solid is cooled to the surrounding temperature. 

 

5.1.3.2. Energy balance in the exergy recuperative drying system 

5.1.3.2.1. Zone of preheating period 

In the preheating period, the wet solid is preheated from the surrounding temperature 

(Tsur) to the boiling temperature, 373 K (Ttrs), without water evaporation. Energy input 

for preheating is given by: 

preheat w pw ps ps trs sur( )( )m mH C C T T  
                                 

(5-1-1) 

where mw and mps represent the amount of water and solid particles in wet solid particles, 

respectively. Cpw and Cps are the constant pressure heat capacities of the water and the 

solid, respectively. 

5.1.3.2.2. Zone of constant drying period 

Following the preheating period, the constant drying period appears until the water 
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amount in the solid falls to m0w. The bulk water on the particle surface and water in the 

macropores can be removed with slightly superheated steam. The energy consumption 

in this period is mainly due to the latent heat for water evaporation and the sensible heat 

supply for removing water from the macropores by superheating. The desorption heat 

for water in macrospores is negligible compared with the evaporation heat. Thus, 

the amount of heat transferred to the wet solid can be calculated by: 

 FBD w 0w e w pw ps ps 0 trs+ ( + )( )m m m mH L C C T T  
    

(5-1-2) 

where Le is the water evaporation enthalpy, and T0 is the fluidized bed temperature.  

 

5.1.3.2.3. Zone of falling rate drying period 

When the exposed surface water is removed, the water in the solid is mostly bound 

water. The drying rate decreases rapidly as the drying rate is governed by the water 

diffusion in the solid particle. To separate bound water from the solid, energy is required 

for both the latent heat of evaporation and the desorption heat which increases with 

progressing drying. Thus, the zone of the falling rate drying period may be considered 

to be divided into subzones numbered 1, 2, …, n with m1w, m2w, …, mnw, and mnw being 

the final dried solid water content. The heat transferred to the solid can be divided into 

three parts: latent heat of the water evaporation, water desorption heat and sensible heats 

of both water and solid particles from superheating. Energy consumption in each 

subzone is: 

n n-1w nw e n pw n n-1 ps ps n n-1( ) + + ( ) ( )m m mH L H C T T C T T                     
(5-1-3) 

Finally, the total heat transfer amount from the compressed steam to the solid in the 

falling rate drying period could be calculated as: 
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Water desorption heat can be derived from the Clausius-Clapeyron equation: 

 

sat

1

v sorp

v

(ln )

( )

p

pR
H

M T 

 
 
   
 

  
                       

(5-1-4) 

where p/psat is the ratio of equilibium pressure to saturated vapor pressure. R is the 

universal gas constant. Mv is the water molecular weight, and Tsorp is the desorption 

temperature. Thus, the total energy input for solid drying in the proposed system is 

tot preheat FBD SCD+ + H H H H
                                 

(5-1-5) 

 

5.1.4. Process simulation 

We chose brown coal as an investigated sample in this research, which commonly 

contains a high water content of 45–70 wt% (wb). The properties of brown coal used in 

the calculation are shown in Table 5-1-1. The energy consumption of the proposed 

drying system (SHR) is compared with the existing energy-saving drying systems for 

brown coal drying.  
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Table 5-1-1. Prosperities of brown coal (Aziz et al. 2012) 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1.4.1. Sorption isotherm of brown coal 

To decide the operation conditions of a drying process, it is necessary to have an 

understanding of solid–water interactions. Hence, sorption isotherms are required to 

determine the driving force which is the relative vapor pressure at different drying 

temperatures. The equilibrium moisture contents of Yallourn brown coal at different 

drying temperatures are calculated from Eq. 5-1-6 proposed by Chen et al. (2001) based 

on the experimental work conducted by Allardice and Evans (1971) as shown in Fig. 

5-1-3.  

   

1.58

0.47

b

sat

1 exp 2.53 273
100

p MT
Mp

  
        

              (5-1-6) 

Properties  Value  

Type  Yallourn, seam Y  

Initial moisture (wt% wb)  65  

Volatile matter V (wt% db)  51.1  

Ash (wt% db)  1.7  

Carbon F (wt% db)  66.7  

Hydrogen H (wt% db)  4.7  

Sulfur S (wt% db)  0.3  

Oxygen O (wt% db)  26  

Max. vitrinite reflectance (%)  0.32  

Bulk density (kg m
-3

)  900  

Molecular weight (-)  10660.5  

Average particle diameter (m)  2.0×10
-3

  

Voidage at min. fluid. emf  0.57  

Sphericity 0.63  
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where Tb is the drying temperature, and M is the water content of the dried brown coal. 

The drying temperature is initially near 373 K until 37 wt% (wb). The temperature 

increases gradually as the water content drops from 37 to 20 wt% (wb), to provide a low 

relative vapor pressure to remove water in the macrospores. Thereafter, the drying 

temperature increases significantly, and the remaining water is considered as the bound 

water.  

 

Fig. 5-1-3. Equilibrium moisture content of Yallourn brown coal at different drying 

temperatures and relative vapor pressures 

 

5.1.4.2. Simulation conditions 

To compare the energy consumption of different drying systems, we chose a fluidized 

bed dryer as the evaporator for different energy-saving drying systems. The minimum 

fluidization velocity for fluidization of brown coal particles can be derivatived from the 

equation recommended by Chitester et al. (1984) for coarse particle involving the 
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correction factor for wet coal particles proposed by Pata et al. (1988). 

 
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   
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                   (5-1-7) 

The blower work to compensate the pressure loss ∆pf in the fluidized bed is calculated 

according to the equation proposed by Kunii and Levenspiel (1991) as follows: 

f b dp p p                                            (5-1-8) 

where ∆pb and ∆pd are pressure drops across the bed and distributor, respectively, and 

they could be calculated as  

b mf p g b(1 )( )
g

p H
c

                                      (5-1-9) 

d b0.4p p                                               (5-1-10) 

The mechanical energy input of the screw conveyor dryer is availble in the previous 

work (Jangam et al., 2011; Waje et al., 2007). The simulation conditions for brown coal 

drying using the PRO/II ver. 9.0 software (Invensys Corp.) are as follows. (1) The wet 

brown coal inlet flow rate is 200 t h
-1 

and the initial moisture content is 65 wt% (wb); (2) 

drying is conducted to a water content of 10 wt% (wb) which requires brown coal 

particles finally heated to 393 K based on the sorption isotherm of brown coal shown in 

Fig. 5-1-3; (3) the adiabatic efficiencies of the compressor and blower are 80%; (4) 

drying is performed under atmospheric conditions; (5) thermodynamic calculations 

employ the Soave-Redlich-Kwong (SRK) method; (6) the fluidized bed dryer and screw 

conveyor dryer with internal heat exchangers can exist as a mixer, heat exchanger and 

separator; (7) the heat exchange is concurrent in the fluidized bed dryer and 

countercurrent in other heat exchangers including the screw conveyor dryer; (8) the 
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minimum temperature difference in each heat exchanger is assumed to be 10 K; (9) no 

heat loss is assumed from the drying system to the surroundings.  

 

5.1.4.3. Simulation results 

5.1.4.3.1. Energy consumption in the exergy recuperative drying process 

Fig. 5-1-4 shows the energy consumption in different drying systems. Results showed 

that the energy consumption of the SHR is reduced to 1/7–1/12 that of the CHR. The 

MVR and MSD consume 1/4–1/7 and about 1/2 that of the CHR consumption, 

respectively. The variation in energy consumption of each drying system results from 

the blower work increase. This follows the increase in fluidization velocity as a result of 

the increase in volumetric amount of the drying medium. The CHR could recover about 

15% of the input energy of the drying process. 

 

Fig. 5-1-4. Comparison of energy consumptions in different drying systems. 
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The energy consumption in the SHR can be further reduced by more than 40% 

compared with that of the MVR. The decrease in energy consumption results from good 

heat paring in the newly designed drying process (Fig. 5-1-5) compared with that in the 

MVR. It should be noticed that, in the SHR and MVR dryers, electrical energy is 

required by the compressor; while in the CHR and MSD dryers, system energy is 

supplied by the combustion heat of fossil fuel in the boiler. To compare the two forms of 

energy, electrical energy is converted to primary energy by the given equation; 

H= E/f                                           (5-1-11) 

where H is thermal energy, E is electrical energy and f is electricity generation 

efficiency which is 36.6% in Japan. Thus, the equivalent primary energy use in the SHR 

and MVR can be reduced to 23% and 55%of that in the CHR, respectively. 

The good heat pairing was described by the energy and material flow diagram of the 

exergy recuperative drying system shown in Fig. 5-1-6. The boxes represent units, the 

lines represent the flow of material or energy and the red arrows show the energy input 

in the drying system. We assumed that a heat exchanger can be divided into a self-heat 

transmitter and a self-heat receiver. Wet brown coal was preheated in self-heat receivers 

(2; 12.7 MW) (3; 0.5 MW) and evaporated in the self-heat receiver (4; 70.9 MW), 

pairing with sensible and latent heat of the purged superheated steam compressed by a 

compressor (5; 3.15 MW). The brown coal with bound water received heat from the 

self-heat receiver (6; 3.79 MW) to be dried to the desired water content. However, it 

should be mentioned that the proposed drying system added a screw conveyor dryer for 

bound water removal which may increase the investment cost. In addition, the increased 

number of dryers and compressors makes the drying system more complex. Such a 

complex system normally requires a more sophisticated control system to form the heat 
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pairing in each heat exchanger for energy saving. 

Fig. 5-1-5. Temperature and heat diagram of the exergy recuperative drying process. 

 

 

Fig. 5-1-6. Energy and material flow diagram of the exergy recuperative drying system. 
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5.1.4.3.2. Effect of final water content on energy consumption of the exergy 

recuperative drying system 

We qualified the effect of final water content of the dried brown coal on the energy 

consumption of the drying system. As shown in Fig. 5-1-7, energy consumption in the 

MVR increased to more than two times when the final water content decreased from 

17.5 to 7.5 wt% (wb). However, the energy consumption change in the SHR was not 

apparent compared with that in the MVR. Actually, the additional energy input is almost 

equal to the increase of desorption heat of the bound water. In addition, the energy 

consumption difference between the MVR and the SHR was not apparent when drying 

brown coal to high water content; however, it increased when the water content of the 

dried brown coal was low. This is because it requires a higher drying temperature to 

remove more bound water. In the MVR, water evaporation occurs in one heat exchanger 

(fluidized bed dryer), therefore, the entire bed temperature should be maintained at the 

final water desorption temperature for the intense particles mixing in the fluidized bed 

dryer. A large energy input for the compressor is required to increase the superheated 

steam condensation temperature for heat exchange to achieve the high bed temperature 

in the MVR. On the other hand, in the SHR, the negative effect of bound water on the 

heat pairing was reduced through separation of the unbound water and bound water 

removal in the fluidized bed dryer and screw conveyor dryer, respectively. In the screw 

conveyor dryer for bound water removal, the solid temperature gradually increases 

through the heat exchanger due to the countercurrent heat exchange. Meanwhile, bound 

water desorbs from smaller pores in the solid particle with the solid movement. 

Increased energy savings can be predicted owing to a small temperature difference 

which is near to ∆Tmin during the heat exchange in SHR compared with that in MVR. 
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Fig. 5-1-7. Relationship between final water content of dried sample and energy 

consumption of the drying system. 

 

5.1.4.3.3. Effect of compressor adiabatic efficiency on the energy consumption of the 

exergy recuperative drying system 

Fig. 5-1-8 shows the compressor adiabatic efficiency effect on total energy 

consumption of the exergy recuperative drying system at different fluidization velocities. 

With the increase of the compressor adiabatic efficiency, total energy consumption of 

the drying system was found to be reduced. With the adiabatic efficiency of the 

compressor CP1 increasing from 50% to 90%, the total energy input decreased by 

approximately 20–30% at different fluidization velocities. Heat exchange in the 
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fluidized bed dryer is concurrent, and to utilize the latent heat of the evaporated water 

from the brown coal, the purged steam has to be compressed to such a pressure that its 

condensation temperature exceeds the bed temperature over ∆Tmin. Thus, the outlet 

pressure of superheated steam from CP1 should be maintained constant at different 

adiabatic efficiencies. Low adiabatic efficiency results in more electric energy changed 

into heat instead of compression work and the heat would be finally purged to the 

surroundings based on the energy balance. There was almost no significant difference 

regarding the energy input of CP2 in all evaluated adiabatic efficiencies. This is because 

a part of the input work for the adiabatic pressure change was transformed into 

additional heating for the required energy of bound water desorption. Thus, the 

adiabatic efficiency of CP1 had a slight effect on the total energy consumption, while 

the adiabatic efficiency of CP2 did not affect the total energy consumption. 

 

Fig. 5-1-8. Adiabatic efficiency effect on total energy consumption of the exergy 

recuperative drying system. 
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5.1.4.3.4. Exergy loss in the proposed drying process 

To separate water from the solid particles during the drying process, a large amount 

of energy has to be added to act as a driving force for mass transfer. Usually, the driving 

force is much larger than required resulting in additional exergy loss. Cussler and Dutta 

(2012) compared the free energy increase affected by separation with the minimum 

work required for separation processes to explore the maximum possible efficiency for 

isothermal chemical separations (absorption, liquid-liquid extraction and membrane 

separations). However, exergy loss from a large irreversibility in the drying process 

becomes a predominant factor causing a huge amount of energy consumption and 

should be taken into account. Thus, we compared the theoretical minimum input exergy 

(Wmin) with the total input exergy of the drying process to clarify the reduced potential 

for exergy input of the designed process. Wmin includes both the minimum exergy 

required for bound water desorption (Wsorp) and irreversibility during heat exchange 

(Wsen + Wlat): 

   min min
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(5-1-12) 

where ΔSps and ΔSw are the entropy changes of brown coal and water during the heating 

process, respectively. Table 5-1- 2 shows the exergy loss in the proposed drying process. 

The additional input energy arises from: 1) a 897 kW exergy loss occurred during the 

constant drying period resulting from the adiabatic efficiency of CP1 which was 0.8, 

and the temperature difference during the heat exchanger which was slightly higher than 

∆Tmin in the fluidized bed dryer, and 2) a 200 kW exergy loss occurred in the falling rate 

drying period caused by the bound water desorption.  



- 122 - 

Table 5-1-2. Exergy loss in the proposed drying process 

 

 

5.1.4.3.5. Comparison with previous work 

Based on self-heat recuperation technology, Aziz et al. have developed an 

energy-saving drying process with air as the drying medium for both biomass and 

brown coal drying, which showed a good energy-saving potential (Aziz et al., 2011a; 

Aziz et al., 2011b). In this drying system, the wet sample is heated initially in the 

preheating stage and enters the fluidized bed dryer for evaporation. The mixture of air 

and steam exhausted from the fluidized bed dryer is compressed to increase its exergy 

rate so that it can be used as a heat source for evaporation. The air-steam mixture is 

separated because of the temperature drop during the heat exchange and expansion in 

the expander. The separated dry air is then recycled for the subsequent drying process. 

We investigated energy consumption for drying the same amount of brown coal under 

the same simulation conditions with air as the drying medium. Results showed that 

energy consumptions were 21.3, 25.3, 29.1 and 32.8 MW at a fluidization velocity of 1, 

2, 3 and 4Umf, respectively, which were more than three times the energy consumption 
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of the newly designed system in this work. Reasons for the reduced energy consumption 

of the proposed drying process are: (i) a good heat pairing formation compared with the 

unmatched heat pairing in the previous work for the existence of air (Liu et al., 2012); 

(ii) less compression work required for the superheated steam drying system by 

compressing the pure steam unmixed with the air, and (iii) no additional work required 

for the separation of air. 

 

5.1.5. Conclusions 

As drying is one of the intensive energy-consuming systems, it is necessary to 

develop a low energy consumption drying technology. In this work, an exergy 

recuperative module for energy-saving drying with superheated steam has been 

proposed and applied to design an exergy recuperative drying system. Simulation results 

show that energy consumption in the exergy recuperative drying process could be 

reduced to 1/7–1/12 that of the CHR, less than 1/4 that of the MSD and near 1/2 that of 

the MVR. Factors affecting energy consumption of the proposed system have been 

investigated. Results indicate that energy consumption of the exergy recuperative drying 

process would increase slightly with the decrease in the final water content of the dried 

brown coal. The adiabatic efficiency of the compressor affects the total energy 

consumption reduction slightly. The exergy loss in the proposed system was 

investigated by comparing with the theoretical minimum input exergy, which is shown 

as high exergy efficiency. Finally, energy consumptions of the superheated steam and 

gas drying systems were compared, both of which were developed based on self-heat 

recuperation technology. It was found that energy consumption in the proposed process 

could be reduced to below 1/3 that of the previous process. 
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5.2. Fluidized Bed Drying of Biomass with Superheated steam based on 

Self-Heat Recuperation Technology  

5.2.1. Introduction 

A novel exergy recuperative drying module was developed in Section 5.1, and in this 

section, we try to apply this module for the biomass drying process. Water in the 

biomass could be divided as free water which includes the surface water on the particle 

surface and capillary water captured by the capillary force and bound water. The 

equilibrium moisture content of biomass depends on the water activity aw for both gas 

and superheated steam (SHS) drying (Bjork and Rasmuson 1995). For gas drying, water 

activity is the ratio of partial pressure of water vapor to the saturation pressure at the 

same temperature.

 

For SHS drying, water activity is defined as the ratio of actual 

pressure of SHS to the saturation pressure at the SHS temperature as Eq.5-2-1: 

w

sat

=
p

a
p

                             

(5-2-1) 

Thus, it is possible that one generalized equation could predict moisture equilibrium 

both in gas and superheated steam drying processes (Pakowski et al. 2007). We 

calculated the sorption isotherm of biomass at different water activities (Fig. 5-2-1) 

based on the modified Karlsson-Soininen equation (Karlsson, 1982): 
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where aw is the water activity, T is drying temperature and X is the moisture content of 

biomass (kg/kg, dry basis). The free water could be defined as the equilibrium moisture 

content in an environment of 0.99 water activity. From Fig. 5-2-1, free water is 32.4 wt% 
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(wb) when aw is equal to 0.99, and the equilibrium drying temperature is calculated as 

100.3 °C. The drying temperature increases gradually for the remaining water removal. 

The drying process includes a constant drying stage and a falling-rate drying stage. The 

constant drying stage is for free water removal, and the falling rate drying stage is for 

the removal of bound water which is adsorbed or chemically bounded with the biomass. 

Thus, even if the drying temperature achieves to the boiling point of water, the bound 

water is not possible to be removed. To remove the bound water, superheating is 

required to provide a low relative vapor pressure to overcome the binding force. The 

superheating temperature is determined by the final water content of the biomass and 

increases with the decrease of the final water content of biomass.  

 

 

Fig. 5-2-1. Equilibrium moisture content of biomass at different water actives 
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We used fluidized bed dryer for biomass drying because fluidized beds generally 

require less drying time for the large contact surface area between solids and gas for the 

rapid transfer of heat and moisture between solids and gas. In this research, the exergy 

recuperative drying module was applied for biomass drying considering free water and 

bound removal. Self-heat recuperative biomass drying processes were developed for 

free water and bound water removal, respectively, and energy consumption in each 

drying process was calculated and compared through the simulation software. 

Furthermore, an economical multi-stage exergy recuperative fluidized bed dryer was 

developed. 

 

5.2.2. Exergy recuperative biomass drying process  

For biomass free water removal, a process diagram for biomass drying based on 

self-heat recuperation technology is designed as shown in Fig. 5-2-2. Initially, the wet 

biomass receives heat from the heat exchanger HX1 for preheating biomass to the 

boiling point. Subsequently, biomass is fed to a fluidized bed dryer (HX2) where the 

free water is evaporated by the heat supplied from the compressed steam flowing inside 

the heat exchangers immersed in the bed. Then, the exhausted steam is split into the 

recycled and purged superheated steams. The purged superheated steam equivalent to 

the water evaporated from the wet solid is compressed and recirculated as the heat 

source for evaporation (HX2) and preheating (HX1). The process is more concise 

without gas-liquid separators and an expander compared with the self-heat recuperative 

drying process with gas as the drying medium as shown in Chapter 2. In this work, only 

steam exists inside the dyer without air contamination inside the dryer and water 

activity of superheated steam correlates directly to the dryer temperature. Thus, the bed 
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temperature is fixed to the equilibrium drying temperature to achieve to certain moisture 

content at a constant pressure. Water evaporation also requires a large amount of energy 

input, and energy required for free water evaporation could be calculated as 

 f biomass int waterH m X X H                           (5-2-3) 

where Hwater is the water evaporation enthalpy, and Xint and X are the initial and final 

moisture content of biomass on dry basis, respectively. 

 

 

Fig. 5-2-2. a) Biomass drying with superheated steam based on self-heat recuperation, 

and b) Energy and materials flow diagrams of the self-heat recuperative drying process. 
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For both free and bound water removal in the fluidized bed dryer, drying temperature 

should bed over 100 °C due to the bound water absorbed in the caves of the biomass. 

Energy required for bound water evaporation could be calculated as (Perre P., 2012): 

  fsp

s (T)

fsp

0.4 ( )v

X X
H X H

X


                                      (5-2-4) 

 
fsp

2 3
v(T) fsp 2

s s fsp2

fsp

0.4 2
( )

3 3

x

x

H X X
H H X dX X X

X


                    (5-2-5) 

When biomass was dried lower than the critical water content, both free water and 

bound would be evaporate from the biomass. In this work, free water and bound water 

were removed from biomass separately for energy saving and a multi-stage fluidized 

bed dryer was adopted to make the device more compact and to reduce the capital cost. 

Multi-stage fluidized bed is favor to further reduce the energy consumption in the 

falling rate stage by comparing Fig. 5-2-3a with Fig. 5-2-3b and c. Exergy loss from the 

heat transfer could be reflected from the space area between the hot and cold streams 

lines. As shown in Fig. 5-2-3b and c, multi-stage fluidized bed could make a better heat 

pairing which could reduce the minimum temperature difference between the 

superheated steam and wet biomass. On the other side, it also increased energy input 

from the multiple compressions and duty for the blower. The relationship between 

energy consumption and number of fluidized bed stages would be investigated in 

Section 3.2.4.2. 
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Fig. 5-2-3. Temperature and heat diagram of the exergy recuperative drying processes 

for free and bound water removal: a) single stage fluidized bed dryer, b) two-stage 

fluidized bed dryer and c) three-stage fluidized bed dryer. 
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5.2.3. Simulation Conditions 

The simulation conditions for biomass drying using the PRO/II ver. 9.1 software 

(Invensys Corp.) are as follows: (1) The wet biomass inlet flow rate is 5000 kg h
-1 

and 

the initial moisture content is 75 wt% (wb); (2) the adiabatic efficiencies of the 

compressor and blower are 80%; (3) drying is performed under atmospheric conditions; 

(4) thermodynamic calculations employ the Soave-Redlich-Kwong (SRK) method; (5) 

the fluidized bed dryer with internal heat exchangers can exist as a mixer, heat 

exchanger and separator; (6) the heat exchange is concurrent in the fluidized bed dryer; 

(7) the minimum temperature difference in each heat exchanger is assumed to be 10 K; 

(8) no heat loss is assumed from the drying system to the surroundings.  

 

5.2.4. Results and discussion 

5.2.4.1. Energy consumption in the exergy recuperative drying process for free water 

removal 

Based on Fig. 5-2-1, drying temperature should be kept over 100.3 °C for free water 

removal in which water content dropped from 75.0 to 31.5 wt% (wb). Through Fig. 

5-2-4, we could find a dramatic energy-saving potential in the exergy recuperative 

drying system with superheated steam which was less than 1/20 of conventional heat 

recovery drying process and 1/5 of the self-heat recuperative drying system with air. 

Energy consumptions in the CHR, SHR-air and SHR-steam could be divided as three 

parts: the minimum exergy loss for biomass drying, the blower duty for biomass 

fluidization and additional exergy input due to the higher temperature difference 

between hot and cold streams in the heat exchanger compared to the ΔTmin and the 

compressor adiabatic efficiency which is 80 %. In the three systems, the minimum 
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exergy loss for biomass drying was the same, and blower work did not changed 

significantly for the same amount of biomass fluidization. The minimum exergy loss for 

biomass drying could be calculated from the following equation.  

   min min

min sensible latent

water
ps ps l w int biomass

trs
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
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     (5-2-9) 

where Wmin was the minimum exergy required for irreversibility during heat exchange 

(Esensible + Elatent) and calculated as 63.5 kW for free water removal. 

 

 
Fig. 5-2-4. Energy consumption in different drying systems 
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Fig. 5-2-5. Temperature and heat diagram of the exergy recuperative drying process. 

 

The big difference among the three systems was the additional exergy loss which 

mainly came from the exergy loss during the heat exchange between the compressed 

steam in the heat exchange tubes with the biomass. In the conventional heat recovery 

drying process, a large amount of exergy loss still occurred due to the fuel combustion 

for the steam generation. In the self-heat recuperative drying system with air, heat 

exchange temperature difference between the hot and cold streams was high, because 

the hot stream temperature would greatly increase as the air-steam mixture was 

compressed. In the self-heat recuperative drying system with steam, energy 

consumption could be dramatically decreased due to the good heat pairing in the drying 

process (Fig. 5-2-5). The existence of air in the steam also increased the duty of 

compressor. Energy consumption for the drying processes with air and steam as the 

drying medium could be calculated respectively:  
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where msteam and mgas are the flow rates of the steam and gas, respectively. Cvs and Cvg 

are the constant volume heat capacities of steam and air, respectively. ∆T1 and ∆T2 is the 

temperature difference between the outlet and inlet of the compressor for gas and steam 

drying. ∆T1 is much high than ∆T2 due to the significant temperature increase as gas is 

compressed. For drying the same amount of wet sample, msteam is the same at the two 

drying systems while additional energy input will be required for the compression of 

drying medium gas. Therefore, gas drying consumes more energy than steam drying 

system. In addition, for the exergy recuperative drying with gas, the existence of 

non-condensable gas in the compressed vapor inside the heat exchanger tubes 

potentially reduces the heat transfer rate in the heat exchange. As a result, larger 

heat-transfer surface is required to provide an equivalent heat amount with superheated 

steam drying. Specific chemical exergy of biomass could be calculated by the 

following calculation: 

(5-2-12) 

and the specific chemical exergy of biomass is 19.9 MJ kg
-1

. The water evaporation heat 

is 2270 kJ kg
-1

. For 5000 kg h
-1 

biomass with the water content of 75.0 wt % (wb), the 

effective energy could be calculated as 16363 MJ h
-1 

and the effective energy in the 

dried biomass was 23477 MJ h
-1

. Energy consumption is 100.2 kW which is 360 MJ h
-1

. 

The results shows that compared with the energy held by the dried biomass, the input 

energy for drying was relatively low which was about 1.5 % of the energy in the 

biomass. 

5.2.4.2. Free water and bound water removal 

In this work, we studied energy consumption of different stages fluidized bed dryer 

0 CH 0

0 01812.5 297.241 615.788 20.356 20.652 99.738 OM ash ashe C H O N S T S E T S        
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when drying the biomass to 7.5 wt% (wb). Thus, the biomass particles should be finally 

heated to 111 °C for the bound water removal based on Fig. 5-2-1. For exergy 

recuperation in the falling rate drying stage, the generated vapor coming from the bound 

water would be compressed for the energy supply of the subsequent bound water 

removal. Simulation results of fluidized bed dryer with different stages were presented 

in Fig. 5-2-6. When the number of fluidized bed increased from single stage to two 

stages, system energy consumption decreased by 37.8 %. With stage number further 

increased, energy consumption was further decreased by 4.8 %. On the other side, the 

increase of stage number will increase duty of blower due to the pressure loss caused by 

the distributor of fluidized bed. Thus, two-stage fluidized bed was necessary in case of 

biomass drying for both free and bound water removal. Compared with the conventional 

heat recovery drying process, energy consumptions in the self-heat recuperative drying 

process with 1, 2 and 3 stages could be reduced to 1/10, 1/17 and 1/18, respectively. 

Biomass superheated steam drying with steam recompression has currently be 

conducted in a closed loop pneumatic conveying type manufactured by GEA Barr-Rosin, 

Co, with a compression ratio of 10–20 for inlet superheated steam preheating 

(Superheated steam dryer, GEA Barr-Rosin, Co.). Energy consumption (150–200 

kWh/ton evaporated water) was 4–5 times higher than that in our process.  
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Fig. 5-2-6. Energy consumptions in the heat-recuperative fluidized bed dryer with 

different stages. Energy input for drying biomass to 7.5 wt% (wb). 

 

 
Fig. 5-2-7. Length of heat transfer tubes in the fluidized bed dryer. Mixing ratio=mass 

of steam/total steam mass 
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 Fig. 5-2-7 shows the effect of mixing ratio on the length of heat transfer tubes in the 

fluidized bed dryer. The outer diameter of the tube is 20 mm with inner diameter of 16 

mm. The material of the tube was SUS316. Results shows that the length of heat 

transfer tubes was short when the stream in pure vapor and increased with the mixture 

ratio (steam/air) decreasing. Thus, the total surface areas of the heat-exchange tubes 

immersed in the FBD could be reduced by increasing the heat transfer rate during 

condensation of water. About 182 tubes were required for the heat transfer during the 

drying process when the stream in the heat transfer tube is pure vapor. Thus, it is 

feasible for the design of the fluidized bed dryer from the aspect of the arrangement of 

the heat transfer tubes. 

 

5.2.5. Conclusions 

  The exergy recuperative module was applied for the biomass drying system. For 

biomass drying, free water and bound water were considered. For the free water 

removal, the proposed drying process could save energy consumption to 1/20 of the 

conventional heat recovery drying system. For the free and bound water removal, 

energy consumption was saved to the 1/17 of conventional heat recovery drying system 

in the self-heat recuperative fluidized bed dryer with 2 stages.  
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5.3. Biomass drying in the exergy recuperative fluidized bed dryer with 

superheated steam 

5.3.1. Introduction 

  For the biomass steam drying in the fluidized bed dryer, we found a dramatic 

energy-saving performance of the proposed self-heat recuperative drying process based 

on the simulation results. However, for the actual drying performance, it was hard to 

predict from the simulation software. To our knowledge, there is very little report about 

the biomass drying with steam in a fluidized bed dryer (Fyhr and Rasmuson, 1996; 

1997). Tatemoto et al. (2007) investigated drying characteristics of suspended samples 

in the fluidized bed dryer with superheated steam; however, the change of fluidization 

behavior during the drying process could not be detected. To confirm the drying 

performance, we conducted the sawdust drying in the fluidized bed dryer in this section. 

Wet sawdust was used as the drying material in this work. Silica sand was mixed with 

sawdust for sawdust particles at all moisture contents were poorly fluidized in a single 

component system. Mixing and fluidization performance were firstly investigated in the 

fluidized bed dryer with air as the drying medium. Based on the results, an optimal 

weight ratio and diameter of silica sand to sawdust was determined for the batchwise 

and semi-continuous experiments with steam as the drying medium. Drying 

characteristic of sawdust in the fluidized bed dryer was investigated. System stability of 

heat exchange was also checked in the fluidized bed with semi-continuous operation. 

5.3.2. Experimental setup 

A laboratory-scale fluidized bed dryer for the biomass drying was set up as shown in 

Fig. 5-3-1, and its main body was made of stainless steel. Some inspection windows 
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were located to observe the internal fluidization of particles. Biomass was preheated to 

the boiling point and added from the top of the fluidized bed dryer. Cross-section of the 

fluidized bed dryer is square with a side length of 0.2 m and a 1.0 m height. A steam 

generator (OSG-150T, Osaka Denki Co. Japan) was added to generate steam as the 

fluidization medium. The generated steam would be heated with a heater at the entrance 

of the fluidized bed dryer to achieve a desire temperature and the flow rate of steam 

could be read from the steam flow meter. On the other side, to simulate the compressed 

steam from the moisture in the biomass, another steam generator (OSG-40, Osaka 

Denki Co. Japan) was added to produce compressed steam which went through heat 

transfer tubes in the fluidized bed dryer to provide evaporation heat for biomass drying. 

At the outlet of heat transfer tubes, the condensed water was separated from steam after 

heat exchange with biomass in the fluidized bed dryer. At the outlet of each steam 

generator, a gas-liquid separator was added to separate the condensed water in the 

saturated steam from the steam generator. Phenolic foam insulation was fixed around 

the surface of the fluidized bed to prevent heat loss from the bed to the environment. 

The temperature of the bed surface could be kept between 100 °C and 120 °C with an 

accuracy of 1 °C by covering the ribbon heaters around the drying chamber to prevent 

heat loss from the bed. Pressure and temperature at each pipe and in the fluidized bed 

dryer were measured and recorded by a data logger (NR1000 Keyence, Co. Japan). To 

inhibit the steam leakage during the sampling and flash evaporation when biomass 

contacting with air, a special outlet was designed for the fluidized bed dryer as shown in 

Fig. 5-3-2. The door at the outlet could slide from one side to the other side to determine 

the sampling time for the semi-continuous experiment. A special sampler could plug in 

the fluidized bed through the sampling port to detect at sawdust moisture content during 
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the drying process. 

 

 

Fig. 5-3-1. Schematic diagram of an experimental fluidized bed dryer 
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Fig. 5-3-2. Outlet of the steam fluidized bed dryer 

 

5.3.3. Experimental procedure 

We first tried to investigate the mixing and fluidization performance of silica sand 

and sawdust for a stable operation in the fluidized bed dryer. The mixture of sawdust 

and silica sand with different diameters, shown in Table 5-3-1, at various mixing ratios 

(weight of sawdust to total weight) was fluidized in the fluidized bed dryer. Pressure 

drops in the fluidized bed were investigated at different gas velocities for the 

determination of the minimum fluidization velocity of silica sand and sawdust mixture. 

In adequate fluidization a bubbling regime is observed without the formation of 

channels at increasing gas velocities (Clarke et al. 2005). With mixing ratio further 

increasing, experiment was stopped when the poor fluidization occurred which was 

determined visually and pressure drop across the bed. 

 

 

 

 

Door 

Sampling port 

Tube 
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Table 5-3-1. Some relevant properties of the solids used in this study 

 Diameter d (mm) Density  (g/cm
3
) Umf (cm/s) 

Sand (No.7) 0.10 2.62 1.16 

Sand (No.6A) 0.15 2.62 3.03 

Sand (No.6) 0.34 2.59 8.78 

Sawdust 0.34~0.5 0.28 - 

 

Then, both the batchwise and semi-continuous drying experiments for sawdust were 

conducted in the fluidized bed dryer with superheated steam as the drying medium. 

Before the steam experiment, the fluidized bed was preheated to over 100 °C with hot 

air as the fluidization medium to avoid steam condensation during the preheating 

process and remove possible moisture in the silica sand. Then, the fluidization medium 

was changed from air to steam. In the batchwise experiment, fluidizing medium was 

pre-heated initially to the bed temperature before entering the FBD. As drying process 

progresses, the water owned by sawdust sample evaporates in the fluidizing/drying 

medium. In batchwise experiments, three sheathed heaters (diameter 6 mm, length 120 

mm) were installed inside the FBD at a height of 25 mm above the distributor to mock 

the compressed steam that was used as a heat source for drying. After sampling was 

completed, the sawdust was separated from the sand through sieving and weighed 

before moved an oven. Then the sample was heated for 24 h at 103 °C. After that, the 

heated sample was weighted again and the moisture content of the sawdust, M, could be 

calculated as followed:  

 

1 2
wet

1

100%


 
M M

W
M         (5-3-1) 
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In the semi-continuous experiment, 150 g sawdust with a water content of 61.8 wt% 

(wb) was fed intermittently to the FBD with an interval of 8 min. Meanwhile, the dried 

sawdust is discharged together with the silica sand from the tube with an interval of 15 

min at the outlet as shown in Fig. 5-3-1. Compressed steam from a steam generator 

(OSG-40, Osaka Denki Co. Japan) with a pressure of 190 kPa at 119 °C flowed through 

the heat exchange tubes (as shown in Table 5-3-2) in the fluidized bed and supplied 

steam condensation heat for water evaporation. The sampling time could be controlled 

by opening and closing the door at the outlet. Condensed water was collected through a 

tank and weighted after the drying process completed. Discharged sand-sawdust 

mixture is moved to the oven. The moisture content of the dried sawdust is measured 

based on ASTM D4442-07. Drying experiment is conducted for 180 min, but it was 

stopped in the case of poor fluidization which is determined visually and by temperature 

distribution across the bed. 

 

Table 5-3-2. Properties of heat transfer tubes immersed inside FBD and steam  

  

 

 

 

 

 

 

 

 

Tube Properties Values 

Tube material SUS316 (18% Cr, Ni 12%, 

Mo 2.5%, 67.5% Fe) 

Thermal conductivity (W mK
-1

) 16.7  

Inner diameter (mm) 8  

Outer diameter (mm) 10  

Arrangement  Horizontal 

Pitch distance (mm) 50  

Compressed steam  

Inlet temperature (°C) 119 

Inlet pressure (kPa) 190 
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5.3.4. Results and discussion 

5.3.4.1. Mixing and fluidization performance of silica sand and sawdust  

We investigated three different diameters of silica sand to test the hydrodynamic 

performance when cofluidization with wet sawdsust. Results showed that the diameter 

of silica sand had an important effect on the fluidzation performace. Minimum 

fluidization velocity of silica sand and sawdust mixture at different mixing ratios was 

shown in Fig. 5-3-3. The minimum fluidization velocity was determined from the 

relationship between the velocity of the drying gas and pressure loss in the bed. Good 

mixing and fluidization performance was shown in each diameter of silica sand when 

the mixing ratio was between 0 and 0.5. However, channeling occurred in mixture of 

sawdust and silica sand (d = 0.1 mm) when the weight ratio increased to 0.7, signified 

by a tough in the pressure drop curve as shown in Fig. 5-3-4. The pressure the bed does 

not return to a packed bed and continues to exhibit channeling until the gas velocity is 

zero. In the case of silica sand (d = 0.34 mm), sawdust and silica sand could 

co-fluidized well at a low mixing ratio, however, when the mixing ratio increased to 

larger than 0.5, the binary mixture was difficult to be co-fluidized because the 

fluidization velocity was not large energy for the capability of the blower in our 

experimental device. In the case of silica sand (d = 0.154 mm), the mixing and 

fluidization performance showed well even at a high mixing raio. Based on the above 

results, silica sand with a diameter of 0.154 mm will be used in future steam drying 

experiment. In the case of silica sand diameter of 0.154 mm, the minimum fluidization 

velocity of the mixture of sand and wet biomass has also been calculated from equations 

recommended by Bilbao et al. (Bilbao et al, 1987) as: 
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;      (5-3-2) 

;       (5-3-3) 

;      (5-3-4) 

where, dpk is particle size of packed component, uvf is superficial velocity of gas where 

both components in a binary mixture are fluidized, and xf is weight fraction of fluid and 

packed component in binary mixture. Results in Fig. 5-3-5 showed the approximate 

values of the calculated value and experimental value by defining a higher value of upk 

of 0.71. 

 

 

Fig. 5-3-3. Minimum fluidization velocity of silica sand and sawdust mixture at 

different mixing ratios 
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Fig. 5-3-4. Pressure drop across the bed at different gas velocities in the fluidized bed, 

sawdust with silica sand (d = 0.1 mm) ratio of 0.7. 

 
Fig. 5-3-5. Comparison of experimental minimum fluidization velocity in this study and 

predicted value from Bilbao et al. (1987) 
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5.3.4.2. Batchwise experiment for biomass drying 

Wet sawdust was input into the steam fluidized bed dryer. Sawdust was preheated to 

80 °C to avoid the steam condensation on the sawdust surface leading to an increased 

drying time when sawdust was put into the fluidized bed dryer. The steam flow rate was 

4.1 kg h
-1

 with a velocity of 7.79 cm s
-1

. Steam inlet temperature was 120 °C with an 

absolute pressure of 160 kPa. The top, middle and bottom of the fluidized bed were 

investigated during the drying process. The temperature difference among the top, 

middle and bottom levels was very small, indicating a homogenous state in the fluidized 

bed. As shown in Fig. 5-3-6a, in our system, biomass could be fluidized and dried at a 

very low temperature which was 101.5 °C without steam condensation. The low bed 

temperature could reduce exergy loss during the heat exchange process which has been 

proved in Section 3.2. The bed temperature dropped from 112 °C to 101.5 °C when the 

sawdust was put into the bed and bed temperature continued to be 101.5 °C for 27 min 

for the free water removal. The energy supply was used as the heat for water 

evaporation thus, the bed temperature kept constant during the free water drying process. 

The bed temperature began to increase for the removal of bound water adsorbed or 

chemically bounded with the biomass. The bed temperature was a little higher than the 

boiling point of water due to the temperature difference existence for heat transfer from 

the sand to biomass particles. Furthermore, energy input amount increased to 240 W, 

and the time for constant drying stage was shortened from 27 min to 12.6 min (Fig. 

5-3-6b). Drying time could be shortened through increasing the number of heaters. In 

the case of indirect steam fluidized dryer, energy supply was from the steam 

condensation, thus, increasing the number of heaters in this experiment could be 

achieved by increasing the heat exchange surfaces in the indirect steam fluidized bed 
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dryer. When the energy input amount increased to 360 W, the constant drying rate 

period almost disappeared for the large amount of heat supply (Fig. 5-3-6c). Water 

content of dried biomass was also investigated during the drying process. Sawdust water 

content dropped rapidly from 61.8 to 2.5 wt% (wb) during the first 10 min, and further 

reduced to 1.5 wt% (wb) at 20 min. The moisture content was kept to be 1.6 wt% (wb), 

after then, which meant the equilibrium water content had already been achieved. This 

could be achieved easily through the electric heater which has a high surface 

temperature, but requires a higher energy input for the compressor to generate a higher 

steam pressure to have heat exchange with the fluidized bed with a higher bed 

temperature in the indirect steam fluidized bed dryer. In the fluidization bed dryer, the 

mass and heat transfer rates were high; thus, the surface water in the biomass was 

removed quickly. For the bound water removal, the physical properties of the sample 

such as water diffusivity and thermal conductivity and so on affected the drying 

performance. Thus, it took almost the same time for bound water removal as that of free 

water removal, although the amount of bound water was less than half of the free water. 

The constant rate period was significantly affected by the energy input into the dryer, as 

compared to its effect on the fall rate period. The bound water removal time also 

decreased with the increased input energy amount, however, not so dramatic compared 

to the free water removal stage.  
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Fig. 5-3-6. Temperature distribution and pressure drop in the fluidized bed dryer with 

steam as fluidization medium., a) energy input from sheathed heater 120 W, b) energy 

input from sheathed heater 240 W and c) energy input from sheathed heater 360 W. 

 

Fig. 5-3-7. Water content of sawdust in the fluidized bed dryer with steam as the drying 

medium at different amount of heat supply. 

c 
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5.3.4.3. Compairion with drying performance with air and superheated steam 

To compare the drying performance of sawdust drying with superheated steam and air. 

The energy input from sheathed heater was both 120 W, and the other conditions were 

the same with that of superheated steam drying except for the drying medium. Results 

showed that fluidized bed drying with air had a higher drying rate at the same condition. 

Water content of sawdust decreased to 4.4 wt% (wb) at the first 5 min which it took 

more than 20 min for the case of steam drying. The water content further dropped to 

less than 1.0 wt% (wb) from 10 min. This was because the air had a low relative 

humidity compared with that of the superheated steam thus, had a greater driving force. 

The change of bed temperature was more significant in the fluidized bed dryer with air, 

the bed temperature dropped to less than 80 °C when the wet biomass was input into the 

fluidized bed dryer as shown in Fig. 5-3-7. The top of the bed temperature dropped as 

the separated silica sand from the sawdust recirculated into the fluidized bed. However, 

the duration at this temperature was short indicating that the surface water was removed 

in a short time. The mass transport to the surface was lower than the evaporation rate on 

the biomass surface and the period of constant drying rate disappeared. The bed 

temperature then increased due to the additional heat supply. In the case of superheated 

steam drying, Fig. 5-3-6a showed that the bed temperature during the period of constant 

drying rate remained near to the boiling point at the operation pressure (about 104 kPa), 

and the period of constant drying rate was longer than that in the case of the air drying. 

This was mainly due to the fast moving rate of the internal water to the surface for the 

higher bed temperature than the case of air drying and the weaker driving force of the 

superheated steam. However, the big drop of the bed temperature for the water 

evaporation generated more exergy loss for heat transfer for the fluidized bed dryer with 
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air. In the superheated steam the bed temperature kept constant near to the boiling point 

at the constant rate drying period, and thus caused a minimum exergy loss during the 

heat transfer process.  

  
Fig. 5-3-8. Temperature distribution and pressure drop in the fluidized bed dryer with 

air as the fluidization medium. 

  

Fig. 5-3-9. Water content of sawdust in the fluidized bed dryer with air as the drying 

medium 



- 157 - 

5.3.4.4. Semicontinous expeirment for sawdust drying  

Fig. 5-3-10 shows that the temperatures in the bed dropped near to the boiling point 

at the time of wet biomass feeding for its free water evaporation. Afterward, the 

temperature soon returned to the mean temperature owing to the good mixing in the 

fluidized bed. The temperature difference among the top and bottom levels was very 

small, indicating a homogenous state in the fluidized bed. The water evaporation energy 

was supplied from the condensed water inside heat exchange tubes. Consistent 

temperature and pressure of the air–steam mixture at the outlet of heat-exchange tubes 

were confirmed and shown in Fig. 5-3-11. The mean values of the outlet absolute 

pressure and temperature of the steam were about 182 kPa and 118 °C, respectively, 

indicating a stable heat exchange between the immersed tubes and the fluidized bed. 

The drops in pressure and temperature through the 18 immersed tubes during the heat 

exchange were about 8.0 kPa and 1.0 K, respectively, owing to the consistent heat 

exchange with the wet biomass. Moisture content of dried rice straw was constant as 2.5 

wt% (wb). Sawdust was sampled and water content was investigated every 15 min. Fig. 

5-3-12 shows that water content was constant during the drying process which was kept 

at a low value of 2.5 wt% (wb). Condensed water was collected in the tank (Fig. 5-3-13) 

and weighted as 1040 g and the evaporated water in the biomass was 1092 g. This 

means almost the evaporation heat was supplied from the water condensation heat and 

shows a good heat pairing actually formed in the fluidized bed dryer. The other energy 

was supplied by the fluidization medium (superheated steam) which was 120 °C.  
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Fig. 5-3-10. The bed temperature distribution in the FBD 

 

Fig. 5-3-11. Temperature and pressure of the compressed steam at the inlet and outlet of 

the FBD 
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Fig. 5-3-12. Water content of dried sawdust during the drying process. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-3-13. Condensed water collection device 

Condensed 

water 

Water 

Steam 

Fluidized bed 

Immersed 

Tubes 



- 160 - 

5.3.5. Conclusions 

A good stability in fluidized bed dryer based on simulation conditions is confirmed. 

Silica sand with a diameter of 0.15 mm was chosen for the following steam drying 

experiments. The batchwise experiment showed that biomass could be dried with steam 

at near to the boiling point at the operation pressure in the fluidized bed dryer with a 

high drying rate. More energy supply through increasing the heat exchange surfaces 

could shorten the drying time to less than half of the drying process especially for the 

constant drying period. Sawdust drying with air in the fluidized bed dryer has also been 

investigated which had a higher drying rate compared with superheated steam drying, 

however, it caused more exergy loss during the drying process. Heat exchange stability 

in the fluidized bed was good. Almost the evaporation heat was supplied from the water 

condensation heat, and a low and constant water content of dried sawdust was achieved. 
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5.4. Novel fluidized bed dryer for biomass drying 

5.4.1. Introduction 

Through Chapters 2 and 3, we found the biomass could be dried under the simulation 

conditions. However, the main disadvantage of the current biomass fluidized bed dryer 

was that biomass particles could not be fluidized alone without adding silica sands or 

mechanical assistance which would increase the blower energy consumption or capital 

cost. Thus, we further developed a novel fluidized bed dryer for biomass drying in this 

chapter.   

In Chapter 1, it is known that Many kinds of drying systems have been developed for 

biomass drying such as the conveyor dryers, rotary dryer of single or multiple passes, 

and the fixed and moving bed dryers, among which rotary dryers are the most common 

(Waje et al. 2006; Waje et al. 2007; Zabaniotou 2000; Zanoelo et al. 2007). However, 

because of their operating conditions, horizontal configuration, and low-heat transfer 

rate, existing biomass dryers are usually large and occupy a large footprint (Fagernas et 

al. 2010). To improve the economy of biomass-based processes prior to transport, it is 

desirable to have a compact and economical dryer. Fluidized beds have a high heat 

transfer rate and exhibit excellent solid mixing and uniform temperature distribution 

(Daud 2008; Law & Mujumdar 2009). The fluidized bed dryer could thus be a potential 

compact dryer for biomass drying. Unfortunately, one of the challenges for biomass 

drying in fluidized beds is to achieve good gas-solid contact and bed stability. Because 

of their peculiar shape and low density, biomass particles are subject to extensive 

channeling and slugging and cannot be fluidized properly in normal fluidized beds even 

at high gas velocities (Clarke et al. 2005; Cui and Grace 2007; Moreno et al. 2006). An 

inert material such as silica sand, glass spheres, alumina, or calcite is usually used to 
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facilitate fluidization of the biomass particles, which are present only in a small fraction 

(Rao and Bheemarasetti 2001). The introduction of inert particles into the fluidized bed 

may contaminate the dried biomass product and increase the pressure drop through the 

bed. Mechanically assisted fluidized beds such as vibrated or agitated and pulsed 

fluidized beds have been used for biomass drying without the addition of inert particles 

(Puspasari et al. 2013; Reyes et al. 2008). However, the increased equipment 

complexity may result in operational problems and increase the cost of the device. 

Biomass could also be dried in spouted beds at high gas velocities (Olazar et al. 2012); 

however, the heat transfer rate decreases because of the inefficient gas-solid contact 

compared with fluidized beds (Klassen and Gishler 1958). 

The aim of this work is to explore a compact and economical dryer for biomass 

drying by using the advantages of high mass and heat transfer rates in the fluidized bed. 

A new fluidized bed dryer was proposed for biomass drying with inclined micro-jet 

distributor design. During drying, the fluidization behavior of the pure biomass particles 

would be affected by evaporating and wet regions on the surface of the particles and the 

inter-particle capillary forces. In addition, during the drying process, the fluidization 

behavior may be altered as the moisture content decreasing. Thus, the fluidization 

performance needs to be examined during the drying process. The biomass drying rate 

also had to be investigated to confirm the drying performance in the proposed fluidized 

bed dryer. In this work, the effects of air velocity and drying temperature were 

investigated to evaluate the performance of the fluidized bed dryer. 

 

5.4.2. Materials and methods 

5.4.2.1. Materials and experimental equipment 
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The sawdust sample, obtained from RONA lumber store in Vancouver, Canada, is a 

mixture of spruce and fir, with spruce as the main component. The sample was 

separated into two size fractions of 250–355 and 355–500 μm, respectively, using a 

Ro-Tap RX94 sieving device (W.S. TYLER Co. Ohio, USA). The solid density of the 

sawdust measured using a multi-pycnometer (Quantachrome Instruments Co. Florida, 

USA) was 1388 kg m
-3

. The bulk density of wet sawdust with 60 wt% (wb) moisture 

content was 282 kg m
-3

. 

Batch runs for drying the sawdust were conducted in a stainless steel fluidized bed 

dryer, 1.5 m tall and 50 mm in diameter, as shown in Fig. 5-4-1a. A gas distributor with 

30° vertically inclined orifices was designed to achieve a good solid circulation. Twelve 

holes were located around the peripheral region and two holes in the center with an 

inclined angle opposite the outer region. As a result, a solid circulation pattern was 

established with sawdust particles rising in the center, passing through a fountain region 

and then moving down slowly along the wall. This kept the entire bed of particles in 

motion as shown in Fig. 5-4-1b. Three K-type thermocouples (T1, T2, and T3) with 

diameter of 1.6 mm were used to measure the temperatures of the inlet gas, fluidized 

bed, and reactor wall and control the electric heater by means of a proportional integral 

derivative controller. The pressure drop across the fluidized bed was measured by the 

pressure difference between the pressure transducer P1 before and after the sawdust 

input. Dry air from an air cylinder was preheated to the desired temperature before 

being fed into the fluidized bed. The air flow was measured using a rotameter. As the 

drying progressed, water in the sample evaporated into the air. A hygrometer 

(HUMICAP, Vaisala, Finland, with precision of 1.0 %) was installed at the fluidized bed 

dryer outlet to monitor the relative humidity and temperature of the humid air 
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simultaneously. The wall surface of the fluidized bed dryer was maintained at a certain 

temperature by an electric heater surrounding the outer wall of the fluidized bed. The 

reactor was insulated to prevent heat loss from the bed to the environment. 

 

 

Fig. 5- 4-1a. Schematic of the fluidized bed drying unit. 
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Fig. 5-4-1b. Left: Solid circulation pattern in the new fluidized bed dryer; right: sawdust 

(255-500 μm) fluidization in the cold model. 

5.4.2.2. Experimental procedure 

The fluidized bed dryer was heated up to the targeted drying temperature slowly and 

kept stable for at least 10 min. Wet sawdust with certain moisture content was weighted 

by a balance with a precision of 0.1 mg, and fed from the top of the fluidized bed 

immediately. After then, the sample was fluidized by air with predetermined flow and 

desired residence time. During the drying process, water was transferred from the wet 

sawdust to air. As it was difficult to investigate the weight change of sawdust in the 

stainless steel fluidized bed during the drying process, weight loss of wet sawdust, Wloss, 

was calculated through the water amount carried by air.  

n

loss n m g i

i=m

W w w m Y          [g-water]                            (5-4-1) 

where wn and wm are the weight of wet sawdust at different time. Then, drying rate, Rw, 

can be determined as Eq. 5-4-2: 
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where mg is the amount of air, and Y is the specific humidity which is the ratio of mass 

of water vapour per unit mass of dry air, which could be calculated by  

s

s

0.622( )
p

Y
p p




 .     [g-water/kg-air]                              (5-4-3) 

The water vapour saturation pressure was calculated by the Wagner-Pruss equation 

(Wagner and Pruss 1993),  

1.5 3 3.5s
k

4 7.5

ln  = 647.096 /  7.85951783 +1.84408259 11.7866497 + 22.6807411
22.064e6

15.9618719 + 1.80122502 

(

)

p
T ν ν ν ν

ν ν

 



 
 
  ,(5-4-4)                                                               

where, 

1
647.096

T   .                                                  (5-4-5) 

T is absolute air temperature (K). At the conclusion of the drying cycle, dried samples 

were collected and their final moisture content, Wwet, was determined according to the 

ASTM D4442-07 standard by heating the sample at 103°C for 24 h in an oven, with the 

moisture content given by 

1 2
wet

1

100%
M M

W
M


  ,           [wt% wb]                          (5-4-6) 

where M1 is the initial sampled dried sawdust and M2 is final weights of the samples 

after drying in the oven for 24h, respectively. 
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5.4.3. Results and discussion  

5.4.3.1 Fluidization behavior in the fluidized bed dryer 

Biomass has a typical moisture content of over 50 wt% (wb), which is expected to 

have a strong effect on the fluidization behavior of biomass particles. We first 

investigated the effect of sawdust moisture content on fluidization performance. The 

fluidization behavior is assessed from the pressure drop across the fluidized bed, which 

is believe to be an important indicator (Bai et al. 1999; Bi et al. 2000), reflecting 

changes in the fluidization behavior in the fluidized bed (Wormsbecker and Pugsley 

2008). In this study, we investigated the pressure loss across the fluidized bed through 

change of pressure drop during the sawdust drying. Drying rates at different operating 

conditions were also investigated to link the hydrodynamic characteristics to the 

mechanisms of drying. The change in drying rate could reflect the fluidization 

conditions in the fluidized bed indirectly because the drying rate was high under good 

fluidization conditions. Prior to drying, the minimum fluidization velocities of dry 

sawdust of different sizes were determined in a cold model unit, and a velocity of 0.32 

m s-1 was found to give a stable fluidization of 20 g sawdust sample. 

Fig. 5-4-2 shows the drying curves of 20 g sawdust at an initial moisture content of 

60, 40, and 20 wt% (wb). Three different water contents of sawdust were chosen to 

investigate the effect of moisture content on fluidization behavior. To dry sawdust with 

a moisture content of 60 wt% (wb), pressure drop P1 was approximately at 4 kPa 

initially and increased to 10 kPa after 4 min drying when the sawdust moisture content 

dropped to 50.1 wt% (wb). The drying rate increased initially during the preheating 

period and decreased as the drying progressing. It rose again when the sawdust moisture 

content further decreased and then decreased until the drying completed. When drying 
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sawdust with a moisture content of 40 and 20 wt% (wb), the drying rate increased 

initially during the preheating period and then decreased gradually as the inner moisture 

was transported to the surface by diffusion. Different from the case with initial moisture 

content of 60 wt% (wb), P1 increased initially by 10 and 8 kPa, respectively, and then 

remained almost constant with a decrease of 1–2 kPa once the drying had been 

completed because of the mass loss. Once the moisture content of the sawdust had 

dropped to less than 40 wt% (wb), the wet sawdust could be fully fluidized. The low 

initial moisture content of the input sawdust allowed it to reach full fluidization because 

of the weak capillary forces between the biomass particles. 

 

Fig. 5-4-2. Effect of initial moisture content of sawdust on the sawdust drying rate. Bed 

and air temperature were both 90°C. Air velocity was 0.32 m s
-1

. 
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The effect of bed height to diameter (H/D) ratio on the fluidization performance was 

investigated next. Fig. 5-4-3a shows the drying rate at different H/D values of 0.5, 1.0, 

and 2.0 with sawdust loadings of 10, 20, and 30 g, respectively. In the initial drying 

period, water evaporated from the biomass surface and a fast drying rate was achieved 

in all cases. With the decrease in surface water ratio, the drying rate began to decrease. 

For H/D values of 1.0 and 2.0, the drying rate rose again at similar moisture contents of 

50.1 and 51.7 wt% (wb), respectively, likely due to the improved fluidization quality. 

With further surface water removal, the internal diffusion rate controlled the drying 

process, causing the drying rate to drop again at a moisture content of 43.5 and 42.5 wt% 

(wb), respectively. For an H/D value of 0.5, the stable fluidization was achieved initially 

for the small loading of sawdust. A small trough was found after the peak in the drying 

curve which was suspected to correspond to the onset of full fluidization following 

partial fluidization. Water in the sawdust occurs in three forms as surface, capillary, and 

bound water. Surface water on the biomass surface has the same properties as free liquid 

water. Capillary water in the cell cavities is more difficult to evaporate because of the 

strong capillary forces. Bound water requires energy to break free from the polymer 

chains in the cell wall. Fig. 5- 4-3b shows the drying rate as a function of sawdust 

moisture content and helps explain the relationship between fluidization behavior and 

sawdust moisture content. The fluidization behavior can be divided into three stages 

indicated by numbers 1, 2, and 3 on the drying curve. Point 1 is the starting point, point 

2 is the transition point from partial to full fluidization with increasing drying rate, and 

point 3 is the transition point from full fluidization with an increasing drying rate to full 

fluidization with a decreasing drying rate. During partial fluidization (1–2), sawdust 

particles were partially fluidized, most likely due to the agglomeration of those high 
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moisture content sawdust particles. With progressing drying, part of the surface water 

was removed and capillary forces between the particles became weakened. Full 

fluidization with an increasing drying rate (2–3) was reached in which the whole bed 

became fluidized and the drying rate increased because of the increased mass and heat 

transfer rates. After the surface water had been removed, full fluidization with a 

decreasing drying rate (3– ) occurred when internal water diffusion became the limiting 

factor. 

  

Fig. 5-4-3a. Sawdust drying rate at different H/D values. Initial moisture content of 

sawdust was 60 wt% (wb), and bed and air temperature were both 90°C. Air velocity 

was 0.32 m s
-1

. 
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Fig. 5-4-3b. Sawdust drying rate as function of moisture content at different H/D values. 

Initial moisture content of sawdust was 60 wt% (wb), and bed and air temperature were 

both 90°C. Air velocity was 0.32 m s
-1

. 

 

Figs. 5-4-4a and 4b show the drying rates as a function of sawdust moisture at 

various air velocities and bed temperatures. With the exception of the air velocity of 

0.14 m s
-1

 in which the packed bed formed, in the other cases, three drying stages 

existed during the drying process. The moisture content at point 2 was lower when the 

sawdust was dried at a higher drying temperature or air velocity. The thin liquid film 

over the particle surface had to be removed to eliminate capillary forces and full 

fluidization could only occur once the overall particle surface water had been removed. 

This resulted in lower moisture content at point 2, because more water could be 
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removed during the partial fluidization drying period at a higher temperature or gas 

velocity. This could also lower the moisture content at point 3 for the same reason. A 

study of the relationship between moisture content and fluidization behavior provides 

critical information for the stable drying of sawdust particles such as in a continuous 

fluidized dryer. The maximum feeding rate of wet sawdust for continuous operation 

could also be determined in the current fluidized bed dryer. 

 

  

 

Fig. 5-4-4a. Effect of air velocity on the sawdust fluidization behaviour. Initial moisture 

content of sawdust was 60 wt% (wb), and bed and air temperature were both 90°C. 

  

0.32 m/s 

0.35 m/s 

0.14 m/s 
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Fig. 5-4-4b. Effect of bed temperature on the sawdust fluidization behaviour. Initial 

moisture content of sawdust was 60 wt% (wb), and air temperature was 90°C. Air 

velocity was 0.32 m s
-1

. 

5.4.3.2. Drying kinetics in the fluidized bed dryer  

Results from the drying kinetics in the fluidized bed dryer show that increasing the 

air velocity from 0.14 to 0.32 m s
-1

 could enhance the drying rate significantly (Fig. 5-4- 

5a). This occurs because a low air velocity would not sufficient to fluidize biomass 

particles and the bed stayed in a fixed state. When the air velocity increased over 0.32 m 

s-1, stable fluidization resulted. The wall-to-bed heat transfer rate in the fluidized bed 

was much higher than that of the fixed bed because of bubble-induced bed-material 

refreshment along the heated wall (Kuipers et al. 1992). As a result, the moisture 

content of the sawdust could be decreased by 10 wt% (wb) in the first 3 min at an air 

velocity of 0.32 m s
-1

, while it took more than 10 min at an air velocity of 0.14 m s
-1

. 

75°C 

90°C  

105°C  
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When the air velocity increased to 0.35 m s
-1

, the drying rate increased slightly 

compared with that at 0.32 m s
-1

 because of the increased external mass transfer rate. At 

the air velocities of 0.32 and 0.35 m s
-1

, the drying rates were both significantly high 

during the first 6 min when surface water was evaporated. The drying rate then dropped 

as capillary water was removed. The air velocity increases the external water diffusion 

rate and the drying rate in the constant rate drying period is affected significantly by the 

velocity of the drying medium compared with the falling rate period. At the air velocity 

was 0.14 m s
-1

, the drying rate decreased gradually because of the decrease in surface 

water ratio as the drying progressed. 

 

 

Fig. 5-4-5a. Effect of air velocity on the sawdust drying rate.  
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The heat provided for water evaporation comes mainly from the heated wall surface 

of the fluidized bed while air mainly plays a role as the drying medium. Thus, it is 

important to investigate the effect of bed temperature on drying rate. Fig. 5-4-5b shows 

the sawdust drying rate at three temperatures of 75, 90, and 105 °C. A high bed 

temperature increased the drying rate. This occurs because an increase in bed 

temperature decreases the relative humidity of the air and increases the mass transfer 

driving force for water removal from inside the particle. Another important effect of the 

high bed temperature is to lower the final moisture contents result in the dried sawdust. 

At high temperature, water molecules become activated to higher energy levels. They 

become less stable and break away from the water binding sites of the material. This 

decreases the equilibrium moisture content (Palipane and Driscoll 1993). The drying 

rate of sawdust at two size fractions, 250–355 and 355–500 μm, was also investigated. 

The particle size was reported to have an effect on drying rate in both the constant and 

falling rate drying periods because of a larger specific surface area and shorter diffusion 

paths for smaller particles. As expected, the drying rate of the 250–355 μm sawdust was 

slightly higher than that of the 355–500 μm fraction because of the increased internal 

and external moisture diffusion. However, the particle size did not have a significant 

effect on drying rate as shown in Fig. 5-4-5c, likely because the overall transfer process 

is controlled by external diffusion, as observed by other researchers (Chandran et al. 

1990; Olazar et al. 2012). Based on these investigations, the drying rate was believed to 

be affected mainly by air velocity and bed temperature for a given particle size and 

biomass loading. The initial moisture could affect the initial fluidization quality. 
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Fig. 5-4-5b. Effect of bed temperature on the sawdust drying rate.  

 

Fig. 5-4-5c. Effect of particle diameter on the sawdust drying rate.  
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5.4.3.3Drying of binary mixture particles 

Binary mixture of biomass and sand particles are often used for fluidized bed biomass 

combustion and gasification. Although drying kinetics of binary mixtures of 

homogeneous materials have been studied recently, drying kinetics have not been 

frequently reported on (Srinivas and Pydi Setty 2013). To evaluate the drying 

performance of the current fluidized bed dryer, we conducted sawdust drying with a 

sintered metal distributor at the same drying conditions as the newly designed dryer (see 

Fig. 5-4-6a). Silica sand (dp = 0.1 mm) was added to co-fluidize with the sawdust. The 

mass ratio of wet sawdust to silica sand of the binary mixture in the fluidized bed dryer 

was 9.0 wt%, which made it easy to fluidize even at the presence of high moisture 

content sawdust. Sheathed heaters were installed inside the fluidized bed dryer to 

maintain a constant bed temperature. When the bed temperature reached the desired 

temperature, sawdust with a moisture content of 63 wt% (wb) was fed from the top of 

the dryer. The final moisture content of the dried samples was measured in an oven 

based on the ASTM D4442-07 standard. 

To compare the drying performance in the two drying systems, the specific drying 

rate, Rsp, was defined as the ratio of drying rate to mass of dried biomass, Mdry.

w
sp

dry dry

1 d

d

Rw
R

M t M
  ,    [g-water/g-biomass/min]                               (5-4-7) 

Fig. 5-4-6b shows the average specific drying rates for drying times of 5 and 15 min. 

The specific drying rates, Rsp, were almost the same in the two drying systems, which 

illustrates that the two systems had a similar drying rate for the same amount of biomass. 

In the binary mixture fluidized bed dryer, the input inert particles would enhance the 

heat transfer rate by filling the space between the biomass particles. In the new fluidized 
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bed dryer, high coefficients of interfacial mass and heat transfer were achieved because 

of the high gas-solid slip velocity. Table 5-4-1 lists the final moisture contents of the 

dried sawdust in the two drying systems. The final moisture content which was 8.90 wt% 

(wb) in the new fluidized bed dryer was almost the same as that in the conventional 

fluidized bed dryer (8.88 wt%, wb). However, without inert particle addition, the new 

fluidized bed dryer had a higher biomass particle density and required no separation of 

dried sawdust from the sand. This makes the system more compact and economical. 

 

Table 5-4-1. Final moisture content of sawdust in the new fluidized bed dryer and a 

binary mixture fluidized bed dryer.  

Properties 
Binary mixture 

fluidized bed dryer 

New fluidized 

bed dryer 

Initial moisture content (wt% wb) 63 60 

Sawdust weight (g) 635 20 

Silica sand weight (g) 6350 0 

Air flow (Nm
3
h

-1
) 9.6 2.26 

Air velocity (m s
-1

) 0.17 0.32 

Bed materials volume (×10
-3 

m
3
) 5.2 0.071 

Bed height (cm) 13.0 5.1 

Final moisture content (wt% wb) 8.88 8.90 

The final moisture content of sawdust drying was tested in 15 min in each batch 

operation. Bed and inlet air temperature were 105 and 55 °C, respectively, in both 

drying systems. 
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Fig. 5-4-6a. Schematic of the binary mixture fluidized bed dryer for biomass drying. 

 

Fig. 5-4-6b. Specific drying rates in the fluidized bed dryer with binary mixture and 

newly designed fluidized bed dryer  
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5.4.4. Conclusions 

A newly designed fluidized bed dryer for biomass drying was proposed and evaluated 

on its hydrodynamic and drying performance. Initial moisture content of sawdust had a 

critical impact on the fluidization behavior. For sawdust of low moisture content, full 

fluidization could be easily established right at the beginning. While for the drying of 

sawdust of high moisture content, the fluidization behavior could be divided into three 

stages: partial fluidization, full fluidization with an increasing drying rate and full 

fluidization with a decreasing drying rate. Moreover, the H/D value, air velocity and bed 

temperature had impacts on the sawdust fluidization behavior. At an H/D value of 0.5, 

the bed could be fluidized at the beginning. The fluidization behavior changed slightly 

as the H/D value varied from 1.0 to 2.0. A higher air velocity or higher bed temperature 

could decrease the critical moisture content corresponding to the full fluidization. A 

high drying rate was confirmed in the fluidized bed dryer when air velocity was over 

0.32 m s
-1

 and a high bed temperature. The relationship between moisture content and 

fluidization behavior provides the critical information for the stable drying operation of 

sawdust particles in a continuous fluidized dryer. The new fluidized bed dryer had a 

similar drying rate with a conventional fluidized bed dryer of binary mixture, but was 

more compact and did not require biomass separation from inert particles. Heat transfer 

between the pure biomass particles and immersed surface would be studied in the future 

for the design and scaling up of the new fluidized bed dryer.   
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CHAPTER 6 

SUMMARY AND FUTURE WORK 
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6.1. Summary 

Biomass is a promising sustainable energy; however, its current application for 

energy supply was limited and its high moisture content was one of the main reasons. 

Drying could reduce its moisture content but consumes a large amount of energy, and 

current biomass dryers (rotary dryer and conveyor dryer) are large. To solve the above 

problems, in this research we developed biomass drying processes based on SHR 

technology to reduce the energy consumption for biomass drying. We also succeed to 

apply the fluidized bed dryer for biomass drying which is more compact and efficient. 

 At the beginning, energy analysis was performed in the existing energy-saving 

drying processes and the unmatched heat pairing was found as the main reason for the 

large amount of energy consumption in the existing energy-saving processes. Heat 

pairing concept was introduced to apply SHR technology for the drying process. Exergy 

analysis was conducted to investigate exergy loss in an initial design of fluidized bed 

dryer based on SHR technology. A large amount of exergy loss occurred in the 

evaporator coming from the unmatched heat pairing due to the existence of air which 

has only sensible heat. By solving the above problem, SHR technology was succeeded 

to be applied to the fluidized bed dryer. The energy consumption could be saved to 1/6 

of the conventional heat recovery dryer. A lab-scale fluidized bed dryer was built to 

investigate if simulation conditions of the proposed self-heat recuperative drying 

process are feasible for the actual biomass drying. A good stability in the fluidized bed 

dryer for biomass drying and high drying rate was found through the experimental 

results. SHR technology has also been applied to other types of biomass dryer which 

also showed a good energy-saving potential, however, with a large footprint. Existence 

of air was found for the exergy loss in the drying process, thus we changed the drying 



- 187 - 

medium from air to superheated steam. 

Energy consumption could be dramatically decreased to 1/12 of conventional heat 

recovery drying process in the exergy recuperative drying system with superheated 

steam for biomass drying. Different from air drying system, in the superheated steam 

drying system, free water and bound water should be removed from biomass separately 

for good heat pairing. This was the main reason of still large energy consumption in the 

existing mechanical vapor recompression drying process which failed to consider heat 

pairing in the drying system. A high drying rate and a stable heat exchange was found 

through the experimental results. The main disadvantage of the current biomass 

fluidized bed dryer was that biomass particles could not be fluidized alone without 

adding silica sands or mechanical aids which increases the blower energy consumption 

or capital cost. Thus, we further developed a new fluidized bed dryer in which pure 

biomass particles succeeded to be fluidized. This made the dryer more compact with a 

high drying performance. This research would promote biomass application by reducing 

pretreatment cost which was currently limiting the biomass utilization through reducing 

drying energy consumption and size of drying device.  

 

In Chapter 2, exergy loss was investigated in the drying process and heat pairing 

concept was developed to apply SHR technology for the drying process. Energy 

analysis was performed in the existing energy-saving drying processes and the 

unmatched heat pairing was found as the main reason for the large amount of energy 

consumption in the existing energy-saving processes. Initial design was proposed for 

biomass drying in a fluidized bed dryer which saved energy consumption to 1/4 of the 

conventional heat recovery drying process. Exergy analysis showed that the exergy loss 
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was greater in the fluidized bed dryer than in other units due to the sensible heat of air 

was paired with the latent heat of water evaporation.  

In Chapter 3, SHR technology was succeeded to be applied to the fluidized bed dryer. 

The energy consumption could be saved to 1/6 of the conventional heat recovery dryer 

due to the good heat pairing. In the experiment, we investigated the hydrodynamic 

behavior inside the fluidized bed dryer with silica sand as the fluidizing particles and 

immersed heating elements as a heat source. The results showed that good solid mixing, 

as well as a uniform temperature across the bed, could be achieved under the condition 

that the fluidization velocity was at least three times the minimum fluidization velocity 

of sand and a good drying performance could be also achieved in this situation. 

Furthermore, a stability investigation of the fluidized bed dryer was conducted.  

In Chapter 4, the other biomass drying systems (rotary dryer and screw conveyor 

dryer) were investigated based on SHR technology. Energy consumption can be reduced 

to 1/7 of that of a conventional heat recovery dryer. Effects of the heat exchange type, 

ratio of air to product, minimum temperature difference between the hot and cold 

streams in the heat exchanger, and drying medium on the system energy consumption 

were evaluated when applying self-heat recuperation technology to a biomass drying 

system. Energy saving by applying SHR technology to the biomass drying systems 

mainly depended on the minimum temperature difference between the hot and cold 

streams in the heat exchanger. 

In Chapter 5, an exergy recuperative module for energy-saving drying with 

superheated steam has been proposed and applied to design an exergy recuperative 

drying system. Simulation results show that energy consumption in the exergy 

recuperative drying process could be reduced to 1/7–1/12 that of the CHR, less than 1/4 
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that of the MSD and near 1/2 that of the MVR. Energy consumption of the exergy 

recuperative drying process would increase slightly with the decrease in the final water 

content and the adiabatic efficiency of the compressor affects the total energy 

consumption reduction slightly. The exergy recuperative module was applied for the 

biomass drying system. Furthermore, a steam fluidized bed dryer was built in our lab. 

Hydrodynamic study, drying kinetics of sawdust and heat transfer stability in the 

fluidized bed dryer with steam were investigated. Biomass could be dried at near to the 

boiling point in the fluidized bed dryer with a high drying rate. More energy supply 

through increasing the heat exchange surfaces could shorten the drying time especially 

for the constant drying period. In Section 5.4, a new fluidized bed dryer was proposed 

for biomass drying. Biomass particles could form a good solid circulation in the 

fluidized bed without adding inert particles and mechanical aids. Results showed that 

initial moisture content of input sawdust affected on the sawdust fluidization 

performance. For sawdust of high moisture content drying, the fluidization behavior 

could be divided into three stages: partial fluidization, full fluidization with an 

increasing drying rate and full fluidization with a decreasing drying rate. A high drying 

rate could be achieved due to the fast mass and heat transfer rate in the fluidized bed. 

The fluidized bed dryer has a similar drying performance as a binary mixture fluidized 

bed dryer, however, more compact and require no separation from inert particles. 
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6.2. Future work 

6.2.1. Integration of biomass drying and torrefaction process 

  To improve the energy efficiency in drying process, this research provided self-heat 

recuperative drying process which showed a dramatically energy-saving potential. 

Besides the high energy consumption associated with biomass drying operation, the 

regular biomass pellets also suffers the problems of low energy density, short shelf life 

and non-water-resistant, which limit their domestic applications as an alternate fuel for 

power plants (Obernberger and Thek, 2010). Torrefaction is a very promising approach 

to make the high quality biomass pellets, called torrefied pellets, by thermally treating 

the raw biomass at 250 to 300 
o
C to remove 20 to 30% mass as volatiles before 

densification. Apparent energy densities can be increased from 18 to 22 GJ t
-1

 after 

torrefaction, reducing transportation volumes of biomass. Torrefaction of biomass also 

increases hydrophobicity, slows biological and thermal degradation, prolongs durability 

and improves grindability (Bergman et al., 2005; Chen and Kuo, 2011), which can 

improve the shelf life, storage and safe handling. Due to their high heating values and 

water-repelling properties, torrefied pellets have been considered as a promising 

renewable fuel for existing coal-fired power plants in Ontario and Alberta. As a result, 

interest in torrefied pellets has been growing in recent years, and efforts are being made 

to develop this technology.  

Most previous researches on torrefaction have focussed on preparing biomass for 

further energy conversion processes such as gasification to lower tar formation (Arias et 

al., 2008; Bergman et al., 2005; Couhert et al., 2009; Deng et al., 2009; Yan et al., 2009). 

Little work has been reported on densification of torrefied biomass into pellets and, to 

our knowledge, almost no work on the optimization of an integrated torrefaction and 
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densification process for the production of high quality torrefied pellets (Chen and Kuo, 

2011; Phanphanich and Mani, 2011; Pimchuai et al., 2010; Repellin et al., 2010; 

Rousset et al., 2011). 

One of the major challenges in developing an integrated torrefaction process for 

pellet production is the selection of suitable torrefaction reactors to match the existing 

drying, grinding and pelleting equipments. Most torrefaction reactors under 

development are fixed beds, moving beds or screw types with wood chips as the 

feedstock, which require at least 40 to 60 minutes to torrefy the wood to the desired 

energy content. For a torrefied pellet plant with a typical production capacity of 100,000 

metric tons per year (12 tonne/hr), the torrefaction reactor volume needs to be more than 

30 m
3
, based on a wood chip bulk density of 250 kg/m

3
 and a residence time of 40 

minutes. To reduce the reactor footprint, torrefaction time needs to be shortened which 

can be achieved by using small biomass particles like sawdust because of the improved 

heat and mass transfer rates. Such a torrefaction unit can be installed between the 

grinding unit and the pelleting machine. Although the advantage of energy savings in 

grinding torrefied chips is lost in such a configuration, the savings from the reduced size 

of reactor and the elimination of sawdust preheating before pelletization will much 

overweight the loss of grindability of torrefied wood chips, because the drying and 

torrefaction will consume much more energy than the grinding operation based on the 

energy audit of existing pellet plant as discussed previously. Note that in a typical 

chemical plant, the reactor also accounts for the major capital investment, and a small 

torrefaction reactor will also potentially reduce the capital costs.  

The self-heat technology can be future applied to a biomass drying and torrefaction 

process for more energy saving and biomass pellets production. Torrefaction of biomass 
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in the fluidized bed reactor takes place at a temperature of about 280 
o
C with a residence 

time of 20 minutes in order to achieve 30% weight loss (Li et al., 2011). As in biomass 

pyrolysis, inert gases such as nitrogen or CO2 have been commonly used as the 

fluidizing gas to fluidize biomass particles as well as to provide required heat for 

torrefaction. On the other hand, about 30% of biomass is removed into the vapour phase 

during torrefaction, which contains a CO and organic compounds with a moderate 

heating value. Those combustible gases can be potentially used to provide required heat 

for the torrefaction reactor. Examining the energy flow in the biomass torrefaction 

process, we can see that heat is required for biomass drying at temperature (110 
o
C) and 

torrefaction in the fluidized bed reactor (280 
o
C), while the hot torrefied biomass needs 

to be cooled before fed into the pelleting machine (110 
o
C) to be densified into pellets. 

At the same time, energy-containing volatiles are produced from torrefaction, which can 

be potentially burned to provide required process heat. Based on the self-heat 

recuperation technology, an integrated torrefaction process can be proposed as shown in 

Fig. 6-2-1. The hot combustion flue gases above 400 
o
C will then pass through heat 

exchange tubes immersed in the fluidized bed torrefier to transfer heat to the reactor 

media. Then the cooled flue gases at about 300 
o
C will be split into two streams, one as 

the fluidizing gas for the torrefier and the other is used to preheat the combustion air for 

the incinerative combustor during the heat exchange. The hot torrefied biomass 

discharged from the torrefaction reactor will be cooled in a fluidized bed or moving bed 

heat exchanger by indirectly contact with cooling air (to avoid self-ignition) before 

being compressed into pellets in a pelleting machine, which is operated between 110 to 

170 
o
C. The pellets are further cooled to below 50 

o
C by directly contact with fresh air 

before being transferred to the storage bins in a 2
nd

 heat exchanger. The heat released 
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from both coolers is used to heat the biomass before the torrefier and part of the air for 

the incinerative combustor.  

 

 

Fig. 6-2-1. An Integrated heat-recuperative fluidized bed drying and torrefaction 

process. 

 

To design and scale such an integrated drying and torrefaction process, one needs to 

understand the heat transfer between immersed surfaces in fluidized bed torrefier/dryer 

or moving bed dryer/coolers for raw and torrefied biomass particles in order to 

determine the required total heat transfer surface areas (Fig. 6-2-2). To our knowledge, 

there have been little, if none, investigations on heat transfer between immersed heat 

transfer tubes and pure biomass particles in fluidized bed reactors because a mixture of 

sand and biomass particles has been commonly used in biomass combustion, 

gasification and pyrolysis fluidized bed reactors. The unique application of fluidized 
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bed for the torrefaction of biomass particles requires us to study the surface-to-bed heat 

transfer in pure biomass fluidized beds. 

 

 

 

Fig. 6-2-2. Schematic diagram of the new 200 mm ID hot model bubbling fluidized 

beds. Column material: stainless steel without refractory lined.  

 

The successful developments of the 2nd generation torrefied wood pellets and the 

reduction in energy consumption in the biomass densification process via energy 

integration and recuperation will enable the development of domestic and global 

markets for forest and agricultural biomass residues, contributing to the sustainable 

development of natural resources while addressing the pressing environmental and 

global concerns. 
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6.2.2 Brown coal drying 

In this research, the developed drying process was used for biomass drying. We also 

considered to be applied the self-heat recuperation technology for low rank coal (LRC) 

drying. LRC including lignite, brown coal and sub-bituminous coal constitutes more 

than 50% of the global coal reserves and its long term future is predicated on its 

growing utilization as fuel and material (Karthikeyan et al., 2007). LRC has some 

advantages compared to other higher rank coals of lower mining cost (possibility for 

open-cut mining), higher reactivity, and lower sulfur content. Unfortunately, LRC also 

has some disadvantages on lower fuel ratio (i.e. fixed carbon to volatile matter) and high 

moisture content ranging from 45 to 66 wt% wb (as-mined) because the coalification is 

not advanced so far and the aqueous medium still exists in the pores. High moisture 

content results in lower calorific value, higher transportation cost, complex handling 

including loading and unloading, decrease of friability, etc. Using dried coals could 

increase its calorific value as well as efficiency of power plants, decrease the 

transportation cost and the greenhouse gases exhausted from power plant, simplify the 

loading and unloading, etc. (Allardice et al., 2004; Kudra et al., 2009; Karthikeyan et al., 

2009; Pikon et al., 2009). 

Moreover, in drying process, Aziz et al. (2011) have developed heat circulation based 

drying systems for biomass and brown coal, respectively, and found a large energy 

reduction in drying. Unfortunately, the existence of drying medium, which is 

non-condensable, in the compressed vapor inside the heat exchanger tubes reduces the 

performance of heat exchange inside the dryer. As the result, quite long heat exchanger 

tubes are required to provide an equivalent heat amount which is required for drying. 

This will influence the dryer size and fluidization behavior of the low rank coal particles 
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inside the dryer. Longer heat exchanger tubes lead to a larger size of the dryer and also 

higher equipment cost. In addition, longer heat exchanger tubes also decreases the 

fluidization performance leading to poor solid mixing and nonuniformity in drying   

To improve the heat exchange, drying performance, dryer dimension and cost, 

Advanced Self-heat recuperative system based Drying (ASRD) system was developed. 

Regarding the improvement of heat exchange during drying, the drying 

medium/fluidizing gas, which is non-condensable, is removed from the vapor flowing 

inside the heat exchanger tubes and utilized as a heat source for drying. As the largest 

part of heat exchange in the dryer is latent heat exchange following condensation, the 

existence of even small amount of drying medium/fluidizing gas leads to significant 

decrease in heat transfer. The existence of gas during condensation will increase the 

resistance of mass transfer between the bulk mixture and condensing interface (Lee et 

al., 1983; Kuhn et al., 1997; Wu et al., 2006). Pure steam condensation has a 

significantly better heat transfer performance leading to simpler and shorter heat 

exchanger tubes immersed inside the fluidized bed dryer. As the result decrease of 

capital cost can be predicted. 

In separation module, the exhausted air-steam mixture is compressed with 

compressor CP2 to certain pressure. High exergy rate of compressed air-steam mixture 

is utilized to evaporate and rise the temperature of separated water and drying 

medium/fluidizing gas, respectively (HX3 and HX4). As the separated drying 

medium/fluidizing gas still has a compression energy, an expander EX is installed to 

recover this energy before entering the condenser CD. Evaporation heat in fluidized bed 

dryer (HX2) is provided by the condensation heat of the compressed pure steam. 

Subsequently, the sensible heat of the condensed steam is utilized for pre-heating (HX1). 
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The total energy consumption in ASRD system Wtot,ASRD is expressed in eq. 6-1. Wcp1 

and Wcp2 are compression works conducted by CP1 and CP2, respectively.  

              exblcpcptot WWWWW  21AHCD,              (6-1) 

 

 

Fig. 6-2-3. Schematic drying system of the proposed ASRD system 

 

Fig. 6-2-4 shows the total energy input required for drying in each drying system.  
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Compared to the conventional heat recovery drying system, self-heat recuperation 

based drying systems can decrease the total energy input significantly. Numerically, 

they reduced the energy input to about 60-70% of which is required in drying with 

conventional heat recovery. In addition, as the fluidization velocity increases, the total 

energy input increases accordingly in all drying systems. The blower work Wbl 

increases following the increase of fluidization velocity due to increase of volumetric 

amount of drying medium/fluidizing gas (air). The temperature – enthalpy diagram of 

ASRD system is shown in Fig. 6-2-4. In this drying system, drying process is mainly 

divided into drying and separation modules. In ASRD system, the hot stream which is 

flowing inside the heat exchanger immersed inside the fluidized bed dryer is a 

compressed pure steam. Hence, the dotted line (hot stream) in HX2 is almost a straight 

line due to condensation of pure steam. On the other hand, a compressed air-steam 

mixture is flowing in HCD system and both dotted (hot stream) and solid (cold stream) 

lines are both curved lines due to mixing of sensible and latent heat. Furthermore, in 

separation module of ASRD system, the condensation heat of the air-steam mixture is 

exchanged with the evaporation heat of the separated water (HX4). Hence, the separated 

water exiting from separation module is in vapor condition before its exergy rate is 

elevated by the compressor in drying module. In this drying system, self-heat 

recuperation is performed in both drying and separation modules resulting in low total 

energy consumption. Although drying in ASRD system resulted in little higher energy 

consumption than HCD system, the design of heat exchanger inside fluidized bed dryer 

(HX2) becomes simpler due to a significantly better heat exchange following 

condensation of pure steam than air-steam mixture. As the result, it leads to a shorter 

and smaller heat exchanger tube, hence, the fluidization inside the fluidized bed will not 
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be disturbed by the existence of heat exchanger tube and the dimension size of the 

fluidized bed dryer could be more compact. In addition, temperature–enthalpy diagram 

for each drying system has been observed. It was found that intensive and optimal heat 

pairing for each sensible and latent heat is very important to minimize the exergy loss, 

hence to reduce the total energy input for drying. The decrease of total energy input also 

means the decrease of CO2 emission during LRC drying. SHR technology can also be 

applied to brown coal steam drying process, which is more common in the brown coal 

drying process compared with air for the prevention of the explosion of brown coal 

during the drying process. 
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Nomenclature 

A      surface area, m
2
 

Ar     Archimedes number, dimensionless 

a      heat transfer coefficient, Wm
–2

K
–1

 

aw       water content, dimensionless 

C specific heat capacity, kJ kg
-1

 K
-1

 

c conversion factor, 1 kg m N
-1

 s
-2

 

D      shell diameter, m 

De       equivalent diameter, m 

d particle diameter, m 

Ex      exergy, kW 

f      electricity generation efficiency, dimensionless 

G     mass flux, kg m
-2 

s
-1

 

g      gravity acceleration, m s
-2

 

H      thermal energy, kW 

h      specific enthalpy, kJ mol
-1

 

hb bed height, m 

Le     evaporation enthalpy, kJ kg
-1

 

M mass weight, kg 

m       mass flow rate, kg h
-1 

N     rotation speed, rpm 

Nb       number of tubes, dimensionless 

Nu     Nusselt number, dimensionless 

Pr     Prandtl number, dimensionless 
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p pressure, kPa 

q      heat transfer rate, kW 

R      outer diameter, m  

Re     Reynolds number, dimensionless 

Rsp       specific drying rate, g-water/g-biomass/min 

Rw     drying rate, kg h
-1

 

r      inner diameter, m 

s      specific entropy, kJ mol
-1

 

T temperature, K 

∆Tmin   minimum temperature difference in heat exchanger, K 

t      time, h 

U     overall heat transfer coefficient, Wm
-2 

K
-1

 

Umf minimum fluidization velocity, m s
-1

 

W work, kW 

Wwet     water content of biomass, wt% (wb) 

Wtot    total rotating load (equipment plus material) 

Wmat    load of the material, kg 

w     water content of wet solid, wt%(wb) 

X      water content of biomass (dry basis), dimensionless 

Xfsp    fiber saturation point, kg/kg 

x       vapor quality, dimensionless 

Y      air humidity, dimensionless 

∆z     short length of the dryer, m 
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Subscripts 

0 standard condition 

avi    avoidable 

b bed 

bl blower 

cp compressor 

crit    critical 

d distributor 

des     desorption 

elect    electricity 

evp     evaporation 

ex expander 

f fluidization 

g gas 

ht heater 

i      state 

in     incoming flow 

inv    inevitable  

l       liquid 

mc     mechanical 

mf minimum fluidization 

min minimum 

out    outgoing flow 

p particle 
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pre    preheating 

s       solid 

sorp    sorption 

stm    steam 

sur     surrounding 

sys     system 

t      heat transfer tube 

tot total 

trs transition 

vap vapor 

vs     saturated vapor  

w     water  

wk     work 

wet    wet solid 

 

Greek letters 

      voidage, dimensionless 

thermal conductivity, W m
-1

 K
-1

 

volumetric fraction, dimensionless

 dynamic viscosity, Pa s 

 density, kg m
-3 

η      exergy efficiency, dimensionless 

     sphericity, dimensionless 
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      activity coefficient, dimensionless 

 

Abbreviations 

ASRD     advanced self-heat recuperative system based drying 

CHR       conventional heat-recovery dryer 

CP1       compressor for the fluidized bed dryer 

CP2       compressor for the screw conveyor dryer 

FBD       fluidized bed dryer 

HPD       heat pump dryer 

HR        self-heat receiver 

HT        self-heat transmitter 

HX        heat exchanger 

MIX       mixer 

MSD      multistage drying process  

MVR      mechanical vapor recompression drying process  

SCD       screw conveyor dryer 

SHR       self-heat recuperation 

SHS       superheated steam 

SHR dryer  dryer based on the self-heat recuperation technology 

SHR-FBD   fluidized bed dryer based on the self-heat recuperation technology 
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