
DOCTORA L  T H E S I S

Department of Energy Science
Division of Engineering Sciences and Mathematics

Energy and Resource Efficiency in 
Convective Drying Systems in 

the Process Industry

Jan-Olof Anderson

ISSN 1402-1544
ISBN 978-91-7439-872-4 (print)
ISBN 978-91-7439-873-1 (pdf)

Luleå University of Technology 2014

Jan-O
lof A

nderson   E
nergy and R

esource E
fficiency in C

onvective D
rying System

s in the Process Industry

ISSN: 1402-1544  ISBN 978-91-7439-XXX-X     Se i listan och fyll i siffror där kryssen är





 

 

 

DOCTORAL THESIS 

 

Energy and Resource Efficiency in Convective Drying Systems in the 

Process Industry 

 

 

 

Jan-Olof Anderson 

 

Division of Energy Science 

Department of Engineering Sciences & Mathematics 

Luleå University of Technology 

SE-971 87 Luleå, Sweden 

 

Jan-Olof.Anderson@ltu.se 

 

Mars 2014 

  



Printed by Luleå University of Technology, Graphic Production 2014

ISSN 1402-1544  
ISBN 978-91-7439-872-4 (print)
ISBN 978-91-7439-873-1 (pdf)

Luleå 2014

www.ltu.se



 

I 
 

 

 

Preface  

This work has been carried out at the Division of Energy Science at Luleå University of 

Technology in Sweden under the supervision of Associate Professor Lars Westerlund, 

Senior Lecturer Erik Elfgren and Professor Marcus Öhman. I would like to express my 

gratitude to my supervisors for their guidance and the time spent during this project.   

Additionally, I would like to thank the following people for their advice and helpful 

comments; Professor Tom Morén at Luleå University of Technology in Skellefteå, Robert 

Larsson at Valutec, Andreas Jonsson, Product manager in Martinssons såg at Bygdsiljum, 

Henrik Annerman, Product manager at Tunadal SCA Timber, Niclas Larsson, Kiln dryer 

manager at Bolsta Sawmill SCA Timber, Thomas Wamming, SP Technical Research 

Institute of Sweden, and Tommy Vikberg, Ph.D Student at SP Technical Research Institute 

of Sweden.  

Furthermore, I would like to thank all my colleagues at the Division of Energy Science for 

their support and the friendly atmosphere, in particular Professor Andrea Toffolo for his 

patience and guidance in the area of process integration. 

I would also like to express my gratitude to Professor Björn Esping for his preeminent 

research contribution in the area.  

I am very thankful to my father Olof Anderson and my brother Lars Aspling for their 

patience, support and encouragement.  

  



 

II 
 

 

 

 

 

 

 

 

 

 

 

 

 

We are kept from our goal not by obstacles but by a clear path to a 

  lesser goal. 

- Robert Brault 

 

 

 

 

  



 

III 
 

Abstract 

Growing concern about environmental problems has increased the public’s interest in 

energy usage. The subsidies for biomass, together with the rising energy prices have made 

biomass a desirable product on the energy market. This has led to higher biomass prices and 

an increased interest in improving the resource and energy efficiency associated with 

biomass production. Biofuel is an interesting substitute for fossil fuels to decrease the 

greenhouse gas emissions. One challenge with biofuels is to find sufficient amounts of 

biomass since the foresting is already close to its maximum sustainable capacity. Sawmills 

are important suppliers to the biomass market, since the sawmill industries produce a 

significant part of the available biomass. 

This Doctoral thesis focuses on strategies to decrease biomass usage in order to increase the 

biomass availability at the market. This is done through mapping and system analysis of 

energy and material streams for process industries using convective drying techniques. The 

energy analysis is mainly done through thermodynamics and psychrometry. Available state-

of-the-art technologies on the market are studied to determine their potential for decreasing 

the total energy usage in sawmills. Integration possibilities between biomass consumers are 

also investigated through process integration with mathematical programming and pinch 

analysis. Energy efficiency of berry drying in a juice plant is also studied. 

The main conclusions are as follows. The heat demand of drying lumber in Swedish 

sawmills is about 4.9 TWh/year. Using available state-of-the-art technologies (heat pumps, 

heat exchangers and open absorption system) it is possible to reduce the energy usage 

substantially. If the recovered heat is used for heat sinks inside, or close to, the sawmill, the 

energy efficiency can be improved significantly. Using mechanical heat pumps nationally 

could save 4.9 TWh/year of heat and generate 0.62 TWh/year of surplus heat, at the cost of 

1 TWh/year of electricity. Using open absorption systems nationally, could save 

3.4 TWh/year of heat, at the cost of only 0.05 TWh/year of electricity. Saving this heat 

means that an even larger amount of biomass will be saved, since there are heat losses 

during the combustion and distribution. 

Another way of saving energy is to displace the starting time between batch kilns, and 

recycle evacuation air between the kilns. Nationally, this could save 0.44 TWh/year of heat. 

Industrial site integration between sawmills and the main biomass users (pelleting plants 

and CHP plants) can decrease the use of biomass in the industrial site with 43%wt 

compared to a standalone site with a comparable production. Nationally, this could save up 

to 7.1 TWh/year of biomass. Despite the significant savings in terms of resources, it is not 

profitable due to the current price ratio between district heating and biomass.  

Finally, drying and separation of berry press cake in a juice plant is found to be possible 

using only energy from the exhaust gases of the steam boiler, if the drying air is sufficiently 

recycled. Instead of composting the press cake, the dried and separated skins and seeds 

could then be sold. 
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Sammanfattning 

Den stora oron kring miljöproblem har ökad opinionens intresse kring energianvändning. 

Ekonomiska styrmedel för biomassa har tillsammans med ökade energipriser gjort biomassa 

till en efterfrågad produkt på marknaden. Detta har medfört ökade marknadspriser och 

därmed ökat intresset att effektivisera resurs- och energianvändandet inom biomassa-

produktion och -konsumtion. Biodrivmedel är intressanta alternativ till fossila bränslen för 

att minska utsläppen av växthusgaser. En nationell utmaning vid tillverkning av 

biodrivmedel är att avsätta tillräckligt stora mängder biomassa på marknaden till 

biomdrivmedelsframställning, eftersom avverkningen redan är nära sin maximala hållbara 

kapacitet. Sågverksindustrier är viktiga leverantörer av biomassa då de producerar stor andel 

av den tillgängliga biomassan på marknaden.  

Den här doktorsavhandlingen fokuserar på att hitta strategier att minska användningen av 

biomassa i befintliga anläggningar för att öka tillgången av biomassa på marknaden. Detta 

har genomförts via systemanalyser av energi- och materialströmmar för processindustrier 

som använder sig av konvektiva torkmetoder. Energianalyserna är mestadels utförda via 

termodynamik och psykrometri. Bästa tillgängliga teknik på marknaden har undersökts för 

att fastslå deras potential att minska den totala energianvändningen inom sågverk. 

Möjligheter till integrationer mellan sågverk och användare av biomassa har också studerats 

via process integration (Matematisk programmering och Pinchanalys). Energieffektiv 

torkning av restprodukter i en juicekoncentrat-industri har också undersökts med liknande 

metodik. 

Värmebehovet för torkning i Sveriges sågverk uppgår till 4,9 TWh/år. Genom att använda 

marknadens bästa tekniker (Mekaniska värmepumpar, Värmeväxlare och Öppet absorptions 

system) är det möjligt att återanvända en betydande del av värmen från torkarnas 

evakueringsluft. Om den återanvända värmen kan användas som värmesänka nära eller på 

sågverken kan energieffektiviteten ökas signifikant.  Nationellt sätt medför detta att 

värmeanvändningen på sågverk för torkning (4,9 TWh/år) kan täckas och en ökad tillgång 

av värme på 0,62 TWh/år kan erhållas, med varierade ökad elanvändningen.  

Genom att förskjuta starttider mellan kammartorkar kan återanvändning av 

evakueringsluften göras mellan olika torkar. Det kan minska torkarnas värmeanvändning 

med 12%. Nationellt, motsvarar detta en minskning av värmeanvändningen med 

0,44 TWh/år. 

Integration mellan sågverk och industriella biomassaanvändare (pelletsverk och kraf-

värmeverk) kan minska biomassaanvändandet för sågverket med upp till 18 viktprocent 

jämfört med ensamstående industrier som producerar samma typ och mängd av produkter. 

Nationellt, kan detta spara upp till 7,1 TWh/år biomassa. Trots den signifikanta 
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minskningen av biomassanvändningen är en integration inte lönsam på grund av rådande 

förhållanden mellan marknadspriser för fjärrvärme och biomassa. 

Till sist har torkning av presskaka (en biprodukt från juiceindustrin) i ett musteri studerats 

och effektiviserats genom att värmeväxla rökavgasvärme från en befintlig värmepanna och 

recirkulera evakueringsluften i torken. Istället för att kompostera presskakan torkas och 

separeras skal och frön varefter de kan säljas. Energin till detta kan täckas med spillvärme 

från värmepannan. 
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Summary of Appended Publications 

The aim of Paper A was to analyze energy and biomass usage in sawmills, focusing on 

lumber production, heating systems, drying systems and biomass demand on the market. 

Sawmills in Nordic countries were studied. Locations, market potentials and biomass 

purchasers were evaluated. Production capacities, ownership of forest and distance to 

industrial biomass purchasers were analyzed. Historical reforms and modifications of 

sawmills, lumber production, energy prices etc. were evaluated. A statistical analysis was 

done on the production and internal use of biomass, the different wood types, and the water 

contents at the start and the end of the drying process. The analysis was done both on the 

sawmill side and the purchaser side. The percentage of the national lumber production that 

is dried under certain conditions could thereby be estimated. Along with the energy demand 

for the specific drying conditions and the annual lumber production, the national energy 

demand for lumber drying in kilns could be established. Experimental measurements were 

carried out at Tunadal Sawmill, SCA timber in Sundsvall to complement the available data. 

In order to estimate the market potential of biomass a study was made on the imports, 

exports and national production, using databases and prior market evaluations. The biomass 

production from sawmills and the preferred biomass types according to consumers were 

found in market evaluations from purchasers, industries and sawmills. 

The aim of Paper B was to compare different technologies that can be implemented in 

order to achieve increased energy efficiency and to find the most profitable for different 

conditions. Models of state-of-the-art energy savings technologies were evaluated for an 

existing drying kiln. The most common wood types, lumber dimensions and kiln types 

(according to Paper A) were considered. The drying schemes were evaluated using a 

simulation program (Torksim) to ensure sufficient lumber quality and realistic drying 

conditions. A calculation program (IGOR) was used to analyze the impact of drying 

conditions and other variables on the energy usage in the kiln. The program was used to 

simulate the six most common drying situations (according to Paper A), hour by hour. The 

results were evaluated from a biomass and energy usage point of view to show the 

potentials of the considered technologies on a national level. 

The aim of Paper C was to evaluate recycling of drying air in batch kilns. The drying 

potential of the air that is evacuated from one kiln is used by sending it into another kiln. 

Thus the overall energy efficiency would increase and the thermal load of the heating 

system would decrease. This is an alternative way to reduce the heat consumption in batch 

kilns and mitigates bottlenecks in the heating system of sawmills due to high heat loads 

from the dryers as a result of increased production. A model was made and complemented 

by experimental measurements of the energy usage and air conditions in the drying process 

at Tunadal Sawmill, SCA Timber in Sundsvall, Sweden.  
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The aim of Paper D was to find the optimal design solution of an integrated sawmill site, in 

terms of resource savings, electricity production and operational profitability, depending on 

the sawmill size. The sawmills were considered as a heat sink for a larger integrated site 

with co-used heating systems. Integration was made with a pelleting plant and a CHP plant, 

which are large consumers of the by-products from sawmills. Different design solution were 

analyzed depending on the sawmill size, quantified by the production capacity. Current 

biomass and district heating prices were included to evaluate profitability of the design 

solutions. Process integration, through mathematical programming and pinch analysis, were 

used in the analysis. Material and energy streams in sawmills were taken from Paper A. 

The aim of Paper E was to propose how the berry industry processes can be improved, in 

terms of energy and resource efficiency, while separating and drying the by-products (skins 

and seeds) of a berry juice plant. A model of air recirculation was made and was 

complemented by experimental measurements of the energy usage and drying air states 

during different drying conditions. A pinch analysis was made for the total juice plant to 

find potential heat pockets (potential places for heat exchangers).  
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1. Introduction 

This thesis comprises analytical studies and experiments of processes in energy intensive 

industries with convective drying processes. 

 

1.1. Background  

Worldwide, 86.7% of the total energy supply comes from fossil and nuclear fuels 

(International Energy Agency [IEA], 2013). With the current consumption rate, most of the 

non-renewable energy resources will be consumed during the next 100 years (Shafiee & 

Topla, 2009). Therefore, it seems unlikely that non-renewable energy fuels will continue to 

play the same role in the future as they do today. The increase in the worldwide energy 

demand along with cheap fossil fuels has contributed to greenhouse gas emissions and 

global warming. The correlation with environmental problems has increased the public’s 

interest in energy usage. However, energy usage also has a strong correlation with the gross 

domestic product, see Figure 1, which means that it is important to use the energy in an 

efficient way. 

 

Figure 1. Gross domestic product (GDP) in relationship to total primary energy supply per 

capita. Data from the year 2000, Smil (2003). 

 

The European Union has implemented reforms to increase the competiveness of renewable 

energy resources. These include tax benefits on renewable energy resources and increased 
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taxes on fossil fuels as well as requirements of increased energy efficiency. These reforms 

have reduced the competitiveness gap between renewable energy resources and fossil fuels.  

The focus in this thesis lies on industrial energy usage, since the industry is a significant 

energy user. Worldwide, about 29% of the total energy is used by industrial processes 

(IEA, 2013). In Sweden, the fraction is even higher; it is about 40% (Swedish energy 

agency, 2012). 

Within the renewable energy sector, which represents 13% of the total energy production, 

waste and bio fuels account for 75.2% of the renewable energy supply (IEA, 2013). 

Unfortunately, the available biomass is not sufficient to replace the non-renewable 

resources. In Sweden, the foresting is already close to its maximum sustainable capacity 

since it is on par with the yearly growth (Nilsson, 2006). However, the foresting residues 

could be better used. The challenge is to use the resources in a more optimal way, i.e. to 

increase the overall resource efficiency.  

The sawmill industries produce a significant part of the resources of the biomass market as a 

by-product from lumber production (Nilsson, 2006). In fact, about half of the wood, which 

is forested in Sweden, is used directly in the sawmills (Nilsson, 2006) and around 53%wt of 

this wood becomes biomass products (Staland, Navrén & Nylinder, 2002). 

A number of studies were carried out during the last decades to decrease the energy usage in 

sawmills, e.g. in (Westerlund & Dahl, 1991; Esping, 1992; Tronstad & Edlund, 1993a; 

Tronstad 1993b; Westerlund & Dahl, 1994; Cronin & Norton, 1996; Bannister & Bansal 

1996; Bannister, Sun et al., 2000; Esping, 1996; Bannister, Bansal & Carrington et al, 1998; 

Johansson & Westerlund, 2000; Minea, 2004). 

Increased quality and lower lead time, has also been extensively studied, e.g. in (Salin, 

1990; Söderström, 1990; Kamke, 1994; Salin, 1996; Salin, Rosenkilde & Berg, 1999; 

Bannister, Sun et al., 2000; Wiberg, Sehlstedt-Persson & Morén, 2000; Danvind & Ekevad, 

2005; Rémond, Passard & Perré, 2007; Sehlstedt-Persson & Wamming, 2010).  

Field studies and measurements on energy usage in sawmills have been done for different 

kilns and conditions, e.g. in (Stridberg & Sandqvist, 1985; Söderström, Samuelsson, 

Wamming, Bergkvist & Bergkvist, 1990; Westerlund & Dahl, 1991; Tronstad & Edlund, 

1993a; Tronstad, 1993b; Esping, 1996; Cronin et al., 1996; Salin et al., 1999; Johansson & 

Westerlund, 2000; Vidlund, 2004). 
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1.2. Objectives 

The objectives for this thesis are to:  

1. analyze the possible strategies to increase the availability of biomass on the market;  

2. find appropriate technologies to implement in drying facilities to achieve an effective 

drying for different sites; 

3. determine the national impact of these technical improvements from an energy and 

surplus biomass point of view; 

4. investigate possibilities to increase the resource efficiency in the society. 

 

1.3. Outline 

Chapter 2 introduces industrial drying, an overview of a sawmill, drying of wood in lumber 

kilns and energy usage during lumber drying. Chapter 3 contains some physical properties 

of wood and the theory and methodology, which has been applied in the research: process 

integration, psychrometry and thermodynamics. The simulation of drying processes and the 

experimental studies are also explained here. Chapter 4 presents the results and the 

discussion. The conclusions can be found in Chapter 5. A proposal of future work is 

presented in Chapter 6.  

 

This thesis is based on five papers, all focusing on how to use available resources in a more 

efficient way. This leads to a higher profit for the industry and increased resource 

availability for the society. The different perspectives in the papers are shown in Table 1 

and the different research methods in the papers are presented in Table 2. 

 

Table 1. Different perspectives in the articles. 

 

 

 

 

 

 

The intention of Paper A was to investigate the impact of the Swedish sawmill industry on 

the national biomass market. A mapping was done of the heating and drying systems of the 

Swedish sawmills. The influence of different energy savings technologies on the availability 

of biomass was also estimated.  

 

Previous studies have shown that there are technologies that can decrease the overall energy 

usage during lumber drying. However, in these studies, the exergy difference between 

energy types, which also affects energy prices, was seldom considered. Relatively few 

Perspectives Paper A Paper B Paper C Paper D Paper E 
National Impact X X  X  

Economical    X  

Energy perspectives X X X X X 

Material usage X X  X X 

Site impact X X X X X 
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studies focused on how these technologies affect the national biomass availability. 

Therefore, a study was made on the influence of accessible state-of-the-art lumber kiln 

technology on the biomass availability on the market. Heat and electricity usage were 

separated because of the difference in price. This was done in Paper B.  

 

It is common that Sawmill industry heating systems suffer from bottlenecks. The majority 

of the heat consumption in kilns is due to the large evacuation losses, which arise when 

moist air needs to be evacuated. For batch kilns, the evacuated air can be recirculated into 

another dryer with an appropriate drying sequence. The theoretical gain in efficiency for the 

heating system and the total decreased heat supply is investigated in Paper C. 

 

A decreased energy demand at an industrial site, can only increase effectiveness locally, as 

was shown in Papers A, B and C. If the process industry instead is considered as a heat sink 

for a larger industrial process integrated site, the overall gain in resource efficiency and the 

effects on the national market can be even higher. This was studied in Paper D for the 

relation between a sawmill, a pelleting plant and a CHP-plant.  

 

A common problem for convective air dryers is the high evacuation losses. The 

methodology that was used in Paper B and C (see Table 2) to analyze the industrial drying 

processes can be used for other types of industrial drying processes. An experimental and 

theoretical analysis of a drying process in a berry juice plant was done in Paper E. 

  

Table 2. Different methodologies in the articles. 

Method Paper A Paper B Paper C Paper D Paper E 
Process integration   X X X 

Psychrometry X X X  X 

Simulation of drying process  X    

Process design  X X X X 

Experimental studies X  X  X 

Material stream analysis X   X X 
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2. Industrial Drying 

In industrial applications, drying is a time and heat consuming process. However, it is an 

essential process to achieve an adequate product quality. In the last 50 years the industrial 

sawmill sector has undergone significant reforms; increasing competition has forced larger 

production capacities and lower lead time. Historically, the demand for biomass has been 

low and there has been a surplus on the market. Therefore, the energy use has not been an 

important issue. The technologies in use today were designed when energy and biomass 

prices were low.  Lately though, the expansion of the biomass market and the increase in 

biomass prices have caused higher costs due to ineffective drying. It is now profitable to 

invest in more effective drying techniques, thereby decreasing the energy consumption and 

increasing the biomass on market. 

The choice of drying techniques has a large impact on the lead time, product quality and 

energy usage. It is not, however, possible to have low lead time, high product quality and 

low energy usage at the same time, as illustrated in Figure 2 below. In order to ensure good 

lead times and high quality, artificial drying techniques are preferred. 

 

Figure 2. Priority field in industrial drying. 
 

Often, quality and lead time have higher priority than the energy use. This limits the 

possibilities to achieve high energy efficiency.  

Decision-making in industrial drying is also influenced by energy prices, which are strongly 

correlated to the exergy content (the useful part of the energy). More information about 

exergy can be found e.g. in Rocco, Colombo & Sciubba (2014). Heat is the primary energy 

source in kilns. Electricity is used for the fans etc. The drying technology affects the usage 

of different energy resources and therefore the production cost.  
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2.1 Overview of a Sawmill 

Sawmills produce lumber from forested timber. This is done through the following 

processes: 

- Timber handling: when the timber arrives at the sawmill it is roughly sorted and 

stored in the lumberyard.  

- Debarking: the bark needs to be separated from the timber before the sawing process.  

- Sawing: the timber logs are sawn to different types of lumber boards.  

- Sorting: the sawn lumber boards are sorted depending on quality and length.  

- Drying: The drying is done with artificial techniques in facilities called kilns.  

- Packaging: the lumber is sorted once more, in some cases grinded, and finally 

packaged for transportation.   

 

During the production processes, large quantities of by-products are produced: bark, 

sawdust and wood chips (i.e. different types of biomass). 

 

Sawmill processes need heat and electricity. Heat is normally supplied through a furnace, 

often fuelled with biomass produced by the sawmill itself or bought from nearby biomass 

industries. The most energy intensive process in lumber production is the drying. The major 

part of the heat in lumber production is used for the drying process. The remaining heat is 

used for room heating, which is often useful in the north of Sweden. Electricity is used for 

electrically driven transportation, sawing, grinding, fans for the drying kilns, room lighting 

etc. Currently, the biomass surplus obtained from lumber production is sold to the biomass 

market. Consumers include pellet plants, district heating plants, CHP (combined heat and 

power) plants and pulp and paper mills. Different consumers prefer different types of 

biomass. This is further discussed in Paper A. Due to high water and ash content, bark is 

the least commercially interesting among the sawmill by-products (Bisaillon, et al., 2008; 

Parikka & Enmalm, 2011; Axelsson & Harvey, 2010; Juntikka, 2012). Therefore, the bark, 

along with small fractions of sawdust and wood chips, is mainly used for internal 

consumption (Paper A).  

 

2.2 Drying in Lumber Kilns 

The most common types of lumber dryers are batch kilns and progressive kilns. A batch kiln 

is schematically shown in Figure 3a. The different thermodynamic states of air, from 1 to 4, 

during the drying cycle are illustrated in the Mollier diagram in Figure 3b. The main 

difference between the two kiln types lies in the spatial and temporal arrangement of the 

drying process. Inside the batch kiln, the air state changes according to the planned drying 

scheme. Inside the progressive kiln, several separated zones with different air states are 

present, and the lumber package is moved through the different zones. The wood types, 

dimensions and quantities determine which type of kiln is the most appropriate.   
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Figure 3. Schematic view of a batch kiln dryer with the positions of the thermodynamic 

states 1-4 (Paper B). 

 

Conventional drying techniques use heated ambient air as the moisture transport medium. 

The air circulates through the lumber package and evaporates water from the lumber. The 

air states in the drying cycle are described in Figure 3b. The outdoor air, at low temperature 

and absolute humidity enters the kiln, state 1, and is mixed with the circulated air, resulting 

in state 2. The air is then heated to the desired drying temperature, state 3. Observe that no 

moisture transport is accomplished so far. As a fan blows the air through the lumber 

package, moisture from the lumber is transported to the circulating air, increasing its 

humidity and decreasing its temperature to state 4. To maintain a high drying efficiency and 

low lead time, a part of the circulation air flow (state 4) needs to be evacuated from the 

dryer before becoming saturated. This is replaced with outdoor air (state 1) with lower 

humidity.  

The majority of the lumber is dried from 50-80%wt to 18%wt end moisture content. The 

remaining part is dried to 12%wt or to 6%wt (Staland et al., 2002).  

 

2.3  Energy Usage during Convective Drying 

Conventional drying techniques have rather low energy efficiency. The energy usage 

consists of electricity and heat, where the heat represents a major part of the total energy use 

(often 90-95% or more), see Paper B. The electricity is usually used for circulation fans to 

circulate the drying media through the dryer. The high-enthalpy evacuated air represents 

about 78% of the heat consumption in a progressive kiln (Johansson & Westerlund, 2000). 

These losses are often higher for batch kilns (Esping, 1996, Stridberg, 1985).  
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The other losses in a drying process can be divided in the following categories, where their 

relative sizes are presented in Figure 4:  

- Transmission losses – through walls, roof and floor; 

- Leakage – occurs mainly when the kiln is opening during lumber loading; 

- Drying material heating – at the beginning of the drying processes the lumber is 

warmed up to the drying temperature;  

- Melting heat – occurs when the drying material has been stored at a sub-zero 

temperature.  

 

 
Figure 4. Normal heat and electricity consumption in a progressive lumber kiln 

(Johansson & Westerlund, 2000). 

 

Drying processes with heat recycling is uncommon but the most popular type of recycling 

makes use of an air/air heat exchanger for heat recovery, where the evacuation air heats the 

entering drying air. Heat pumps are used in some rare cases but the high market price of 

electricity compared to heat makes the heat pump unprofitable.  
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3. Method and Theory 

3.1 Wood Structure  

The wooden structure consists of cells that are built of cellulose, hemicellulose and lignin, 

see Figure 5. Cellulose is a structural component. Hemicellulose surrounds cellulose 

microfibers and together they form the wood fiber framework. Lignin binds the cellulose 

structure together and provides the rigidity and plastic nature of the wood. The cell structure 

has three main purposes: holding the wood structure, transporting the water and transporting 

the nutrients. Specific cells have different shape depending on their purpose. This difference 

makes drying anisotropic. The difference in the cell shapes also causes stresses in the cells 

during drying. This can result in reduced quality in the lumber. 

 

Figure 5. Wood structure from cells to molecule (Rowell et al, 1990). 

 

The fiber structure can store water in two ways; in the cell walls and in cavity within the 

cell, called the lumen. The water in the lumen is called free water. This water is not 

chemically bound to the wood. The water which is stored in the cell walls is usually called 

bound water or fiber water. At the fiber saturation point, the cell walls are saturated with 

water but there is no free water. The normal value for the fiber saturation point for 

coniferous trees is between 28-30%wt. This point depends on where in the timber logs the 

cells come from. The center part of the logs has lower fiber saturation level than the other 

parts (Esping, 1992).  
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3.2 Drying 

Drying can be defined as the removal of a fluid (often water) from a solid substance (the 

product) using heat. When the heat is supplied through a gas, it is known as convective 

drying. Convective air drying, removing water, is the subject of this thesis. 

The drying process has two steps: (1) fluid transport within the product and (2) fluid 

vaporization and transfer to the surrounding transport medium. 

3.2.1 Fluid Transport within the Product 

There are mainly two forces that contribute to the water transport within wood; a diffusion 

force caused by a moisture gradient and a capillary force in combination with evaporation of 

free water from the wood surface. The diffusion force acts both on the bound and the free 

water, while the capillary force only acts on the free water. At the start of the drying, the 

capillary force is the main force for water transport. The capillary force transports the free 

water between the cells at basically the same rate as the water is evaporated from the wood 

surface. When the saturation point is reached, the capillary force is no longer the main force 

for the water transport since the free water in the cells no longer forms a continuous system 

(Esping, 1992). If the surface dries much faster than the interior, the cell chain may also 

break. 

Transporting the bound water from the cell walls requires more heat than evaporating water 

from a wood surface. A drying sequence for a normal lumber drying situation is explained 

in Figure 6; (1) the water begins to evaporate at the surface of the wood and the capillary 

force transports the free water from the cells until the moisture content of the wood surface 

is equal to a critical moisture content, Ukr1. (2) Water transport is slower and is done with a 

combination of the capillary force and a vapor diffusion of bound water in the cell walls 

until the fiber saturation point is reached, Ukr2. (3) Water transport is only done through the 

diffusion force of bound water in the cell walls.  

 

Figure 6. Water content as a function of time (Esping, 1992). 
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A large concentration gradient will cause a faster water transport. However, if this happens 

too fast, the inhomogeneous water distribution may result in cracks and deformations, 

reducing the wood quality. This is particularly important in lumber drying because the 

market generally demands high quality products. On the other hand, a low water 

concentration gradient will lead to slow drying.  

3.2.2 Fluid Vaporization and Transfer to the Transport Medium 

When a concentration gradient exists in a medium, the equilibrium principle causes a mass 

transfer from/to a product to/from the surrounding transport medium. Similarly, a heat 

transfer occurs when a temperature gradient exists. When a concentration/temperature 

gradient no longer exists, the product and the medium are in equilibrium and no more 

mass/heat transfer will occur. During convective drying, the heat and mass transfer are 

interlinked and occur in parallel. Therefore, the processes need to be studied together.  

The heat of evaporation of water is supplied by the surrounding drying medium. Since the 

fluid velocity at the boundary layer adjacent to the solid surface of the drying product is 

zero, the heat transfer mechanism in this layer is conduction alone. The heat flux [W/m
2
] is 

given by Fourier’s law in one dimension: 

 ̇  
  

  
   

  

  
  ,   (3.1) 

where   [W/m∙K] is the thermal conductivity of the medium and       [K/m] is the 

temperature gradient in direction    normal to the solid surface. The temperature gradient at 

the surface is determined by the rate at which the drying medium farther from the surface 

can transport the heat by convection. 

The convection is governed by Newton’s law of cooling: 

 ̇                (3.2)  

where  ̇   ̇    [W] is the heat transfer from a surface area   [m
2
],    [K] is the 

temperature at the solid surface,    [K] is the temperature in the drying medium far from 

the surface and    [W/m
2
∙K] is the convection heat transfer coefficient.  

Similarly, a mass transfer occurs when a concentration gradient exists (such as water vapor 

in air). At steady state, this is given by Fick’s first law in one dimension: 

    
  

  
  ,    (3.3) 

where       [mol/m
3
∙m] is the concentration gradient,   [m

2
/s] is the binary diffusion 

coefficient and   [mol/s m
2
] is the molar rate flux. 
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Similarly to Newton’s law of cooling, the mass transfer from a surface area   [m
2
] can be 

expressed as: 

 ̇                 (3.4) 

where   [kg/mol] is the molar weight of the diffusing substance,    [mol/m
3
] is the molar 

concentration at the product surface, and    [mol/m
3
] is the molar concentration of the 

substance in the transport medium far from the surface and    [m/s] is the convection mass 

transfer coefficient. 

If the diffusing substance (water vapor in this thesis) behaves as an ideal gas, the molar 

concentration at the surface can be determined from the vapor pressure and the ideal gas 

law,  

     
        

   
     (3.5) 

where    [K] is the temperature and          [Pa] is the water vapor pressure at the surface 

and          J/mol∙K is the universal gas constant.  

The drying medium (air) has a lower water vapor concentration compared to the product 

surface, causing evaporation of water from the product surface and a mass transfer as seen 

in Equation (3.4) and Figure 7a. The required heat of evaporation is supplied by the drying 

medium. In parallel, the drying air has a higher temperature than the product surface, which 

causes a heat transfer from the drying medium to the product as seen in Equation (3.2) and 

Figure 7b. The heat and mass transfer (in opposite directions) are interlinked since they 

affect each other.  

 

Figure 7. Illustration of product boundary layer: a) concentration (valid when         ) 

and b) temperature (valid when          ) gradient in laminar forced convection flow 

over a surface. 
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The energy associated with the phase change of water comes, as described, from the 

medium. This heat transfer is due to sensible heat from the air, causing a decreasing 

temperature of the medium. The evaporated water is taken up by the medium, why the 

energy content in the air is almost constant despite the decreasing temperature. Due to the 

low temperature in the medium after the dryer, it is difficult to recover the energy. 

Therefore, drying processes have a high heat demand. 

3.2.3 Psychrometry   

The air states in the drying cycle need to be known to analyze the energy demand in drying 

processes. Typically, a convective air drying process can be divided into four air states (see 

Figure 3b); (1) Initial air state, (2) before heating, (3) after heating and (4) before 

evacuation. For some energy recovery techniques, more (or less) air states may be required. 

Moist air consists of dry air and water vapor. Water needs to be treated separately from dry 

air, since its physical properties are so different from those of dry air.   

All mass flow calculations are based on dry air because this mass flow is constant, whereas 

moist air mass flow varies through the process when moisture is added (or removed).  

Phase changes in the water depend on the temperature and pressure. Since the pressure in 

driers is so low, the water vapor can be assumed to behave like an ideal gas (independent 

point particles with no intermolecular forces). The relative humidity of air is defined as 

         

        
 ,     (3.6) 

where    is the partial pressure of the water vapor and      is the pressure of the water vapor 

in saturated condition. This saturated vapor pressure depends on the temperature and can be 

described by empirical polynomials (see e.g. Paper E). The relative humidity indicates how 

close the air is to saturated conditions. 

The ideal gas law for the water vapor is 

      
 

  
 ,    (3.7) 

where    [Pa] is the water vapor pressure,   [m
3
] is the gas volume of the moist air,    

[kg] is the water vapour mass,    [kg/mol] is the molar mass of water,   is the universal 

gas constant and   is the temperature.  

Dalton’s law expresses that the total pressure exerted by the mixture of non-reactive gases is 

equal to the sum of the partial pressure of individual gases. For moist air (dry air and water 

vapor), Daltons law can be expressed as: 

       ∑   
 
          ,   (3.8) 
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where    represents the partial pressure for gas  . 

The absolute humidity,  , is defined as the fraction of the mass of water in the air,    , to 

the mass of dry air,   : 

  
  

  
      (3.9) 

Combining Equations (3.7), the ideal gas law for dry air, (3.8) and (3.9), the absolute 

humidity can be described as 

  
  

  

    

     
      

    

     
 ,   (3.10) 

where the fraction of water and air molar mass is 0.622.   

The specific enthalpy content in the gas mixture is defined by the sum of the enthalpies of 

the dry air,      and the water vapor,   : 

                 (        ),    (3.11) 

where      and      are the specific heat capacities of water vapor and dry air,   is the latent 

heat of vaporization of water and    is the dry air temperature. In this thesis, the moist air 

enthalpy has been calculated with                 as a reference temperature.  

3.2.4 Heat Demand during Drying 

Through the psychrometry relationships in the previous section, the different air states in the 

drying cycle can be determined. Basic thermodynamics can then be used to calculate the 

heat demand. In this section, the different energy flows in a drying process are described.  

The total heat demand for a dryer can be defined as the enthalpy difference between the 

air states where the heating takes place:  

  ̇        ̇   (              ).    (3.12) 

For traditional convective air dryers with heat recycling, as shown in Figure 3, the heat 

demand is defined by the enthalpy difference between air state  2 and 3, times the mass flow 

of dry air (without heat recirculation the air state 2 will be air state 1.) 

 

Transmission losses through walls, roof and floor are a natural result of the temperature 

difference between the dryer and the surrounding air. Transmission losses can be reduced by 

insulating the dryer.  

 

Leakage losses occur mainly when the dryer is open during material loading but there can 

also be leakage through cracks etc. The leakage losses cannot be calculated theoretically, 
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but they can usually be estimated experimentally through an energy and mass balance over 

the dryer, since all other terms can be calculated. 

 

Evacuation losses occur when hot air is evacuated from the dryer. This is usually done 

when the moisture content is too high. The evacuation losses are defined by the enthalpy 

difference between the drying air and the outdoor air, multiplied by the air flow: 

  ̇      ̇                    .    (3.13) 

Drying material heating is the heat used to warm the drying material to the drying 

temperature. 

 

Melting heat occurs if the drying material has been stored at a sub-zero temperature.  

 

In Paper E, the drying efficiency was defined as the actual absolute humidity change over 

the dryer compared to the saturated absolute humidity change (i.e. the maximum amount of 

moisture the air can absorb):   

  
              

             
.      (3.14) 

This means that if     the full absorption capacity in the air has been used, i.e. no more 

humidity could be absorbed by the drying air. 

 

3.3 Experimental Studies 

Lumber kilns have been studied extensively in the past, see references in section 1.1. 

However, some experimental measurements were done to complement and validate 

previous work regarding heat consumption during drying, see section 3.3.1. 

Extensive research has also been done on food drying in general and berry drying in 

particular. A review of the effectiveness, qualities, and energy efficiencies for different 

drying techniques for berries can be found in (George, Cenkowski & Muir, 2004). However, 

most of the research does not include separation of skins and seeds. Separation and berry 

qualities are discussed in (Yang et al., 2011), but then the energy aspect was not considered. 

Energy aspects of drying and separation of berry skins and seeds is presented in 

section 3.3.2. 

3.3.1 Experimental Studies at Lumber kilns 

The experimental measurements for batch kilns were carried out at a sawmill named 

Tunadal owned by the SCA group, located in Sundsvall in the middle of Sweden. A yearly 

production of 336,000 m
3
 (2008) makes Tunadal one of the largest sawmills in Sweden. The 

measurements were carried out in February 2008 at normal working conditions (batch kiln 
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with spruce of dimensions 50 x 175 mm, a final water content of 12%wt and an average 

outdoor air temperature of -8.3 ˚C during the experiment).  The sampled variables were the 

heat supply between point 1 and 2, and the wet and dry bulb temperature in point 3 and 4, 

see Figure 8. The outdoor air conditions (dry bulb temperature and absolute humidity), point 

1, were collected from a nearby weather station.   

 

Figure 8. Experimental setup in batch kiln (Paper C). 
 

The overall amount of vaporized water, air flow and heat consumption could then be 

calculated.  

3.3.2 Experimental Studies at Rotation Dryer 

The experimental studies of berry drying in a rotation dryer with skin and seed separation is 

described in this section. Further details can be found in Paper E. 

The aim of the measurements was to analyze:  

 the possibilities to dry berry press cake, a by-product from the berry juice industry;  

 how the heat consumption is affected by variable changes; 

 

The experiments were made at a juice factory owned by the company Norrmejerier, located 

in Hedenäset in the northwest of Sweden. Experimental data were collected during 40 days, 

during 7.5 hours each day.  The rotation dryer setup is schematically shown in Figure 9 with 

material and air flows. To define the air state in point 1, the dry bulb temperature and 

relative humidity for outdoor air was sampled. The outdoor air is transported by a 

circulation fan and heated through a heat exchanger by an oil burner. Between the burner 

and the dryer, at point 2, two air iris valves were installed, one to control air flow into the 

dryer and one to control the amount of by-pass air evacuated before the dryer. The air flow, 



  CHAPTER 3. METHOD AND THEORY 

 

 

17 
 

in point 2, could be determined by measuring the dynamic pressure and the dry bulb 

temperature. By measuring the air temperature near the inner walls of the dryer, the 

transmission losses could be estimated.  

 

Figure 9. Experimental setup of the rotation dryer (Paper E). 

During the entire sampling procedure the press cake was fed into the dryer by a feeding 

screw. The feeding screw was usually fed about 4 kg of press cake every 10 minutes.  

The dryer is a counter current type of dryer. The dryer partly separates the skins from the 

seeds. The seeds travel against the air stream and follow the bottom of the dryer out near 

where the air enters the dryer. The skins are dried in the air stream and exit the dryer 

together with the air.  After the drying drum, the skins are separated from the drying air by 

two particle separators. Each 30 minutes the product entering and exiting the dryer was 

examined by measuring the water content and total weight of the exiting seeds and skins.  

 

3.4 Process Integration  

Process integration is a common term for methodologies developed as system-oriented and 

integrated approaches to achieve optimal design of industrial and socio-economic processes. 

The boundaries of the analysis can range from individual processes, to the integration of 

different plants, to the integration between industrial sites and socio-economic systems at 

regional or national level. The objective of the optimization is often, but not restricted to, 

the maximization or minimization of aspects related to energy efficiency, the reduction of 

environmental effects, capital investments, material usage etc. In general, process 

integration should be used as a complement to the process analysis and should be applied 

while taking into account the operational constraints imposed by practical considerations. 

Process integration has been widely spread in extensive academic research and publication 

and in practical applications in the industry. It has proven to be an effective tool to perform 

modifications and achieve higher efficiency in process systems when a sufficient knowledge 

of both the theoretical and the practical issues is available.   
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Process integration techniques can be divided into the following three main groups: 

 Thermodynamic methods  

- Pinch analysis and Exergy analysis  

 Heuristics 

- Hierarchical analysis and Knowledge based system 

 Optimization techniques  

- Mathematical programming, Stochastic search methods, Simulated annealing and 

Genetic algorithms  

In this thesis, Pinch analysis and Mathematical programming have been used.  

3.4.1 Pinch Analysis  

Pinch analysis was mainly developed to optimize heat exchanger networks in terms of 

stream matching, unit size, heat recovery and costs. This method was first developed by 

Linnhoff & Hindermarsh (1983) and has been the subject of several books (Kemp, 2007; 

Klemes. Friedler et al., 2010; El-Halwagi & Mahmoud, 2006). During the years the 

methodology has been improved and the field of application has been enlarged. El-Halwagi 

and Manousiouthakis (1989) extended the method beyond problems about energy usage into 

“Mass transfer pinch”. Wang and Smith notably expanded the mass transfer pinch to “Water 

pinch” in order to apply the concept to waste water use. Alves (1999) and Hallale and Liu 

(2001) introduced the concept of “Hydrogen Pinch”. Finally, it should be mentioned that 

Pinch analysis is a method based on a combination of Heuristic rules and thermodynamics. 

Larger units and systems require a manual design which results in a time consuming 

procedure to develop a valid initial design and in this case heuristic rules can have a limited 

validity.  

The thermodynamic objective (or energy target) of Pinch analysis is to find the minimum 

heating or cooling demand in a system. This is done by defining a minimum temperature 

difference allowed for the heat transfer and then by identifying the pinch temperature levels, 

which act as a theoretical divider between the parts of the system that behave as heat sinks 

and those that behave as heat sources. The idea is to provide the hot utility demand to the 

heat sink and the cold utility demand to the heat source, without any heat transfer across the 

pinch point. In fact, no external cold utilities shall be used above the pinch point and no hot 

utilities below the pinch point in order to reach optimal design.  
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The first step is to describe each thermal stream in the system using the parameters shown in 

Table 3. 

Table 3. Necessary data extraction for each process stream. 
Mass flow rate    [kg/s] 

Specific heat capacity     [J/kg∙K] 

Supply temperature          [K] 

Target temperature          [K] 

(Latent heat of vaporization*     [J/kg]) 

 

* If the medium undergoes a phase change in the process. 

All the thermal streams of the system can be assembled into a Grand composite curve 

(GCC), which is illustrated in Figure 10.  

 

Figure 10. Example of a Grand Composite Curve (GCC). 
 

This diagram provides a visualization of the heat loads of the system, the potential for heat 

recovery and the bottlenecks of the heat transfer between hot and cold streams. The diagram 

shows the cumulative heat loads of the hot and cold streams vs. the corresponding 

temperature levels. In the diagram the hot and cold utility can also be easily identified 

together with the Pinch temperature(s) and the so called heat pockets (areas of large 

temperature gaps between the heat made available at higher temperature and heat required at 

lower temperature, which can be exploited by thermal engines).  
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3.4.2 Mathematical Programming 

Mathematical programming comprises different methods for solving unconstrained and 

constrained optimization problems. The objective function quantifying the aim of the 

analysis and which solution the system is optimized for. There the object function is limited 

to the different constrain concerning the solution volume which is subject to the analysed 

problem.  

The general form of a constrained optimization problem is the following: 

minimize                       

subject to                   , 

where   is the vector of the   real decision variables,   is the objective function and    and 

   are the equality and inequality constraints. 

The first attempt of Mathematical programming was developed by Kantorovich, 1939, when 

he tried to solve a problem regarding the distribution of raw materials to maximize 

production output. Kantorovich saw that the problem could be solved mathematically by 

maximizing a linear function subject to many constraints. That method is known as Linear 

programming (Kantorovich, 1939). In the 1940s Dantzig introduced the simplex algorithm 

to Linear programming. The techniques that Kantorovich, Dantzig et al. developed had 

some limitations: they could only solve problems where the objective function and the 

constraints were linearly dependent on the decision variables. However, general 

mathematical expressions of the objective function and the constraints can be linearly 

approximated in given intervals of the decision variables, with integer variables controlling 

the considered intervals. These techniques are called Mixed Integer Linear Programming 

(MILP). On the other hand, Karush, 1939 and Kuhn & Tucker, 1951, started developing 

methods for Nonlinear programming, and nowadays the state-of-the-art algorithm for 

solving nonlinear optimization problems is the Sequential quadratic programming, which in 

each step of the search procedure uses a quadratic approximation of the Lagrangian function 

(a linear combination of the objective function and the constraints through their Lagrangian 

multipliers) and a linear approximation of the constraints in the neighborhood of the current 

tentative solution. 

Mathematical programming is a good compliment to the other process integration methods 

and analyses, and can be interfaced with Pinch analysis to optimize e.g. the layout and the 

heat loads of a heat exchanger network or the thermal/exergetic efficiency of systems in 

which the temperatures and the mass flow rates of the thermal streams can be used as 

decision variables. One of the significant advantages is that Mathematical programming 

provides a framework for automated design solutions which saves a significant amount of 

time for the user.    
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4. Results and Discussion 

4.1 Swedish Lumber Production 

About 17.3 Mm
3
 of lumber is produced in Sweden annually (Paper A), based on statistics 

for 2000 (Staland. J, Navrén.  M, et al, 2002), mostly in 111 sawmills using the forced 

drying technique. Figure 10 shows the numbers and combined outputs of sawmills with 

annual production volumes in 25 000 m
3
 intervals. All of them produced more than 

50 000 m
3 
in 2008. 

 

Figure 11.  Swedish sawmill production distribution: numbers and combined outputs of 

sawmills with annual production volumes in 25 000 m
3
 intervals, based on data for 2008 

(Paper A).  

Most of the sawmills are located near the coast for logistic reasons. About 60%wt of the 

lumber they produce is dried in batch kilns and the rest in progressive kilns. Nearly all of it 

is coniferous (57%wt spruce and 43%wt pine), and most of it is dried to products with a 

final moisture content of 18%wt, 12%wt or 6%wt. These products represent 82%wt, 13%wt 

and 3%wt of the total production. 

  

4.2 Biomass and Energy Usage 

Due to production losses, less than half of the incoming mass of timber becomes lumber. 

Thus, large quantities of biomass by-products (bark, sawdust and wood chips) are 

generated, as illustrated in Figure 11. 
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Figure 12. Typical timber uses at a Swedish sawmill presented in weight percent 

(Paper A). 

About 12%wt of the incoming timber is used internally as a heat supply at the sawmill. 

Almost 90% of the heat is used in the drying process, and the rest for local heating. The 

total heat and electricity demands for different production processes at a typical sawmill, is 

shown in Table 4. The heat demands depend on numerous factors, including the drying 

technology, external air conditions, type of wood processed, type of lumber produced and 

kiln conditions. The main consumers of electricity are electric motors of fans, sawing 

machinery and equipment used in various lumber refinement processes (grinding, planning 

etc.).  

Table 4. Heat and electricity demand in lumber production processes  

(Esping, 1996
a
; Tronstad, 1993

b
; Paper A

c
; Paper D

d
; Stridberg, 1985

e
).

  

Electricity  

[kWh/m
3
lumber] 

Heat 

[kWh/m
3
lumber] 

Barking 4
e - 

Sawing 23
e 

10
e 

Sorting 2
e 

5
e 

Drying 31
abce

 299
abcde

 

Dry handling 4
e 

5
e 

Grinding 13
e 

5
e 

Office 

 

15
e 

Total 77
c 

339
c 

As detailed in Paper A, the average heat requirements for drying spruce and pine were 

found to be 247 kWh/m
3
 and 315 kWh/m

3
, respectively, for progressive kilns and somewhat 

higher, 295 kWh/m
3
 and 325 kWh/m

3
, for batch kilns. The higher heat requirements for 

drying pine are mostly due to its higher initial moisture content. The national electricity 

consumption for drying lumber in kilns is 0.45 TWh and the corresponding heat 



  CHAPTER 4. RESULTS AND DISCUSSION 

 

 

23 
 

consumption is 4.9 TWh annually. This represents 9% of the total biomass consumption in 

the Swedish industrial sector of 54.1 TWh (Swedish Energy Agency, 2012). As shown in 

Figure 12, the biomass used internally by sawmills mainly consists of bark and only small 

amounts of sawdust and wood chips. Thus, increasing efficiency at the sawmills will 

predominantly create a surplus of bark. Examples of flexible purchasers, which can benefit 

from a bark surplus, include CHP plants, district heating companies and pellet plants. 

 

Figure 13. Various biomass usage (in the year 2000) in terms of %wt (Paper A).  
 

Emerging purchasers of biomass are producers of biofuels using promising technologies 

(e.g. natural gas synthesis, hydrogen production and black liquor gasification), which are 

expected to play an increasingly important role in reducing greenhouse gas emissions from 

the transport sector. For instance, in black liquor gasification, black liquor (a by-product of 

the pulp and paper industry) is used to produce dimethyl ether (DME) instead of burning it 

to supply heat in the pulp and paper industry. However, if this technology is widely adopted, 

about 8.1 Mtonne of dry biomass (equivalent to ~38 TWh/year) will be needed to replace 

the black liquor energy in the Swedish pulp and paper industry (Nilsson, 2004). Therefore, 

any savings of biomass at sawmills will be industrially valuable. 

 

4.3 Heat Recovery through State-of-the-art Technology 

As shown in Paper B, a substantial amount of biomass could be saved and used for other 

purposes if available heat recovery technologies were implemented in the sawmill industry. 

The optimal technologies would depend on various factors (notably market prices and site 

locations), but could include heat exchangers, mechanical heat pumps and open absorption 

systems. The energy savings that each of these options could provide relative to 

conventional drying were assessed and compared as follows. Due to the large difference in 
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market prices of heat and electricity the two energy types were separately considered. Since 

the drying climate in the kiln is identical, regardless of the technology used, only the 

evacuation losses differ. Thus, the specific energy use for each considered technology was 

defined by the total amounts of heat and electricity needed to cover evacuation losses (per 

unit mass of water that evaporates during drying). Electricity consumption due to increased 

pressure in airflows and additional pumps was included in the evaluation. The comparison 

was based on the six most common types of drying conditions, as explained in Papers A 

and B, but only one is discussed here (case 1, shown in Figure 14), as the energy usage 

tends to be very similar for all of these cases. 

 

Figure 14. Specific required energy supply for each of the compared technologies 

 (Paper B). 

The results indicate that implementation of heat exchanger technology (the most common 

approach for saving energy in kilns) to recycle the heat in the evacuation air only reduces 

heat requirements by 0.19 MJ/kg ew (ew = evaporated water). The mechanical heat pump 

would deliver a heat surplus of 1.30 MJ/kg ew, but it increased the electricity demand 

significantly (by 1.05 MJ/kg ew) with a temperature of the working medium in the 

condenser of ~90 °C. The open absorption system provides a heat surplus of 1.02 MJ/kg ew 

with a slight increase (0.05 MJ/kg ew) in electricity demand. However, the technologies’ 

impacts on the energy use throughout the whole sawmill would need to be considered for a 

rigorous comparison. The potential national effects if these technologies were implemented, 

are described in Paper B and presented in Table 5.  
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Table 5. Estimated potential heat savings and increases in electricity consumption, 

nationally, if the heat recovery technologies were fully implemented in Swedish sawmills 

(Paper B). 

 Heat 

exchanger 

Mechanical heat 

pump 

Open absorption 

system 

Heat savings (TWh/year) 0.33 5.56 3.44 

Electricity consumption (GWh/year) 2.4 996.2 49.2 

 

Since this heat is currently supplied by biomass, this would be a significant contribution to 

the biomass market. 

Currently, the heat demand for the lumber drying is supplied by biomass. Thus, any 

reduction in heat demand would benefit the biomass market. National use of mechanical 

heat pumps in sawmills would decrease the heat demand by 4.94 TWh/year. Additionally, 

0.62 TWh/year of surplus heat would be generated. However, the heat pumps also require 

1.0 TWh/year of electricity. The net energy saving for heat pumps would be 4.6 TWh/year. 

National implementation of heat exchanger technology results in a lower heat reduction than 

the other options, 0.33 TWh/year. However, they only require 2.4 GWh/year of electricity. 

The net energy saving for heat exchangers would be 0.3 TWh/year. National 

implementation of open absorption systems would decrease heat consumption by 67.4%, 

reducing the heat demand by 3.44 TWh/year. They require 49.2 GWh/year of electricity. 

The net energy saving for open absorption system would be 3.4 TWh/year. Thus, it provides 

high energy savings, but with rather low electricity consumption. 

Therefore, substantial energy resources could be released to the biomass market if heat 

recovery systems were widely introduced in the sawmill industry. However, there would 

also be increased demands for electricity, especially if mechanical heat pumps are used.  

Annual profits of implementing the systems nationally are shown in Table 6, based on 

market prices of 180 and 800 SEK/MWh for cheap biomass (bark and wood chips) and 

electricity, respectively (Parikka 2011, Nordpool 2012). This makes the open absorption 

system to the most operationally profitable. However, investment costs are not included in 

this analysis. 

Table 6. Estimated annual economic profits of implementing heat recovery technologies in 

the Swedish sawmill industry nationally (Paper B). 

 Heat exchanger Mechanical heat pump Open absorption system 

Profit (MSEK/year) 57.5 203.8 579.8 

 

To exploit the excess heat, additional heat sinks are needed. These could include integrated 

industrial sites hosting both sawmills and other users of biomass and heat, e.g. pulp and 

paper mills or district heating, pelleting, CHP, Synthetic Natural Gas (SNG), ORG (Organic 
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Rankine Cycle), Integrated Gasification Combined Cycle (IGCC), and biomass-to-hydrogen 

conversion plants. These factors are discussed further in section 4.5.  

It should be mentioned that operational parameters of kilns, including their synchronization 

(see below), significantly influence their efficiency and hence improvements provided by 

any system. 

 

4.4 Heat Recovery through Internal Kiln Heat 

Recirculation 

The operation of the kilns and synchronization of their drying cycles significantly influence 

their heat consumption and load of the heating system, which is often a bottleneck in lumber 

production. Figure 15 shows experimentally determined values for a batch kiln situated in 

Sundsvall, Sweden, drying spruce wood with dimensions of 50x175 mm and a final 

moisture content of 12%wt.  

 

Figure 15. Experimentally determined drying cycle parameters for a batch kiln 

(Paper C). 

As shown in Figure 15, heat consumption is highest during the heating period (the first six 

steps) of the drying cycle, thus allowing the highest absolute humidity, while the air 

temperature is lowest. Since the air temperature and absolute humidity change during the 

drying cycle the evacuated air stream can be passed from one kiln to another with a suitably 

synchronized drying cycle that requires drying air with other properties. Figure 16 shows 
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calculated heat consumption values per kiln with optimized recycling of evacuation air, and 

corresponding measured values for kilns without recycling. 

 

Drying step 

Figure 16. Heat consumption values for five identical kilns, with and without optimized 

recycling of evacuation air (Paper C). 

In the recycling evaluation, evacuation air from the kilns was sequentially supplied to kilns 

with higher absolute humidity (and hence different starting times). The heat consumption, 

throughout a drying cycle, was calculated using the air mass flow and the difference in 

enthalpy between the evacuated and ambient air. It was found that heat consumption could 

be decreased by 12% overall (between drying steps 2-7) using this recycling method. This 

heat recycling could be even larger with a larger numbers of kilns. 

The method could clearly increase the production capacity of specific sawmills, by reducing 

heating system bottlenecks, and the surplus biomass could be sold. Nationally, this could 

potentially save 0.440 TWh/year of heat for lumber drying in batch kilns. 

 

4.5 Efficient Resource Usage through Industrial Site 

Integration 

When the drying processes of a sawmill and a pelleting plant are supplied by a shared CHP 

system in an integrated industrial site, they are more conveniently seen as heat sinks for the 

overall site rather than low temperature heat sources in the isolated plants. The results 

discussed in this section refer to two different design configuration of such an integrated 

site, which is illustrated in Figure 17: one in which steam condensation in the CHP plant is 

used as heat source for both drying processes (IAD), the other in which the flue gas from the 

CHP plant is directly used as drying medium in the pelleting plant dryer (IFD). These 
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configurations are compared to a base case (SEP) in which the sawmill and the pelleting 

plant are isolated plants (their drying processes being supplied by dedicated furnaces) while 

the CHP plant is run to match the same net electricity production of the integrated site and 

the heat from steam condensation is used to supply a district heating network. Further 

explanation about the design parameters of the plants and the grand composite curves of the 

integrated site configurations can be found in Paper D. 

 

Figure 17.  The configurations of the integrated industrial site (IAD and IFD) and base case 

with separate plants (SEP) (Paper D). 

 

In section 4.5.1 the integrated site configurations are analyzed and compared to the 

standalone site. In section 4.5.2, the profit is evaluated to show the influence of the market 

prices of resources and products on the integration option. 

 

4.5.1 Resource Efficiency  

The optimal consumption of the biomass fuel mix, which is obtained from predetermined 

proportions of sawmill by-products (chips, sawdust and bark), is illustrated in Figure 18a for 

different sizes of the pelleting plant. The fuel mix consumption always increases with the 

size of pelleting plant in configuration IAD, since the overall heat requirement of the drying 

processes increases. In configuration IFD, the fuel mix consumption decreases, up until 

27%wt of the available sawdust is converted into pellets. Below this critical size of the 

pelleting plant, the heat carried by the flue gas from the CHP plant at its minimum 

temperature (152°C) is more than sufficient for the drying process (some heat could be even 

recovered at the outlet of the pelleting plant dryer). Above this critical size of the pelleting 

plant, the additional heat required by the drying process is supplied by increasing the 

temperature of the flue gas from the CHP plant.  
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Figure 18.  The influence of pelleting plant size on a) the optimal fuel mix consumption and 

b) the optimal net electricity production (Paper D). 

The optimal net electricity generation is shown in Figure 18b as a function of the pelleting 

plant size. The electricity output increases almost linearly in configuration IAD, because the 

size of the CHP system is directly related to the amount of heat released at the final steam 

condensation level (this heat source has to match the heat requirement of the drying 

processes and, of course, this requirement grows linearly with the size of the pelleting 

plant). On the other hand, the electricity output has a more complex behavior in 

configuration IFD depending on the temperature of flue gas from the CHP plant (a more 

detailed explanation is offered in Paper D).  

The saving in biomass resources (i.e. the resource efficiency potential) which is obtained 

from the comparison between the integrated configurations of the industrial sites and the 

standalone plants (configuration SEP) is shown in Figure 19.  

 

Figure 19. Biomass fuel mix savings compared to the SEP site (Paper D). 
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As a general trend, the resource efficiency potential increases with pelleting plant size. The 

maximum saving potential is almost 38%wt with configuration IAD and close to 43%wt 

with configuration IFD. This means that up to 10%wt (corresponds to about 7.05 TWh) of 

the timber entering the sawmill can be made available to the biomass market. Another 

important remark is that in configuration IFD it is pointless to use a pelleting plant that 

converts less than 27%wt of the available sawdust into pellets, because a much larger pellet 

production can be obtained with the same consumption of the biomass resource and with 

larger biomass savings with respect to the case of standalone plants. Although the electricity 

production is always lower with configuration IFD, the resource efficiency potential of 

configuration IAD is always lower too. This means that electricity production and resource 

efficiency are conflicting objectives, so the economic aspects involving the prices of input 

and output material and energy flows should be evaluated for the two integrated 

configurations in order to determine their operational profitability compared with the 

standalone site (SEP).  

4.5.2 Economical Evaluation  

The results shown in this section are based on the market price situation of products and 

resources in Sweden in the year 2011 (Parikka, 2011; Juntikka, 2012; NordPool, 2012). The 

investment opportunity (IO), which is an indicator of the maximum level of investment cost 

allowed for a given design solution, has been calculated for each of the two integrated 

configurations and is shown in Figure 20. The figure also shows the IO calculated for the 

configuration with standalone plants in which the amount of the main final products 

(lumber, pellets and electricity) has been kept at the same level of the integrated 

configurations. 

 

Figure 20. Comparison between the investment opportunities of different site 

configurations (Paper D). 
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The IO values show that for any size of the pelleting plant the configuration with standalone 

plants (SEP) has a higher operational profitability compared to the integrated site 

configurations. This is due to the ratio, equal to 1.67, between the market prices of the low 

temperature heat for district heating and the low quality sawmill by-products (the biomass 

fuel mix consists mainly of bark and chips). This ratio shows that the same amount of 

energy content in the biomass by-products has a lower price than the thermal energy for 

district heating (about two thirds), and this cannot be counterbalanced by the larger resource 

efficiency potential obtained in the integrated industrial site configurations. Calculations 

show that the maximum price ratio between the thermal energy for district heating and the 

low quality biomass should be 1.4 for configuration IFD and 1.2 for configuration IAD to 

make the integrated industrial sites more profitable than configuration SEP. The present 

market situation is therefore heavily biased against sustainable resources with relatively 

high exergy levels in favor of a low exergy content product such as the thermal energy for 

district heating. However, it is the future market prices that will affect the potential of 

integrated sites. 

 

4.6 Efficient Resource Usage in a Juice Production Plant 

The investigation shows that it is possible to improve the resource usage in a juice 

production plant by drying and separating the by-products (berry skins and seeds) in a 

rotation dryer. The details (grand composite curves, intermediary results etc.) can be found 

in Paper E. 

4.6.1 Experimental Results 

The total heat load of the juice plant is calculated to be 1262 kW, where the drying process, 

scaled to full production (223 kW), is included. In the dryer, evacuation losses represent 

about 76% of the heat load and the remaining part is mainly thermal losses. Less than 0.2% 

is useful energy, heating the press cake. The drying efficiency β (actual absolute humidity 

change compared to the saturated absolute humidity change, see Equation 3.14) was 

calculated with experimental measurements to be about 6%. This means that only a small 

part of the drying capacity is used. These results indicate that air recirculation and insulation 

would be useful improvements.   

4.6.2 Modelling Results 

The existing dryer systems operate at a low drying efficiency β but improvements are 

possible. Three cases were compared: 

A) Current setup. 

B) Model of recycling the evacuated air from the dryer, in order to better use the 

energy content in the evacuation air. 

C) Same as case B with the addition of a heat exchanger between the exhaust gas of 

the steam boiler in the juice plant and the heating air for the dryer. 
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The recirculation influence of the drying efficiency was modelled, see Figure 21.  

 

Figure 21. Drying efficiency as a function of the recirculation fraction  

(Paper E). 

Recirculating the air requires a higher temperature of the incoming air. Since the 

temperature of the flue gas from the steam boiler is 220 °C, this limits the incoming air 

temperature to about 200 °C, which limits the recirculation fraction to 80%. This would 

increase the drying efficiency to about 28% and reduce the heat load of the dryer by 52%, 

reducing the total heat load of the juice plant to 1145 kW. In case C, the heat load of the 

dryer would be completely supplied from the exhaust gases of the boiler instead of using an 

oil burner. This would reduce the heat demand of the juice plant to 1039 kW. 
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5. Conclusions  

This thesis had four objectives, to: 

1. analyze the possible strategies to increase the availability of biomass on the market;  

2. find appropriate technologies to implement in drying facilities to achieve an effective 

drying for different sites; 

3. determine the national impact of these technical improvements from an energy and 

surplus biomass point of view; 

4. investigate possibilities to increase the resource efficiency in the society. 

How these objectives have been achieved will be presented in this chapter. 

 

5.1 Objective 1 

The Swedish annual sawmill biomass consumption is 5.6 TWh, where the major part 

(4.9 TWh) is used during the lumber drying process. A substantial quantity of biomass 

could be saved and used for other purposes in the society if available heat recovery 

technologies are implemented in the sawmill industry. Saving heat means that an even 

larger amount of biomass will be saved, since there are heat losses during the combustion 

and distribution. Three different strategies have been evaluated in order to increase the 

availability of biomass on the market. All three focus on how to increase resource efficiency 

of the process industries that use a significant part of the biomass on the national market.  

 Improve the internal processes in sawmills, using heat recovery technologies:  

- This could increase the available biomass on the market with more than 4.9 TWh and 

create a surplus heat production of 0.62 TWh annually.  

 

 Integrate industrial sites using heat, electricity and biomass: 

- This could increase the available biomass on the market with 7.1 TWh. 

 

 Analyze the sawmill to find possible internal heat sinks: 

- This could increase the available biomass on the market with more than 0.4 TWh. 

More details regarding these strategies are presented in 5.2.  
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5.2 Objectives 2 and 3 

One effective way to improve the internal drying processes in sawmills, nationally, is to use 

state-of-the-art technologies: 

The heat exchanger only results in a marginally improved efficiency. The potential heat 

saving from biomass combustion is 0.33 TWh/year, with an additional electricity usage of 

2.4 GWh/year.  

The mechanical heat pump could save 4.94 TWh/year of heat from biomass combustion 

and also create a surplus heat of 0.62 TWh/year available for external heat sinks. However, 

this requires an increased electricity usage of almost 1 TWh/year. 

The open absorption system could decrease the heat from biomass combustion by 

3.44 TWh/year. The heat demand is higher than that of the mechanical heat pump but it has 

significantly lower electricity usage, only 49 GWh/year.  

By optimally displacing the starting time of five different kilns, the evacuation air with low 

humidity from one kiln can be recycled into another. The heat demand from biomass 

combustion for batch kilns could thereby be decreased by 0.44 TWh/year. This would not 

only result in lower heat usage but also in fewer bottlenecks for the drying processes and a 

more uniform load for the heating system. This shows that it is possible to design heating 

systems that are less sensitive to the fluctuations in the drying scheme. 

 

5.3 Objective 4 

The strategy with the greatest potential, in terms of available biomass, is to integrate the 

industry. Despite the significant resource savings, the profitability is lower than for 

standalone sites, due to the price difference between district heating and biomass (in 

Sweden 2011). This indicates that the current market prices are unfavorable for an 

integrated site. 

Furthermore, due to the low energy content in the biomass, it is not profitable to transport it 

long distances. A possibility is to increase the biomass value by further processing it using 

e.g. pelleting and briquetting. 

It has also been found that the resource efficiency in a juice factory can be increased if the 

by-products (skins and seeds) are dried and separated with a rotation dryer. The drying 

efficiency could be improved by recirculating the drying air (instead of evacuating it). No 

external heat is needed for drying and separation if the recirculation is complemented by a 

heat exchanger between the exhaust gas from the steam boiler and the drying air. 
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6. Prospects of Future Work 

Further studies are needed to show the impact of the considered technologies from a system 

perspective. A detailed process integration study on a reference sawmill would show how 

the overall system thermal footprint changes depending on which kind of technology is used 

to recover the heat. Furthermore, an investigation could be done to analyze the possibilities 

to implement additional heat sinks at sawmills depending on their size and the market 

conditions.  

To fulfill the EU targets to decrease the fossil fuel usage in the transport sector, different 

types of biofuel plants are needed. Therefore, a process integration analysis of different 

biofuel plants would be interesting, depending on the site conditions, its location and the 

distance to main users of district heating and biomass. Market prices of biomass, district 

heating and electricity and their impact on the ratio between the resources also need to be 

considered. 

In this thesis it was shown that the current market price ratios are unfavorable for resource 

integration of sawmills, CHP plants and pelleting plant, despite a significant resource 

savings potential. Therefore, further studies in this field would be of interest, in order clarify 

the potentials and limitations, as well as to bring awareness to scientists, companies and 

policy makers. 
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Nomenclature 

Symbols 

  Area [m
2
] 

  Concentration [mol/m
3
] 

  Binary diffusion coefficient [m
2
/s] 

  Molar rate flux [mol/s∙m
2
] 

  Molar weight   [kg/mol] 

  Pressure [Pa] 

 ̇ Heat transfer [W] 
  Temperature [K] 

  Volume [m
3
] 

 

   Specific heat capacity [J/kg∙K] 

  Specific enthalpy [J/kg] 

   Convection heat transfer coefficient [W/m
2
∙K] 

   Convection mass transfer coefficient [m/s] 

  Thermal conductivity [W/m∙K] 

 ̇ Heat flux [W/m
2
] 

  Latent heat of vaporization [J/kg] 

  Absolute moisture content [kg water/kg dry air] 

  Distance normal to solid surface [m] 

 

  Drying efficiency [%] 

      Temperature gradient [K/m] 

       Concentration gradient [mol/m
3
∙m] 

  Relative humidity [%RH] 

 

Subscripts 

  Convection 

  Dry air 

  Saturated conditions 

  Target 

  Water vapor 

  Water/water vapour 

 

  Initial state  

  Before heating 

    After the mixing point 

  After heating 

   Before evacuation 

  Surrounding (i.e. far from any surface) 

 

    Supply 

     Surface 

    Air 

    Maximum 

    Recirculation 
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Constants 

     Reference temperature:  0 °C 

       Fraction of water and air molar weight: 0.622 kg/mol 

  Universal gas constant:  8.3145 J/mol∙K 

 

Abbreviations 

Case A  Initial case 

Case B  Improved by recycling of the evacuated air from the dryer 

Case C  Recirculation of the evacuated air from the dryer along with a heat exchanger between the 

exhaust gas of the steam boiler in the industrial site and the heating air for the dryer 

CHP  Combined heat and power plant 

Cooling duty External cooling demand  

DME  Dimethyl ether  

EU  European Union 

Fuel mix  Predetermined proportions of sawmill by-products (wood chips, sawdust and Heating Heating 

Duty  External heating demand 

Heat pocket  Potential for internal heat exchange 

IAD  Integrated industrial site (one in which steam condensation in the CHP plant is used as       

heat source for both drying processes) 

IFD  Integrated industrial site  (the other in which the flue gas from the CHP plant is directly used 

as drying medium in the pelleting plant dryer) 

IGCC  Integrated Gasification Combined Cycle 

IO  Investment opportunity  

ORG  Organic Rankine Cycle 

SEP  Separate plants 

SNG  Synthetic Natural Gas 

 

Prefixes 

10
3
 kilo k 

10
6
 mega M 

10
9
 giga G 

10
12 

tera T 
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a b s t r a c t

The use of biomass in the European Union has increased since the middle of the 1990s, mostly because of
high subsidies and CO2 emission regulation through the Kyoto protocol. The sawmills are huge biomass
suppliers to the market; out of the Swedish annual lumber production of 16.4 Mm3, 95% is produced by
medium to large-volume sawmills with a lumber quotient of 47%. The remaining part is produced as bio-
mass. An essential part (12%) of the entering timber is used for supply of heat in their production pro-
cesses, mostly in the substantial drying process. The drying process is the most time and heat
consuming process in the sawmill. This study was undertaken to determine the sawmills’ national use
of energy and potential magnitude of improvements. If the drying process can be made more effective,
sawmills’ own use of biomass can be decreased and allow a considerably larger supply to the biomass
market through processed or unprocessed biomass, heat or electricity production. The national electricity
and heat usage when drying the lumber have been analysed by theoretical evaluation and experimental
validation at a batch kiln. The main conclusion is that the heat consumption for drying lumber among the
Swedish sawmills is 4.9 TW h/year, and with available state-of-the-art techniques it is possible to
decrease the national heat consumption by approximately 2.9 TW h. This additional amount of energy
corresponds to the market’s desire for larger energy supply.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the last 50 years the sawmill market has undergone huge re-
forms and modifications; increasing competition has resulted in
larger production capacity and lower production time with less
lumber quotient (the mass quotient in dry substance between
the entering timber and produced lumber). This has affected the
use of energy and raw material. The drying process is the most
time and heat consuming process at sawmills and a substantial
process to achieve adequate lumber quality and behavior. To avoid
huge bottlenecks in the drying process artificial drying technique is
preferred. The usual types of wood dryer are the batch and the pro-
gressive kiln, they work with the oldest and the most commonly
used method; replacing the humidified air using outdoor air with
lower water content. The low temperature in the outdoor air needs
to be increased to about 75 �C, this results in a large heat demand.
The main difference between these kiln types is that the state of air
inside the batch kilns changes over time compared with progres-
sive kilns. Due to the several air zones separated among one an-
other in the progressive kiln i.e. the lumber package changes
zones when travelling through the kiln and is exposed to different

air states over time. The energy losses due to the drying process
can be divided into the following parts: conduction losses through
walls, roof and floor and leakages, mainly arise when the kiln is
open during lumber loading. Energy losses through ventilation
are the largest part of the total losses, in average 78% [1,2] and arise
when the moist air needs to be exchanged. Melting heat arises
when the lumber is stored in degrees below zero before the drying
process. Kilns with heat recycling are quite uncommon, but in
those cases where the heat is recycled, the most popular type of
recycling is the air/air heat exchanger. The low lumber quotient
has resulted in a large amount of excess biomass from the sawing,
sorting, barking and planing processes [3]. A significant part of this
biomass is used to supply the lumber kiln with heat. Often this is
done with the sawmill’s own firing furnace, otherwise the heat is
bought from nearby industries.

The research on energy efficient kilns was very limited due to
the low biomass prices in the 1980s and 1990s. Reducing drying
time and increasing the lumber quality with less structural defor-
mation were highly prioritised instead. Several authors have there-
fore done research in the area of lumber quality and behavior
during drying [1,4–9]. The Swedish sawmills, their production,
use of wood, drying facilities and location have been investigated
and written about [3,10,11]. The imports, exports and taxes of lum-
ber, timber and biomass have also been studied and determined
[12–14]. Field studies and measurements of the energy use in saw-
mills with different facilities and behavior have been published
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[1,5,15–17]. Previous works indicate that with the available drying
technique the energy efficiency can increase by up to 60% [2,5,18–
22]. The field studies and the investigation of the sawmill’s use of
energy and biomass clearly show that the available energy effi-
ciency techniques have not been applied. This has made the lum-
ber drying technique outdated from an energy efficiency point of
view. The large amount of biomass which today been used ineffi-
cient to supply heat to lumber kiln with low energy efficiency
can instead provide an additional supply of biomass in line with
the market demand. Increasing energy prices make it profitable
to invest in higher energy-effective drying techniques.

So far, there is no published research compiling these different
areas. The main objective has therefore been to analyze the
amount of biomass used in the drying processes at Swedish saw-
mill companies. An evaluation was done to estimate the potential
biomass reduction by using kilns with better energy efficiency.

The work concerns facilities with regard to the Swedish climate
and market circumstances. To increase the knowledge of this area,
including the users of possible surplus too, the historical use of bio-
mass and the biomass market were studied and a future market
potential was analyzed.

2. Methodology

2.1. Sawmill and biomass purchasers

A mapping was conducted concerning sawmills’ location and
market potential with regard the biomass purchasers. This investi-
gation entirely concerns those sawmills that are believed to stand
the hard competition in a future market. Theirs production capac-
ity and geographical position, their own possessions of forest and
nearby biomass purchasers appear to sustain the competitiveness
in a future perspective. These sawmills have an annual production
of over 50,000 m3 each and exclusively use forced drying tech-
niques to decrease the fixed cost due to shorter lead time. The bio-
mass production and use, type of wood, start and end moisture
contents at drying, among sawmills and purchasers are analyzed
statistically. This reflects the percentage part of the national lum-
ber production that has been dried under each specific drying
condition.

2.2. Energy demand

The national energy demand for lumber drying in kilns can be
established if the annual lumber production, the energy demand
for each specific drying condition and the corresponding percentage

of the production are known. The energy demand when drying lum-
ber in kilns depends on kiln type, lumber dimensions, outside air
condition and type of wood, end and start moisture content, etc.
The lumber production and each drying condition corresponding
percentage of the production are known from statistical branch dat-
abases and previously published work.

The main part of the lumber is dried to three different end
moisture contents, 18%, 12% and 6%. This represents 81%, 13%
and 3% of the total lumber production, respectively. The remain-
ing part of the production is dried to other end moisture contents
[3]. To decide the national heat demand for the different drying
conditions one needs to calculate the start moisture content.
The average water evaporation in the drying process, �mH2O;evap,
amounts to 325 kg H2O/m3 [15] and 275 kg H2O/m3 [15] for pine
and spruce respectively. The average lumber density at dried ba-
sis, �qDry, is 430 kg/m3 and 385 kg/m3 for pine and spruce respec-
tively [1]. With this knowledge the average start moisture
content, �vS, when the lumber enters the kiln, can be determined
through Eqs. (1)–(3).

q�vE
¼ �qDry � ð1þ �vEÞ ð1Þ

�qS ¼ q�vE
þ �mH2O;evap ð2Þ

�vS ¼ ðqS=qqDry
Þ � 1 ð3Þ

Through previously published work in the field, the kilns heat
consumption, q, can be established at 242 [16] and 315 kW h/m3

[1] for progressive kilns and for batch kilns 272 [16] and
325 kW h/m3 [1] when drying spruce and pine respectively. These
constants correspond to the average heat consumption when
drying lumber with the valid type of kiln and tree type. Due to
the different outside air temperatures and end and start moisture
contents among the studied measurements and the close relation
between those conditions and the kiln heat consumption, temper-
ature and moisture normalization was required. Esping B stated
that each 5 �C decrease in outside temperature Tout, increases the
heat consumption, Dq, by 5,4 kW h/m3 or 2,8 kW h/m3 for batch
and progressive kilns respectively [15]. This statement is con-
firmed by experimental study and agrees well with the theory.
The temperature normalization was done towards 0 �C through
Eq. (4). The normalization due to the lumber moisture contents
was established with Eq. (5). The temperature normalization was
made towards an end moisture content of 18% and a start moisture
content of 85% and 70% for pine and spruce respectively. The heat
consumption was assumed to have a linear relationship with the
outside temperature and the moisture content.

Nomenclature

P production (m3 year�1)
Q heat (kW h)
q specific heat (kW h kg�1 m�3)
Dq changed heat (kW h m�3 �C�1)
T temperature (�C)
m specific mass (kg/m3)
m moisture content (kg H2O kg�1 wood�1)
�v average moisture content (kg H2O kg�1 wood�1)
q density (kg dry wood m�3)
�q average density (kg dry wood m�3)
x part of total production (production�total production�1)

Subscripts
National national

Norm, T normalized of temperature
Norm, m normalized of moisture
H2O, evap. evaporated water
Dry dry
E end
S start
T temperature
i specific condition
mE end moisture content
mS start moisture content
Out outside
Tree tree type
Kiln kiln type
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qNorm;T ¼ qþ Dq � Tout ð4Þ

qNorm;v ¼ ½ð�vS � �vEÞ=ðvS � vEÞ� � qNorm;T ð5Þ

To assess the dependence of the end moisture content on the
energy demand, Eq. (6) is used.

qi ¼
qNorm;v

mH2O;evap
� mH2O;evap

ð�vS � �vEÞ
� ðvS � vEÞ ¼ qNorm;v �

ðvS � vEÞ
�vS � �vE

ð6Þ

To achieve an annual heat demand for each specific drying con-
dition, Qi, the specific energy demand, qi needs to be implemented
with the percentage, x, of the total production, P, for each specific
drying condition, i, (tree type, end moisture content and kiln type)
known from the sawmill mapping and statistical analysis. This is
made in Eq. (7).

Q i ¼ P � qi � ðxTree � xKiln � xvE Þi ð7Þ

The national heat demand for drying lumber, QNational, can then
be established with Eq. (8).

Q National ¼
X

Q i ð8Þ

2.3. Experimental setup

The experimental measurements of a batch kiln were carried
out as a validation of former theoretical work to determine the
kiln’s heat consumption. The measurements were made at a
sawmill named Tunadal, located in Sundsvall in the middle of
Sweden with a yearly lumber production of 335,000 m3 (2008)
[10]. The experimental study was made in February with the most
commonly used kilns, tree sort and lumber dimensions (batchkiln
with Norwegian spruce of dimension 50 � 175 mm, an end moist
content of 12%). The average outside air temperature was �8.3 �C

during the experiment. The kilns are supplied with heat through
district heating from a nearby pulp mill. The drying cycle is pre-
sented in a Mollier diagram, see Fig. 1. The experimental values
were collected from the kiln’s control system, the sampled items
were dry and wet-bulb temperature on both sides of the lumbers
packages, C and D (which are dependent on the air circulation
direction and the heat supply from the heating coil). Mark B is a
theoretical calculation point and A represents the outside air
conditions. The outside air conditions; air temperature and relative
humidity were measured by a nearby control station of the
Swedish Road Administration. The overall amount of vaporized
water and the heat consumption can be determined through
well-known thermodynamic and psychometric relationships of
desired items, such as water content and enthalpy in positions
A–D. The experimental values were normalized, according to Eqs.
(4) and (5), for temperature and end moisture content in the same
way as the heat consumption from the literature.

2.4. Potential purchasers of biomass

The national use, imports and exports of biomass were studied
through branch databases [11] and former market reports in order
to establish the market potential [10,15]. The production of bio-
mass and purchasers from sawmills were determined by market
reports from purchaser industries and sawmills [3].

3. Result

3.1. Sawmills and lumber quotient

The annual Swedish production of lumber is about 17.3 Mm3

(2008) [10] and is produced by 139 sawmills that annually produce

Fig. 1. Kiln moisture air state presented in a Mollier diagram.
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more than 15,000 m3 respectively [10]. Of this 95% is produced by
sawmills with an annual production of over 50,000 m3 and exclu-
sively uses forced drying techniques; these are presented in Fig. 2
with the number of sawmills in brackets for each production span.

The production which is dried by batch kilns corresponds to
60% and the rest by progressive kilns [3]. The different types have
differences in the use of heat, electricity and drying time. A major
part of the sawmills are located along the coastline because of the
logistic advantage, and most of them have nearby industries
using biomass. Nearly all of the lumber is produced from conifer-
ous trees, 43% Scotch pine and 57% Norwegian spruce, and hence
the use of broad-leaved trees is rare in lumber production in the
Nordic countries [3].

Due to sawing, barking and shaving processes, the lumber quo-
tient is nowadays less than half of the incoming timbers causing
the major part to become by-products such as biomass; these are
visualized in Fig. 3. Most of the produced biomass is sold to the bio-
mass market, but a significant part, 12% of the incoming timbers, is
mainly used to supply the kilns with heat in the drying process.

3.2. Energy demand

The use of electricity for lumber production is about 125 kW h/
m3 lumber. The majority is consumed in the drying process for air
circulation through fans and electric motors in the sawing and
refinement processes (planning and grinding). The use of heat in
a sawmill is about 330 kW h/m3, where the drying process stands
for 80% of the total heat consumption, the remaining heat being
used for local heating [15]. The use of heat varies widely among
outside air conditions, lumber types, drying techniques, kiln condi-
tion, etc. By using Eqs. (1)–(6) the average heat consumption was
determined at 247 kW h/m3 and 315 kW h/m3 for progressive kilns
and for batch kilns 295 kW h/m3 and 325 kW h/m3 when drying
spruce and pine respectively. The average start moisture content

was determined at 88% and 92% for spruce and pine respectively,
through Eqs. (1)–(3). The experimental study determined a heat
consumption of 272 kW h/m3 at the batch kiln with a maximum
variation of 1.4% among different kilns with an additional use of
heat for steaming and conditioning in the beginning and end of
the drying cycle. The heat demand is valid for an end moisture con-
tent of 18% and an outside air temperature of 0 �C. The heat con-
sumption is higher when drying pine, mostly due to the higher
moisture content compared with spruce. The additional use of
electricity is about 21–33 kW h/m3 [5,15]. The national electricity
consumption for drying lumber in kilns is 0.45 TW h annually.

The total heat use for drying lumber among the Swedish saw-
mills can be estimated by determining the amount of produced
lumber, 16.4 Mm3 (2008) [10] and heat use for each specific drying
condition. Through Eqs. (6)–(8) and the previously named specific
heat consumptions the national heat consumption can be estab-
lished. Table 1 shows the national heat consumption divided
among each specific drying condition and totalized results to a
heat consumption of 4.9 TW h annually.

The annual heat consumption when drying lumber represents
10% of the total biomass use in the industrial sector in Sweden
[24]. With new available techniques, for instance condenser de-
vices, the heat consumption can decrease by 60% [5,20]. This corre-
sponds to a decreased biomass consumption of 2.9 TW h.

3.3. Biomass purchasers and use

Biomass was historically dealt with as an unwanted by-product,
almost without any commercial value, due to the low price of
alternative energy sources, before the 1990s. The competitiveness
of biomass has increased drastically due to the European Union’s
strategic goal to subsidize biomass to make a higher contribution
to the national use of energy. The improved domestic market
potential, shown in Fig. 4, is due to the high subsidies. These
subsidies have increased the competitiveness of biomass against
other energy sources such as coal, oil and electricity. The restric-
tion in the biomass market is mainly due to the limitation of

Fig. 2. Production span of Swedish sawmills [9].

Fig. 3. Lumber and biomass quotient [1].

Table 1
National heat consumption by to kiln, tree type and end moisture content.

End moisture
content

Progressive kilns Batch kilns

Spruce
(TW h)

Pine
(TW h)

Spruce
(TW h)

Pine
(TW h)

18% 0.74 0.72 1.33 1.12
12% 0.13 0.13 0.23 0.19
6% 0.03 0.03 0.16 0.05
Other 0.03 0.03 0.05 0.04
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biomass production and not to the field of usage. Due to the low
energy content per weight of unprocessed biomass [26], the
exports and imports potentials are mainly limited to processed
biomass (pellets and briquettes) with the exception of low trans-
portation distance. This primarily applies to the northern region
between Sweden and Finland. Russia is a huge timber exporter to
the EU, mainly to Baltic countries and Finland. Russia has increased
the export taxes for timber to the EU with a start of 15 EUR/m3 in
2010 [12]. This will affect the domestic and neighboring countries’
supply of lumber and biomass and will increase the demand for
biomass. In only the last three years has the price increased by
60% for the industry, and between 2005 and 2006 the Swedish pel-
let production increased by 14% while district heating industries
increased their use of biomass fivefold between 1990 and 2006
[25,27]. The higher price of biomass has made longer transport dis-
tances possible.

The produced biomass among the sawmills; dried and moist
wood chips, bark and sawdust, have different behaviors and qual-
ities due to the energy content, chemicals, ash and moisture con-
tent, etc. This leads to their adaptability to various uses and
purchasers; mass and paper, biomass used by themselves through
combustion for heat production and the rest sold off. The rest sold
off part mostly correlates to CHP (Combined Heat and Power
plant), district heating and pellet plants. Fig. 5 illustrates what kind
of biomass is used by different kinds of purchasers. An investiga-

tion has to be made to validate the possible deposition potential
to nearby biomass purchasers, in case of less biomass usage at saw-
mills. The purchasers require making use of the identical kind of
surplus from increased efficiency at the kilns.

It may be seen in the figure above that the sawmills’ own use of
biomass mainly consists of bark with 9% of sawdust and less wood
chip, the last being mostly used in the process of the pulp and pa-
per industry. More adaptable purchasers than the pulp and paper
industry are CHP, district heating companies and in some case
the pellet plants. Those are possible to use the rest that is sold
off and are more valid as possible biomass depositions for the
sawmills.

4. Discussion

In general, the result showed that the use of biomass due to the
heat supply to the kiln, stands for a vast part of the total biomass
use at the industrial sector. It is partial because of the low energy
efficiency at the lumber dryer. Implementation of available state-
of-the-art techniques will reduce the national heat consumption
with a substantial part of the biomass use at sawmills. Table 1 indi-
cates that further research on increasing the energy efficiency at
kilns should be based on the specific drying conditions valid for
the largest part of heat use for the lumber production. An end
moisture content of 18% and 12%, for spruce and pine dried at pro-
gressive and batch kilns respectively, includes 94% of the national
use of heat at kilns.

The difference between the energy consumption, when drying
pine compared with spruce, has mostly to do with the start mois-
ture content being higher for pine in general. The difference in fiber
structure affects the heat consumption too and in turns affects the
part of the free water in the structure. The calculation proceeding
was made to establish the overall heat demand for drying the na-
tional lumber production. The heat demand for each specific case
can be made with higher accuracy if wanted, if more influential
variables are taking into consideration i.e. the free water effect, kiln
condition, different fiber structures among lumber types and what
part the lumber appertains to, etc.

Furthermore, the results showed that any decrease of the inter-
nal biomass use among the sawmills, can be sold to biomass pur-
chasers because of the increased marketing of biomass.

5. Conclusions

The national biomass consumption for lumber production at
sawmills is 4.9 TW h. With available techniques the consumption
can be decreased by approximately 2.9 TW h. This means thatFig. 5. Various uses of biomass [1].

Fig. 4. The last three decades of Swedish biomass usage [25].
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more than half of the energy used for lumber drying can be utilized
in other processes in society. The possible additional accessibility
of biomass is required in the biomass market due to the present
and future market potential. However, it is important to pay atten-
tion to the fact that different purchasers use different types of
biomass for their processes. Due to low energy content the unpro-
cessed biomass is often unprofitable to transport long distances.
Often, but not always, the purchasers are adjacent to sawmills.
An alternative option is to use the biomass in the sawmill to pro-
duce processed biomass as briquettes or pellets, for district heating
or for electricity production. With greater efficiency of the drying
process it is possible to gain a substantial amount of biomass to
the market without increased production from the forest. This will
increase the availability of biomass and will have a positive impact
on the emission of carbon dioxide, nitrogen dioxide, hydrocarbons
and sulfur compared with fossil fuels.
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h i g h l i g h t s

� A heating system at a sawmill was investigated and improved.
� Different impacts of external technologies at the energy usage were explored.
� The heat and electricity consumption was analysed separate between technologies type.
� The result point out a significant decrease of the biomass consumptions.
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a b s t r a c t

The worldwide use of biomass has increased drastically during the last decade. At Swedish sawmills
about half of the entering timber becomes lumber, with the remainder considered as by-product (bio-
mass). A significant part of this biomass is used for internal heat production, mainly for forced drying
of lumber in drying kilns. Large heat losses in kilns arise due to difficulties in recovering evaporative heat
in moist air at low temperatures. This paper addresses the impact of available state-of-the-art technolo-
gies of heat recycling on the most common drying schemes used in Swedish sawmills. Simulations of dif-
ferent technologies were performed on an hourly basis to compare the heat and electricity demand with
the different technologies. This was executed for a total sawmill and finally to the national level to assess
the potential effects upon energy efficiency and biomass consumption. Since some techniques produce a
surplus of heat the comparison has to include the whole sawmill. The impact on a national level shows
the potential of the different investigated techniques. The results show that if air heat exchangers were
introduced across all sawmills in Sweden, the heat demand would decrease by 0.3 TWh/year. The
mechanical heat pump technology would decrease the heat demand by 5.6 TWh/year and would also
produce a surplus for external heat sinks, though electricity demand would increase by 1 TWh/year.
The open absorption system decreases the heat demand by 3.4 TWh/year on a national level, though at
the same time there is a moderate increase in electricity demand of 0.05 TWh/year. Introducing actual
energy prices in Sweden gives an annual profit (investment cost excluded) on national level for the open
absorption system of almost 580 million SEK. For the mechanical heat pump technology the profit is
204 million SEK and for the traditional heat exchanger the profit is significant lower. It has been found
that a widespread implementation of available energy recovery technologies across Swedish sawmills
would result in substantial savings of biomass for other purposes in the society.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

A sawmill produces lumbers from the entering timber with the
help of the sawmill processes; timber handling, barking, sawing,
sorting, drying, package and in some cases a grinding process is
necessary. In these processes a lot of biomass is produced as by-
products from the lumber production. About one tenth of the
incoming timber is used for the internal supply of heat. The sawn

lumber needs to be dried to a desired end moisture content to pre-
vent cracks, shrinking and mould issues. The supplied heat is
mainly used for the drying process, which is a large energy and
time intensive process. The drying process is done in a facility
called drying kiln; dry outside air is heated and circulated through
the lumber packages to carry away the moisture in the lumber. The
additional part of the produced biomass is nowadays sold.

When producing lumber the lead time and wood quality are
prioritized before the energy consumption. The reason for the high
thermal energy requirement in the drying processes is that the
evaporation heat is normally difficult to recover usefully, due to
the low temperature. Heat recycling in the kilns is quite uncom-
mon. In some few cases the heat is recovered with air/air heat
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exchanger [1]. The research devoted to increased energy efficiency
when drying of lumber has been low prioritized in the past dec-
ades, due to the large supply and the historical low prices of bio-
mass. Different software has been developed during the last
decades to ensure correct kiln air conditions in order to attain ade-
quate lumber quality [2–4]. Several experiments were made to
evaluate the different variables’ effect on the energy efficiency
when drying lumber for different drying conditions. [5–12]. That
method is very time consuming and costly, especially if each dry-
ing condition needs to be tested for each type of recycling technol-
ogy. It has been found that the heat consumption is possible to
decrease by about 60% if available state-of-the art technologies
are used in the drying kiln [1,5,9–10,13].

The main objectives of this work are to compare different tech-
nologies for increased energy efficiency hour by hour based on cer-
tain drying schemes. The focus is on wood types, lumber
dimensions and kiln types that are most commonly used in Swe-
den according to earlier work [1,5,14]. To ensure high lumber qual-
ity the drying, scheme is constructed with the help of a simulation
program called Torksim [15,16]. Torksim was developed by the
Technical Research Institute of Sweden. It is regularly used by saw-
mills to predict the drying scheme, to obtain a specific lumber end
moisture content with a secured lumber quality and lead time, for
the specific drying conditions.

2. Background

2.1. Swedish sawmills

In sawmills today only 47 wt% [1,14] of the entering timber be-
comes lumber. Except for timber the production processes needs
electricity and heat to fulfill their purposes. The heat is often sup-
plied by the sawmills own biomass fired furnace; otherwise the
heat is purchased from nearby industries. The heat and electricity
demand for each process is shown in Table 1. The main part of the
energy used by the sawmill is heat and the drying process uses the
majority part of it, while additional heat is used for local heating.
About 12 wt% [2] of the entering timber is used to supply the saw-
mill with heat.

The drying process is necessary to prevent unwanted mold,
cracks and lumber modifications. A lumber drying process is a
struggle among sufficient quality, low lead time and low energy

usage. The quality and the lead time are always prioritized before
the use of energy. To decrease the lead time forced drying tech-
nique is applied (in drying facilities called drying kilns), which
gives rise to the high use of heat. The most common type of dryer
is the progressive and batch kiln. The main difference between
these kiln types is that the air state inside the batch kiln changes
over time corresponding to the planned drying scheme. Compared
with the progressive kilns, with several air zones of different air
state, were the lumber package changes zones when travelling
through the kiln. This gives rise to different energy uses and lead
times, which is advantageous for different types of drying
conditions.

Conventional drying technique uses outdoor air as moisture
transport medium of evaporated water from the lumber. The mois-
ture in the air has a lower partial pressure compared to the air
close to the lumber. The equilibrium principle forces a moisture
transport from the lumber into the air close to the lumber and fur-
ther to the circulation air in the surroundings, which results in a
drying effect. The bound and free water between and inside the
wooden cells will be transported towards the surface. A large dif-
ference in partial pressure will cause a faster moisture transport;
if this is done too fast an ununiformed distribution of the water
can result in cracks and large lumber deformation, i.e. an unwanted
low quality of the lumber (the amount of stored bound water com-
pared to the amount of free water makes the structure more sen-
sitive to these forces in the fiber structure). On the other hand a
low difference in partial pressure will lead to unwanted slow dry-
ing. However, before the circulation air becomes saturated it needs

Nomenclature

_m Mass flow [kg/s]
x Absolute moisture content [kg water/kg dry air]
P Pressure [kPa]
h Enthalpy [kJ/kg]
/ Relative humidity [% RH]
u Lumber moisture content [kg water/kg lumber]
V Volume [m3]
q Density [kg/m3]
T Temperature [�C]
r Latent heat [kJ/kg]
Cp Specific heat [kJ/kg K]
M Molar mass [g/mol]
_Q Heat [kJ/s]
_q Specific heat [kWh/kg]
L Mixing rate

Subscripts
1 out door, point 1
2 before the heating battery, point 2

3 middle of lumber package, point 3
3d before lumber package, point 3b
4 after lumber package, point 4
t time t = 0
t � 1 time t = �1
i initially
n interval number
w water
v vapor
dry dry
wet wet
tot total
sat saturated conditions
evap evaporated
diff difference
wood wood
air air

Table 1
Usage of heat and electricity between the lumber production processes [5,6,8,18].

Electricity
[kWh/m3lumber]

Heat
[kWh/m3lumber]

Temperature [�C]

Barking 4 – –
Sawing 23 10 30
Sorting 2 5 30
Drying 31 299 75
Dry handling 4 5 30
Grinding 13 5 30
Office 15 30
Total 77 339
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to be evacuated from the dryer and exchanged with outdoor air
with lower humidity. The dry but cold outdoor air needs to be
heated until the drying temperature is achieved.

This contributes to the largest energy losses called evacuation
losses, which stands for about 78% [10] of the total losses in a dry-
ing kiln, see Fig. 1. Other losses when drying lumber in kilns can be
divided into the following parts: transmission losses through the
envelope, leakages that mainly arise when the kiln has been open
during lumber loading. Lumber heating arises in the beginning of
the drying processes to warm up the lumber to the drying temper-
ature and melting heat, which arise when the lumber has been
stored in degrees below zero. The high amount of evacuation
losses, see Fig. 1, would give a high possibility to recover the heat
in it. Still kilns with heat recovery are quite uncommon, but in
those cases where the heat is recovered, the most popular type is
the air/air heat exchanger.

The majority of the lumber is dried to 18 wt% end moisture con-
tent, and the remainder is often dried to 12 wt% and 6 wt% respec-
tively. The wood types that are used in Sweden are Norwegian
spruce and Scotch pine (with some minority part of broad-leaf
trees). [2] The drying of the two different tree species is similar
but not the same. This is because of the difference in start moisture
content, density and the cell structure of the wood itself. The
dimensions of the lumber board and the part of the timber log it
is sawn from will of course affect the moisture content and the cell
structure even further, which will give reason to choose different
types of drying schedule and dryer depending on the specific con-
ditions. The dimensions of 50 � 150 mm and 22 � 100 mm are a
reasonable average of the most common sizes.

2.2. Available state of the art technologies

The fact that sawmills give higher priority to achieving suffi-
cient quality and lead time before the energy efficiency has forced
the analysis to guarantee that none of the technologies set up will
affect the drying climate, this is ensured by letting the air state be-
fore and after the lumber package to be fixed, independently of
which type of technology was used. Please, make clear that with
the identical drying climate satisfied in the kiln the technologies
will only affect the magnitude of the evacuation losses, i.e. other
losses; transmission losses, leakage, melting losses etc. will be
the same regardless of the used technology. For the same reason
the need for electricity and heating period at the beginning of a
drying scheme for a conventional kiln will be identical and there-
fore independent of the analysed technology. A branch marked
questionnaire for Swedish sawmills with production of at least
50,000 m3 was produced to analyse their heating systems, drying
setups, potential heat sinks and used technologies to clarify the cri-
teria for the technologies to be used. The questionnaire also
showed that heat recovery is seldom used at Swedish sawmills
today. In the article technologies were selected to be analysed
concerning their potentials to decrease the usage of energy and

increase the profit for sawmills. The criteria of available technolo-
gies selected were: existing state-of-the-art technology and its
possibility to be used in an industrial site for drying. Analysis of
possible technology that could be used was made through pub-
lished literature, branch and patent registry in the technical area.
An additional criterion was that they need to have a larger impact
than the standard air/air heat exchanger from an energy recovery
point of view. Some of the technologies were rejected because they
were not possible to use in an industrial situation, or were inappro-
priate for use in this kind of contaminated air or had too low heat
recovery impact etc. All these technologies are then compared with
the reference case: conventional kiln, i.e. drying without heat
recovery.

2.3. Chosen technologies implemented in the analyse

An extensive literature study resulted in three different tech-
nologies that had potential to achieve a sufficient impact for the
sawmill industries, each compared with the reference case: con-
ventional dryer without heat recycling technologies. Heat exchan-
ger is the most commonly used recovery technology for the
industrially used kiln dryer. It is well known and after installation
it has very low operation costs. The heat exchanger uses the ther-
mal energy in evacuation air, taken from the hot stream to heat the
cold entering air. The advantages are low investment and variable
operation cost with disadvantages of low overall efficiency. The
mechanical heat pump uses a part of the circulation air to flow
through the evaporator, the air is cooled and water is condensed
and then recirculated into the dryer. By use of electricity powered
compressor, the energy from the evaporator and compressor is set
free as heat in the condenser. In terms of an effective technology,
the disadvantage is the large electrical usage because of the com-
pressor. The open absorption system consists mainly of three parts,
absorber, generator and condenser, see Fig. 2. Water evaporates

Fig. 1. Magnitude of typical losses in a kiln [10].

Fig. 2. Open absorption system installed at a sawmill [13].
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from the lumber in the kiln and is transported by the airflow to the
absorber, water vapor in the humid air is absorbed by the absorp-
tion solution and the air is dried. The dry air is brought back to the
kiln and therefore the supply of outdoor air can be excluded. The
diluted solution is pumped to the generator. There the water is
separated from the solution medium by evaporation using primary
heat supply. The concentrated solution is transported back to the
absorber. The water vapor is condensed in the condenser, giving la-
tent heat at a temperature that is determined by the pressure in
the device. The condensed and cooled water is drained from the
system after the condenser; only the solution medium is recircu-
lated in the system.

3. Methodology

To ensure the quality of the lumber and normal lead time, a
simulation program, Torksim, was used to predict the drying
schemes. Each drying scheme is constructed with dry and wet bulb
temperature and the lumber moisture content in the middle of the
lumber package over time. Calculations were made for the two
most used kiln types in the market; progressive kilns and batch
kilns and with most commonly used tree species and lumber
dimensions according to earlier work [1,14]. A commercial calcula-
tion software, IGOR Pro 4.0.9.1 [17], was used for the calculation
procedure through thermodynamic and psychrometric relation-
ships to obtain the air state in the drying kiln. Input data was the
result from the Torksim simulation. The air states before and after
the lumber package are the same for each drying scheme, indepen-
dently of the type of technology that was studied. The quality of
the lumber was therefore ensured to be the same between the
comparisons of the technologies. Please, make clear that with the

identical drying climate produced in the kiln, the analysed technol-
ogies will not affect the magnitude of the other heat losses
(transmission losses, leakage, melting losses etc.) except for the
evacuation losses. For the same reason (constant air flow, temper-
ature and pressure drop) the need for electricity for fans in a con-
ventional kiln will be identical and therefore independent of the
analysed technology. In the comparison among the different tech-
nologies these heat and electrical demands were excluded.

Six cases were chosen, three for a batch kiln and three for a pro-
gressive kiln, see Table 2. In all cases the outdoor air temperature
was set at +3 �C and a relative humidity of 70% for the batch kiln;
a relative humidity of 80% RH was used for cases with the progres-
sive kiln. Dry lumber density for Scotch pine was set to 430 kg/m3

and for Norwegian spruce 385 kg/m3. Heartwood and sapwood
were set to 50% each for the program Torksim. The progressive kiln
was a two zones type of kiln, where the airflow is in one direction
in the first zone and in the opposite direction in zone two. In the
program IGOR one direction was simulated and constant air condi-
tions in the kiln were set neglecting the lumber heating time per-
iod for this type of kiln. For the batch kiln a heating period and in
some cases steam treatment at the start of the drying scheme were
included in the simulations. Calculations for the progressive kiln
with the different technologies implemented follow the batch kiln
procedure but only for steady state conditions. Further explana-
tions of procedure are therefore omitted.

3.1. Theoretical calculation model

To evaluate the heat demand in a batch kiln for different tech-
nologies the air states (1) to (4) needs to be known, see Fig. 3. The
variables from Torksim (1) and (3b) are not enough to establish

Table 2
Conditions for selected cases.

Case nr 1 2 3 4 5 6
Kiln type Batch Batch Batch Progressive Progressive Progressive
Tree species Scotch pine Scotch pine Norwegian spruce Norwegian spruce Scotch pine Scotch pine

Lumber dimension (mm) 50 � 150 22 � 100 50 � 150 22 � 100 22 � 100 50 � 150
Drying scheme time (h) 70 44 65 45 50 80
Lumber heating period (h) 4 7 4
Mass flow of dry air in kiln (kg/s) 30 35 25 90 90 90
Initial moisture content (%wt) 70 90 70 90 90 70
End moisture content (%wt) 18 18 18 18 18 18
Dry bulb temperature, wet end (�C) 63.5 63.2 62.5
Wet bulb temperature, wet end (�C) 62.0 62.0 62.0
Volume of lumber in kiln (m3) 150 100 150 250 250 250

Fig. 3. (a): Air flow in a batch kiln without heat recovery, (b): Corresponding air state in a Mollier diagram.
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each air state in the drying cycle. Therefore, additional variables
are needed to be calculated, such as: dry bulb temperature in
points (2), (3) and (4), absolute air humidity and enthalpy from
points (1–4), shown in Fig. 3b. The air circulation is schematically
explained in Fig. 3a and the corresponding air state in a Mollier
diagram in Fig. 3b. For a batch kiln without heat recovery technol-
ogy the cold outdoor air with lower water content replaces some of
the circulation air with higher water content. The air mix (2) is
heated through the heating coil and a fan circulates the air through
the lumber package, air states (3–4).

Torksim gave the temperature and relative humidity (/) for the
outdoor air. To calculate the air state in point 1, the partial water
pressure was defined with Eq. (1); the saturation pressure for the
dry bulb temperature can be calculated through a polynomial
equation.

Pv ¼ ð/=100ÞPsat ð1Þ

The absolute humidity (x) in the air was calculated through Eq. (2),
hence the partial water pressure and the absolute pressure were
known.

X ¼ ðMw=MdryÞPv=ðPtot � PvÞ ð2Þ

The enthalpy (h) was calculated through Eq. (3) when the temper-
ature and the absolute humidity are known in the calculated point.

h ¼ Cp;dryTdry þ xðr þ ðCp;vTdryÞÞ ð3Þ

The outdoor air state, point 1, is now defined. With the dry and wet
bulb temperature known in point (3b) (from Torksim), the absolute
humidity can be calculated assuming an adiabatic saturation pro-
cess. The absolute humidity at the wet bulb gauge (xwet) was calcu-
lated with Eq. (2) (saturated state) and for the point (3b) the
absolute humidity was calculated in accordance with Eq. (4), and
the specific heat for water (liquid) and evaporation heat was calcu-
lated through a polynomial correlation at actual temperature. The
enthalpy was determined through Eq. (3).

X ¼ ðCp;dryðTwet � TdryÞ þ xwetrÞ=ðr þ Cp;vTdry � Cp;wTwetÞ ð4Þ

The air states in points (1) and (3b) are now defined. But to analyse
the energy demand due to the interchange of outdoor air, the air
states in the other points need to be known. Between points 3
and 4 the air state is only affected by absorption of moisture from
the lumber in accordance with presumptions.

The mass of evaporated water to the circulation air can be cal-
culated by considering the decreased wood moisture content hour
by hour (from Torksim) and the air state in point (3b) by using Eq.
(5).

_mevap ¼ Vwoodqðut�1 � utÞ ð5Þ

By implementing a constant mass flow rate of the dry air circu-
lation in the kiln, valid for these types of drying conditions, a fixed
value was used for all techniques. The absorbed mass of water, xdiff

(i.e. the difference of the absolute air humidity before and after the
lumber package) can be calculated, according to Eq. (6). The abso-
lute humidity in the middle of the package, x3b, was received from
Torksim simulation. The humidity before and after the package can
be calculated with Eq. (7) and (8).

xdiff ¼ _mevap=ð3600mairÞ ð6Þ

x3 ¼ x3b � xdiff =2 ð7Þ

x4 ¼ x3b þ xdiff =2 ð8Þ

The enthalpy in point (3) and (4) can be defined with Eq. (9) and Eq.
(10).

h3 ¼ h3b � CpwTwet _mevap=ð3600 2 _mairÞ
� �

ð9Þ

h4 ¼ h3b þ CpwTwet _mevap=ð3600 2 _mairÞ
� �

ð10Þ

A test was then implemented to ensure that the conditions in point
(4) did not exceed saturated conditions. This was done by calculat-
ing the absolute humidity in point (4) with a polynomial correla-
tion, x4 = f(h4) created from saturated conditions, see Eq. (11). This
function has been calculated from literature data of saturation pres-
sure of water vapour and using Eq. (2)and Eq. (3)to obtain variable
data in the temperature range 30–80 �C.

x4;test ¼ �2:06745�10�17h5
4 þ 9:60207�10�14h4

4

� 1:72423�10�10h3
4 þ 1:52956�10�7h2

4

þ 2:99162�10�4h4 � 4:23359�10�3 ð11Þ

The absolute humidity, x4, determined by Eq. (8) was then com-
pared with the absolute humidity during saturated condition,
x4,sat. If the absolute humidity was lower than the saturated point,
(x4,sat) earlier calculations (Eqs. (7)–(10)) was valid. Otherwise the
absolute humidity was recalculated through Eq. (12) and Eq. (13).

x4 ¼ x4;sat ð12Þ

x3 ¼ x4;sat � xdiff ð13Þ

With enthalpy and absolute humidity known, the dry bulb temper-
ature in points (3) and (4) was possible to calculate using Eq. (3).
The partial pressure in these points was established with Eq. (2).
Using a polynomial expression for determining the saturation pres-
sure made it possible to calculate the relative humidity in each
point using Eq. (1). The complete states for points (3) and (4) were
thereby established.

The absolute humidity between points 2 and 3 is the same
(x2 = x3), hence the air is only influenced by heat transfer from
the heating coil. With a mass balance for water vapor and absolute
humidity known in points (1), (2) and (4), a mixing rate for the out-
door air could be calculated, see Eq. (14), i.e. how much air enters
the kiln in relation to the circulation air.

L1 ¼ ðx4 � x2Þ=ðx4 � x1Þ ð14Þ

An energy balance gives the enthalpy in point (2) according to Eq.
(15) when the mixing rate is known.

h2 ¼ L1h1 þ ð1� L1Þh4 ð15Þ

To get the total state for point (2) the dry bulb temperature and rel-
ative humidity were established in the same way as described ear-
lier for points (3) and (4). The heat demand for the kiln was
calculated with Eq. (16).

_Q ¼ _mairðh3 � h2Þ ð16Þ

The calculations presented were made every hour during the drying
scheme, excluding the heating period at the start of the scheme.
This period was established as the time from the beginning of the
scheme and until the moisture content in the lumber starts to de-
crease. The heating period was set equal to the conventional system
for all the different techniques. Summing up the heat demand for all
hours in the scheme gives the total heat demand for the kiln (see Eq.
(17)), i.e. the heat demand to cover the evacuation losses.

_Qtot ¼
Xj¼n

i

_Q n ð17Þ

Specific heat demand was calculated by dividing the total heat de-
mand with total amount of water evaporated from the lumber dur-
ing the drying scheme, see Eq. (18).

_qtot ¼ _Qtot

Xj¼n

i

_mevap;n

,
ð18Þ
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3.2. Heat exchanger

By combining the drying kiln with an air/air heat exchanger the
heat in the exiting air can be used to heat the cold but dry outdoor
air entering the kiln. The drying cycle with a heat exchanger is ex-
plained in Fig. 4a, schematically and in a Mollier diagram in Fig. 4b.
The humid air (4) preheats the entering air from air state (1) to
(1b). The preheated air is mixed with the remaining circulation
air, creating point (2). This causes the enthalpy difference between
air states (2) and (3) to decrease, i.e. less heat is needed to be sup-
plied through the heating coil. The remaining part and the drying
cycle are the same as for the regular kiln working without heat
recovery.

The air states in point (3) and (4) were calculated as explained
in Ch. 3.1. The temperature efficiency (the ratio between the tem-
perature difference for the entering air flow (T1b � T1) and the the-
oretical available temperature difference (T4 � T1), see Fig. 4) for
the air/air heat exchanger was set constant at 68% [18]. The air
state in point (1b) was calculated as earlier explained for heating.
The air state in point (4out) was also calculated in order to

investigate if condensation occurred. The mixing rate, air state
point (2), and heat demand were calculated as before, given the
specific heat demand using a heat exchanger for the drying scheme
in question. The heat exchanger causes a higher electricity usage
due to increased air pressure loss over the heat exchanger. This
pressure difference was assumed to be 100 Pa for the air entering
the kiln and 200 Pa for the air exiting the kiln. The fan efficiency
was set at 75%, and the maximum airflow to/from the heat exchan-
ger was assumed to be valid throughout the total drying period
when calculating the electricity supply. Multiplying by the hours
for the drying period and dividing by the total evaporated water
from the lumber gave the specific electricity demand for the air/
air heat exchanger and the drying scheme in question.

3.3. Mechanical air pump

A mechanical heat pump was connected to the batch kiln. A
partial flow of the circulation air (state 4) was cooled and dried
(water condensed) in the evaporator, and thereby no outdoor air
was needed. The drying cycle is explained in Fig. 5. In the

Fig. 4. (a): Air flow in a batch kiln with an air/air heat exchanger, (b): Corresponding air state in a Mollier diagram.

Fig. 5. (a): Air flow in a batch kiln with a mechanical heat pump, (b): Corresponding air state in a Mollier diagram.

896 J.-O. Anderson, L. Westerlund / Applied Energy 113 (2014) 891–901



calculation procedure a COP = 4 was used for the heat pump. One
third of the circulation air was assumed to flow through the evap-
orator (points (4)–(5)). By placing the condenser in the total air
flow it is possible to decrease the maximum working medium tem-
perature, i.e. lower maximum pressure for the heat pump. A disad-
vantage is increased electricity usage for the fans due to higher air
flow through the condenser.

The air state (3) and (4) were the same as for the conventional
kiln. The absolute humidity in point (5) was calculated from the
evaporated amount from lumber for the hour in question in the
drying scheme. The air state (2VP) was calculated as mixing, ex-
plained earlier in Ch. 3.1. Heating of the circulating air occurs when
passing through the condenser, point (2VP) to (6). If that state,
points (6) was higher than needed, point (3) the original heating
coil works as a cooling coil in the calculations. Increased electricity
supply compared to conventional technique was applied because
of the compressor and to cover the pressure drop in the evaporator
and the condenser, this has been assumed to be 100 Pa each. The
heat pump has been assumed to be in work during the hours evap-
oration from lumber take place.

In the calculation procedure the total heating obtained by the
condenser contributed to the circulating air, which caused the or-
dinary heating coil to decrease the temperature in the kiln climate
to acquire the drying temperature. In normal cases only the desir-
able heat to acquire the wanted drying temperature will be sup-
plied; the surplus heat is used at another heat sink for other
purposes.

3.4. Open absorption system

Installing an open absorption system as a heat recovery tech-
nique will affect the drying cycle in the following order, schemat-
ically shown in Fig. 6. A partial flow (one third) of the circulation
air (4) enters the absorber, a part of the moisture in the air is ab-
sorbed by the absorption medium to achieve air state (5), accord-
ing to the working line for the absorption medium. The air
temperature increases due to the vaporisation heat being set free
for the absorbed water. The dried air (state (5)) after the absorber
is mixed with the circulating air (state (4)) gives state (2). The
achieved air state is the same as the air state in point (3), i.e. no
heat supply is necessary from the heating coil. To compensate
the pressure drop in the absorber, assumed to correspond to
200 Pa, an extra electricity supply for a fan was calculated.

The absorbed water in the absorption solution needs to be sep-
arated from the system, in the generator, see chapter 2.3. For the
comparison of the different techniques, the total energy supply
for the open absorption system has to be calculated. The generator
was assumed to separate 10,000 kg of water each hour, i.e. several
drying kilns included at the sawmill. The generator works with
three heat effects (absolute pressure 1, 3.5 and 10 bar in the
respective effect), for which reason the heat demand decreases to
about 40% compared to a one effect apparatus. The water exiting
the generator (originally from the humid air in the kilns) has a
temperature of +95 �C. The electricity demand consists of electric-
ity to two pumps in the absorber, pumps for the transportation of
the solution to the generator and from the generator, three pumps
to distribute solution to each heat effect, three pumps for internal
solution flow in each heat effect and a condensation pump for the
water leaving the generator. The electricity demand was taken
from the manufacturers’ data by calculated solution flow and pres-
sure height for each pump. To include the partial load of the gen-
erator, the specific electricity demand for the generator was
increased by 33% compared to full load. The heat output from
the generator and thereby from the open absorption system was
calculated as one part steam (3500 kg/h), liquid water cooled from
100 �C to 75 �C in the kilns (to cover other losses than evacuation
losses) and finally cooling from 75 �C to 45 �C used for heating in
buildings at the sawmill.

4. Result and discussion

The result of the previous sections provides some interesting
outcomes if considering the difference between each studied tech-
nology from an energy usage point of view. Heat and electricity
were separated because of the high difference in price.

Please make clear that calculation was made by using drying
schemes suggested by Torksim as boundary conditions from the
three most commonly used drying conditions for each type of
dryer: batch and progressive kiln [1]. The drying conditions for each
case are shown in Table 2. The use of electricity and heat for each
type of technology tends to be similar for the cases. For this reason
only case 1 is shown schematically, see Fig. 8; specific values for all
cases are shown in Tables 3 and 4. To compare the different tech-
nologies only the heat to cover for the evacuation losses is pre-
sented. This value is divided by the total amount of evaporated
water during the scheme and the specific energy usage is obtained.

Fig. 6. (a): Air flow in a batch kiln with an open absorption system, (b): Corresponding air state in a Mollier diagram.
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During the initial time of the drying scheme for a batch kiln the
lumber is heated until the desired drying temperature is reached.
During this phase steam is added into kiln to decrease the strain
in the lumber to prevent cracks and lumber modifications. This
period was determined by comparing the lumber moisture content
hour by hour; when it starts to decrease the heating period is over.
During this period the heat supply was taken directly from the
Torksim program. The moisture extraction during the drying cycle
for case No. 1 can be seen in Fig. 7, where the heating time of the
first four hours is visualized. The maximum evaporation of water is
about 780 kg/h. During the total drying cycle 38758 kg of water is
evaporated from the lumber package to be carried away with the
circulation air. The peak in the curve after 50 h arise when a cli-
mate with lower humidity in the kiln is possible to use since the
strain in the lumber is equalized and do not jeopardise the quality
of the lumber. The changed climate results in an increased evapo-
ration of water from the lumber.

In Fig. 8, the specific energy uses of each technology are com-
pared to each other: Conventional kiln (i.e. kiln without heat recov-
ery) Heat exchanger, Mechanical heat pump and Open absorption
system. The energy supply covers for heating periods and evacua-
tion losses. The heat used for heating the lumber until the actual

drying starts is identical for each technology since the climate is
the same.

For case 1 the total specific energy usage for conventional tech-
nology is 3.5 MJ/kg of evaporated water. If using a heat exchanger
the heat usage is decreased by 7% (heating period excluded). The
marginal decrease of heat usage is due to only a small part of the
energy in the evaporated water being recovered. (If a temperature
efficiency of 90% was used, the heat demand decreased by 9.4%).
The need for electricity will increase slightly.

The heat pump alternative shows a surplus of heat produced by
1.30 MJ/kg of water (the temperature for the working medium in
the condenser, about +90 �C) and a drastically increased electricity
usage mainly used in the compressor. The use of the open absorp-
tion system will also result in a heat surplus (heating period ex-
cluded) and an increased electricity usage. The main difference to
the mechanical heat pump is that the primary energy supply is
heat and therefore decreases the electricity demand strongly. In
Tables 3 and 4 the specific energy usage is shown for the different
drying cases, batch kiln and progressive kilns respectively. The spe-
cific heat supply during the heating period for the batch kiln cases
was 0.89, 0.36, and 0.92 MJ/kg evaporated water for cases 1, 2 and
3 respectively.

The impact of the heat exchanger as a heat recovery technology
will only have a marginal effect on the heat usage (a decreased
heat demand of 0.15–0.45 MJ/kg water). This can be compared
with the heat decrease when using a mechanical heat pump with
3.9–4.3 MJ/kg water, but with an increased electricity usage of
1.0–1.1 MJ/kg water. This is similar to the heat usage with the open
absorption system installed, which will decrease the heat con-
sumption by 3.6–4.1 MJ/kg water with an increased electricity
use of 0.05 MJ/kg water (which is considerably lower than the
use of electricity of the heat pump). To compare the different tech-
nologies one needs to go back to the biomass input to the sawmill
furnace (in heat supply units) due to the fact that some techniques
create a surplus of heat at the kiln.

According to Fig. 1 heat losses in a drying kiln with conventional
technique (evacuation losses excluded) constitute 22% of the total
heat demand; thereby it is possible to calculate these losses using
Tables 3 and 4. The heat demand for the total sawmill (kilns ex-
cluded) can be calculated using Table 1 (13.4% of the heat demand
for the kilns). The overall heat demand for the sawmill can now be

Table 3
Specific energy usage for investigated technologies, batch kiln.

Conventional Heat exchanger Mechanical heat pump Open absorption system
(MJ/kg water) (MJ/kg water) (MJ/kg water) (MJ/kg water)

Case 1 Heat 2.62 2.43 �1.30 �1.02
Electricity – 0.003 1.050 0.051

Case 2 Heat 3.05 2.60 �1.22 �1.02
Electricity – 0.004 1.013 0.051

Case 3 Heat 2.55 2.40 �1.35 �1.02
Electricity – 0.002 1.081 0.051

Table 4
Specific energy usage for investigated technologies, progressive kiln.

Conventional Heat exchanger Mechanical heat pump Open absorption system
(MJ/kg water) (MJ/kg water) (MJ/kg water) (MJ/kg water)

Case 4 Heat 2.73 2.48 �1.23 �1.02
Electricity – 0.0023 1.011 0.051

Case 5 Heat 2.73 2.48 �1.22 �1.02
Electricity – 0.0023 1.000 0.051

Case 6 Heat 2.72 2.47 �1.20 �1.02
Electricity – 0.0023 1.027 0.051

Fig. 7. Evaporation of water from lumber to circulation air for case No. 1.
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determined by adding these three values. Assuming 10% losses in
the furnace during heat production gives a final value for the heat
input to the furnace.

Using the heat exchanger decreases the evacuation losses
according to Tables 3 and 4, and the magnitude of other losses is
the same as earlier. The total heat input can be compared to the
conventional system and the heat recovery for the sawmill using
this technique is presented in Table 5.

The mechanical heat pump creates a surplus of heat larger than
the total heat demand at the sawmill; no furnace is needed and the
heat recovery in Table 5 is hence 100%. An external heat sink is
needed to be able to use all the heat produced in the condensers;
the possible maximum temperature of the secondary system is
about 80–85 �C. In reality a furnace will be needed to cover the
heat supply during periods with large heat demand and for steam
production during the heating period in batch kilns.

For the open absorption system heat produced in the generator
is used to cover losses in the kiln (evacuation losses do not arise)
and to cover other heat demands at the sawmill. Assuming another
5% heat losses in the generator (to cover transmission losses and
culvert pipes’ heat losses) gives the heat demand to the generator.
This heat is produced in the furnace and including those losses
gives the heat supply to the furnace. To cover the remaining heat
demand at the sawmill another heat supply (with furnace losses
included) has to be calculated. Adding these two values gives the
total heat supply to the sawmill using this technique; the heat
recovery compared to the conventional system is shown in Table 5.

Applying the results to the entire national Swedish lumber pro-
duction at sawmills on a yearly basis can be done as follows.
Assuming a start moisture content of 90 wt% and 70 wt% for Nor-
wegian spruce and Scotch pine respectively and an end moisture
content of 18 wt%. Including the dry density for each wood type
makes it possible to calculate an average value for evaporated
water per cubic lumber. From earlier work the annual production
of lumber in Sweden was 17.3 Mm3 per year 2008 [1,19]. Multiply-
ing these values gives a total annual amount of water evaporated
from lumber. 60% of all lumber dried in batch kilns (1/3 for each
case 1–3) and 40% dried in progressive kilns, gives the evaporated
water annually for each case [1,14]. Using values from Table 5 it is
possible to calculate the annual heat reduction on a national basis
compared to the conventional system, assuming that all sawmills
in Sweden were to implement the technology. Calculation of the
increased annual electricity supply for each technology uses values
from Tables 3 and 4. The result is presented in Table 6.

If the heat exchanger is adopted for the heat usage, it will de-
crease corresponding to a small amount of biomass to be saved,
with an additional electricity consumption of 2.4 GWh annually.
If instead the mechanical heat pump is used, biomass correspond-
ing to 5.56 TWh will be saved, and a surplus of 0.62 TWh heat will
also be available for the external heat sink. The drawback is the
large increased electricity usage, almost 1 TWh annually.

Using the open absorption system for heat recovery at the
Swedish sawmills industry will result in a large reduction of the
heat demand and a more moderate electricity increment. The open

Fig. 8. Specific energy usage depending on type of technology, case No. 1.

Table 5
Heat recovery for investigated technologies compared to total heat demand for a sawmill using conventional drying system.

Conventional Heat exchanger Mechanical heat pump Open absorption system
(MJ/kg water) (% reduction) (% reduction) (% reduction)

Case 1 4.23 5.0 100 67.4
Case 2 4.93 10.2 100 67.6
Case 3 4.12 4.1 100 67.4
Case 4–6 4.41 6.3 100 67.4

Table 6
Annual energy values on a national basis for the sawmill industry in Sweden.

Heat exchanger Mechanical heat pump Open absorption system

Heat reduction (TWh/year) 0.33 5.56 3.44
Electricity supply (GWh/year) 2.4 996.2 49.2
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absorption system has a higher freedom at the return water tem-
perature for the surplus heat than the heat pump, which makes
the usability easier for a larger amount of possible heat sinks for
further use of surplus heat.

Additional heat sinks for surplus with the mechanical heat
pump could be external heat uses, e.g. district heating, heating of
pelleting plants, ORC (Organic Rankine Cycle) power plants or
other industrial process heating.

Introducing energy prices to Table 6 gives an economical per-
spective on annual basis for the different technologies. In Sweden
the energy price for biofuel (bark) is 180 SEK/MWh and for elec-
tricity the price is 800 SEK/MWh [20–23]. The heat reduction in
Table 6 means a surplus of biofuel that can be sold on the market,
the extra electricity used need to be bought. The sum of these two
values gives the profit presented in Table 7. Investment costs are
excluded since it is hard to implement on national basis.

According to Table 7 the open absorption system is most prof-
itably almost 580 million SEK each year with an extra annual profit
of around 376 MSEK compared to the mechanical heat pump. On
the other hand the investment costs are probably higher for the
open absorption system.

The heat reduction potential on the national level presented for
the different technologies assumes steady state conditions. The
simulations performed with IGOR show for instance that the heat-
ing period lasts only for a few hours but during this time the heat
supply is large. It is therefore not certain that the produced heat
surplus from the mechanical heat pump technology or the open
absorption system is sufficient to cover the heat demand. The out-
come depends on the sawmill configuration and operation mode.
The assumption of steady state conditions is therefore not totally
correct. The actual heat recovery on the national level will conse-
quently decrease to some extent.

5. Conclusions

A substantial quantity of biomass could be saved and used for
other purposes in society, if available energy recovery technologies
were implemented in the sawmill industry. Use of heat exchanger
technology to recycle the heat in the evacuation air leads to only a
marginal increase of the efficiency, between 4–10% (depending on
the drying scheme and sawmill conditions). In a national system
aspect for the sawmill industry in Sweden this corresponds to
0.33 TWh, with an additional use of electricity consumption of
2.4 GWh. The low impact on the drying kiln’s efficiency that is pos-
sible to achieve is due to the fact that only a small part of the en-
ergy in the available evaporated water in the evacuation air is
recovered.

The mechanical heat pump is an effective technology that can
decrease the energy usage considerably and result in a large heat
surplus if implemented in the drying system. The disadvantage of
the technology is the high consumption of electricity due mainly to
the compressor. In a national perspective the mechanical heat
pump can decrease the internal biomass usage corresponding to
5.56 TWh and also create a surplus of heat, the negative effect is
the large electricity demand, almost 1 TWh on annual basis The
fact that the price of electricity is much higher compared with

the biomass price is a large drawback from the point of view of
profitability.

The open absorption system will decrease the heat usage by
67.4% on average if implemented in the drying kilns. In a national
perspective this technology will decrease the annual use of bio-
mass in the sawmill industry by 3.44 TWh, lower than the mechan-
ical heat pump but with significant lower electricity consumption,
49.2 GWh.

The annual profit (investment cost excluded) for the open
absorption system is almost 580 million SEK. For the mechanical
heat pump the result is 204 million SEK and for the heat exchanger
technology the profit is much lower, around 58 million SEK each
year.

The heat reduction potential presented for the different tech-
nologies assumes steady state conditions. The high correlation of
the specific heat load at the dryer affects the heating system, and
where in the drying period the dryer is located will affect the pos-
sible usage of surplus heat from these technologies. It should
therefore be clear that how the dryers are operated will have an
impact on the possible received effectiveness of the system.

Additional heat sinks for surplus heat purposes should in those
cases therefore be implemented in the overall heating system to
increase the usage of surplus heat, e.g. district heating, pelleting
plants, ORC (Organic Rankine Cycle) power plants or other indus-
trial process heating.

Further studies are needed to show the impact of the studied
technologies in a system approach. A suggestion would be to make
a process integration of a reference sawmill to be implemented to
show how the system requirement of heat is changed depending
on what kind of technology is used to recover the heat.

Acknowledgements

The research is funded by the Swedish Energy Agency and is the
first part of a research project that will analyse the energy use
among sawmill drying facilities.

References

[1] Anderson J-O, Westerlund L. Surplus biomass through energy efficient kilns.
Applied Energy 2011;88:3838–4853.

[2] Kamke AF, Vanek M. Comparison of wood drying models. 4TH IUFRO
International Wood Drying Conference. New Zealand: Rororua; 1994.

[3] Rèmond R, Passard J, Perrè P. The effect of temperature and moisture content
on the mechanical behavior of wood: a comprehensive model applied to
drying and bending. Eur J Mech 2007;26:558–72.

[4] Jarl-Gunnar Salin. Fiber level modeling of free water behavior during wood
drying and wetting. Maderas Ciencia y tecnología 2011;13(2):153–62.

[5] Esping B. Wood drying 1b. Practical drying (Torkhandbok Praktisk torkning
1B). Stockholm: Trätek; 1996 [In Swedish].

[6] Tronstad S, Edlund M. Torkning av stolper (Pole drying), [In Norwegian]. NTI
(Norsk Treteknisk Institutt) & Svenska Träskyddsinstitutet. Oslo; 1993 [p. 50].

[7] Wiberg P, Sehlstedt PSMB, Moren TJ. Heat and mass transfer during sapwood
drying above the fiber saturation point. J Drying Technol 2000;8:1647–64.

[8] Tronstad S. TTF‘s temamote om fyrningsanlegg på Romedal (TTF‘s subject
meating about drying facility at Romedal), [In Norwegian]. NTI (Norsk
Treteknisk Institutt). Treteknisk informasjon. Oslo; 1993 [19–23].

[9] Westerlund L, Dahl J. Open absorption system: experimental study in a
laboratory pilot plant. Appl Energ 1991:38; 215–229.

[10] Johansson L, Westerlund L. An open absorption system installed at a sawmill
description of pilot plant used for timber and bio-fuel drying. Energy
2000;25:1067–79.

[11] Chen G, Bannister P, Carrington CG. Optimum air drying strategy for
dehumidifier timber dryers. Drying Technol 2001;18:115–26.

[12] Cronin K, Norton B. Development of a simulation tool to enable optimisation of
the energy consumption of the industrial timber drying process. Appl Energ
1996;53:325–40.

[13] Westerlund L, Dahl J. Absorbers in the open absorption system. Appl Energ
1994;48:33–49.

[14] Staland J, Navrén M, Nylinder M. Såg 2000, Resultat från
sågverksinventeringen 2000 (Saw 2000, Results from sawmill inventory
2000), [In Swedish]. 5rd ed. Uppsala; 2002.

[15] 15. Salin, J-G.: Simulation of the timber drying process. Prediction of moisture
and quality Doktorsavhandling. Åbo Akademi; Finland. 1990.

Table 7
Annual economic benefit for the different technologies on a national basis for the
sawmill industry in Sweden.

Heat
exchanger

Mechanical
heat pump

Open absorption
system

Profit (MSEK/year) 57.5 203.8 579.8

900 J.-O. Anderson, L. Westerlund / Applied Energy 113 (2014) 891–901



[16] Danvind J, Ekevad M. Local water vapour diffusion coefficient when drying
Norway spruce sapwood. J Wood Sci 2005;52:195–201.

[17] WaveMatrics – IGOR Pro 2013 <http://www.wavemetrics.com/products/
igorpro/igorpro.htm> [Accessed 2013].

[18] Edström J.-O., Modelling of heat recovery at timber drying, Umeå University,
Report, Umeå; 2006.

[19] Stridberg S, Sandqvist I. Sågverkens energibalans (Sawmill energy
equilibrium). Styrelsen för teknisk utveckling, STU. Uppsala; 1985 [In
Swedish].

[20] Bisaillon M, Ekstöm C, et al. Biokonkurrens och rapport 08:60 BIOKONK
(Bioenergy competition and rapport). Elforsk: Stockholm; 2008 [in Swedish].

[21] 21. Axelsson E, Harvey S. Scenarios for assessing profitability and carbon
balances of energy investments in industry. Göteborg; AGS Pathways report
2010:EU1; 2010.

[22] 22. Juntikka M. Skogsvärlden (Worlds Forest), Stockholm, Skogssällskapet
(Forest Association) 1;2012 [in Swedish].

[23] NordPool Spot, Available at <https://nordPoolspot.com> [last accessed 2012].

J.-O. Anderson, L. Westerlund / Applied Energy 113 (2014) 891–901 901





 

 

Paper C 

 

 

 

MIND based optimisation and energy analysis of a 

sawmill production line 

 

 

 

 

Anderson. J.-O, Westerlund. L 

 

 

Presented at PRES 2010; Prag, Czech Republic; 2010 

  





 

 

MIND based optimisation and energy analysis of a sawmill 
production line 

Jan-Olof.Anderson*, Lars.Westerlund 

Luleå University of Technology. Div. Energy Engineering Dep. 
SE-971 87 Luleå Sweden 

Jan-Olof.Anderson@ltu.se 
 
The lumber drying process uses about 80 % of the total heat consumption in sawmills. 
Efforts to increase energy efficiency in lumber kilns were very restricted due to the low 
biomass prices between the 80th and 90th. Today with higher production and biomass 
prices, companies want to decrease their own use of biomass and increase the heating 
system efficiency. The study proposes alternative ways to reduce the heat consumption 
at batch kilns by recirculation of the evacuation air and addresses particular problem 
encountered in sawmills. Which produce their own heat and suffer from bottlenecks in 
the heating system due to high heat load from the dryers and increased production.  The 
study shows the possibility to recycle the evacuation air from each kiln which reduces 
the overall heat consumption of the kilns by 12 %. At nationally basis this corresponds 
to a decrease of heat consumption of 440 GWh annually, among Swedish sawmill. This 
will decrease the individual heat consumption of the kilns, heat load in the heating 
system and the bottleneck effect in the drying process. The decreased own use of 
biomass brings benefits of more available biomass to the market and increased profits 
for the sawmill. 

Introduction 
The Swedish sawmill industries produce 16.4 Mm3 lumbers annually (Staland J., et al. 
2002). The drying process uses 78-83 % (Vidlund A., 2004, Stridberg S., et al. 1984) of 
the total used heat in sawmills. This makes lumber drying  the largest heat and time 
consuming process in the lumber production process. A modern kiln dryer uses about 
285 kWh/m3  (Vidlund A., 2004), which corresponds to a national heat consumption of 
4.7 TWh. Normally is heat produced in a furnace by own by-products from the sawmill 
processes, biomass as bark, woodchips, sawdust. The interests in increased energy 
efficient kilns were very limited due to the low biomass prices under the 80th and 90th. 
Reducing drying time and increasing the lumber quality were highly prioritised instead. 
With larger lumber demand on the market and increased energy prices have led to 
higher priority of energy efficient kiln and heating system. This study brings solutions 
to lower the heat consumption in lumber drying by  recycling of evacuation air. 



 

 

Technical description  
The drying process is necessary to gain sufficient quality and moisture content of 
lumber with less structural deformations. The  lumber undergoes  a specific drying 
scheme with different temperatures and moisture contents of surrounding air. The 
appearance of the drying scheme is depending on the end moisture content of the 
lumber, type of wood and dimensions etc. The outdoor air is heated by firing biomass in 
a furnace, the air then enters the drying kiln and is circulated beside the lumbers. To 
maintain a high drying capacity among the circulation  air and avoid an equilibrium 
state between the  air and the lumber, it is necessary to evacuate a part flow from the 
kiln and exchange it with fresh air.  The air is evacuated to the outside for a 
conventional kiln, which results in high drying losses and decreased drying efficiency. 
The used heat, air humidity and temperature in a kiln during a drying cycle are 
presented in Figure 1. The two diagrams (see Figure 1 (c)-(d)) show the temperature and 
humidity inside the kiln over time. As can be seen in Figure 1 (a), the heat consumption 
in the beginning part of the drying scheme (the first eight drying steps) corresponds to   
50 % of the total heat consumption.. This high consumption is related to the large 
amount of evacuation air, high lumber moisture content and the lumber warm up 
process which stands for 6 % (Johansson L., et.al. 2000) of the kiln heat consumption. 
 

 

Figure 1: Lumber drying cycle in kiln dryers 

The extend of this high heat load in the beginning of the drying cycle can cause 
problems in form of bottlenecks in the heating system, particularly if several kilns are 
started simultaneously. The evacuated air humidity is largest at drying steps 2-8 where 
the mass flow of evacuated air is highest, shown in Figure 1(b) and (d). It renders 
possible to recycle some of the evacuated air from kilns which no longer is in the same 
drying step and have lower moisture content in the evacuated air, to kilns which is in the 



 

 

beginning part of the drying cycle. This can be achieved if some of the dryers are 
displaced in starting time between each other.  

 Methodology 

The energy demand at kilns was determined by experimental measurements in a batch 
kiln and from former published research. The measurements were made in Tunadal 
sawmill, located in Sundsvall, Sweden. The sawmill was chosen due to their use of 
drying technology which represents the most common used, with new heating system 
and kiln facilities and accurate control system. Those correspond to the latest drying 
facilities at the market. The experiments were performed in February on batch kilns, 
with Norwegian spruce with a dimension of 50 x 175 mm and an end moisture content 
of 12 %. The experimental data were collected by the kiln control-system. Sampled 
variables were dry and wet temperature at both sides of the timbers package (marked 
(C) and (D) in Figure 2),  air mass flow and the heat supply from the heating coil. The 
conditions of the outside air marked (A) in Figure 2, temperature and relative humidity, 
were measured in a nearby control station by the Swedish road department. Mark (B) 
refers to a theoretical calculated point which corresponds to the air condition at the 
heating battery, where an adiabatic process is obtained due to pure heating of the 
entering air towards point (C).  The air enthalpy between point (C) and (D) have been 
considered as constant. Hence, only moister absorbing without heat reduction occurs, 
after the lumber heat up process. When the air passed the lumber package, at point (D), 
has the air been considered as saturated. 

 
Figure 2, Measurement points of air cycle in kiln and mollier diagram 

The air enthalpy, evaporated water and heat consumption can be established through 
well known thermodynamic and psychometric relationship. The experimental values of 



 

 

one drying scheme were sampled each minute and turned into 39 drying steps with 
arithmetic average of the sampled experimental values. The overall load at the heating 
system was analyzed by studying five kilns which had the same drying cycle and drying 
conditions. A comparison over time was then established between the mass flow and the 
outside and entering air enthalpy. A kiln with lower air humidity in the evacuation air 
was accepted to recycle air into a kiln with higher air humidity. To obtain this condition, 
the kiln needs to be displaced in starting time compared with the other kilns. The heat 
consumption was calculated with the air mass flow and the enthalpy difference between 
the evacuated air, the air outside and inside of the kiln. 

 

 Result 
The following results are established with 8 drying step displacement in starting time 
between each of the five kilns. Figure 3 shows the individual heat consumption for the 
kilns. The solid lines represent the consumption without heat recycling between the 
kilns and the dashed line represent the consumption with recycling. When comparing 
the dashed and the solid line, in Figure 3, it can be seen that there is more efficient use 
of heat in drying step nr 2-7 when recycling the evacuation air. The individual 
consumption was reduced with 9 %, 6 %, 13 %, 15 %, and 17 % respectively. This 
results in an overall decreased heat consumption of 12 %. The experimental 
measurements were repeated three times for identical kilns, the data was then analysed 
in the same way as previously. This resulted in a maximum variation of 3 % between 
the measurements.  

 
Figure 3, Heat consumption for five identical kilns 

Among Swedish sawmills this represents a reduction of 440 GWh in heat consumption 
annually. For a specific sawmill this will lead to increase the production capacity due 
the reduced and more even heatload at the heating system and thus, with a result of less 



 

 

drying bottlenecks. The use of heat which are produced from own biomass will 
decrease, resulting in benefits for the biomass market and the sawmill profit.  

Conclusion 
The investigation points out that it is possible to decrease the overall heat consumption 
by 12 %, for heating the entering air into the kiln. This is possible if each of the kilns is 
displaced in starting time with about eight drying step, to be able to recycle the 
evacuation air from one kiln with low humidity into another. This will result in more 
uniform load at the heating system and less bottlenecks at the drying processes. If 
implement this into larger heating system which embrace larger amount of kiln it is 
possible to achieve higher efficiency and a heating system which is less sensitive of 
fluctuations of the drying scheme. 

Discussion 

The high variation of reduced heat consumption, between kiln 1 – 5 (9 %, 6 %, 13 %, 
15 %, and 17 %), can be explained by the specific displacement in time between the 
specific kiln and the other kilns. This demonstrates how important the displacement in 
time is between the different kilns, considering the heat recycling. In general, many 
dryers are started simultaneously, often due to simplicity, which renders effect in an 
unnecessary peak load at the heating system. The heat recovery system, explain in this 
paper, can be used among small drying systems in sawmills but will serve best for 
larger systems, with at least 10 kilns. I.e., sawmills with a production capacity of about 
70 000 m3 lumbers. At these sawmills a heat recycling scheme between the kilns can be 
made with less sensitiveness of a specific kiln malfunction.      
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� An integrated industrial site with sawmill, pellet plant and CHP plant is studied.
� Different material and energy flow connections among the plants are explored.
� Up to 18% of sawmill biomass output can be saved.
� Heat and biomass prices strongly affect the economic result.
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a b s t r a c t

An essential strategy to lower energy and resources consumption is the development of highly integrated
industrial sites including different kind of plants complementing one another. Sawmills are huge biomass
suppliers to other industries, such as pulp and paper mills, pellet plants and CHP plants, and part of the
biomass is also used for the internal heat requirement. In this paper the integration of a sawmill with a
pellet plant and a CHP plant is investigated using advanced process integration techniques, so that the
thermal energy and the electricity produced in the CHP plant by burning part of the sawmill biomass out-
put are used for the heat and power requirements of the other two industries. The results show that up to
18% of the biomass by-products from the sawmill can be saved, but from the economic point of view the
ratio between prices of the thermal energy sold for district heating and the low quality biomass has to be
lower than the present one to make the integrated design solution more attractive than separate plant
operation.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the increased concern about the growing energy
demand, the EU authorities have recommended that energy re-
sources should be used with the highest possible efficiency in
industrial processes in order to optimize their usage. In the forest
and wood processing industry the production and consumption
of woody biomass, which is already considered as a renewable en-
ergy resource, can be critically evaluated with different methodol-
ogies to achieve further savings both in the primary and
intermediate material streams and in the heat and electricity
demand.

About 50% of the domestic wood which is forested in Sweden is
used by sawmill [1], but a substantial part of it (around one fifth) is
used in the plant itself to cover the internal thermal energy de-
mand [2]. The biomass output from a sawmill is considered as a
by-product of the main process chain. This biomass has a moisture

content of about 60% and a great share of it is sold and transported
for long distances to be used for the production of pellets, heat and
electricity in pellet plants, combined heat and power (CHP) plants
or paper and pulp mills. In a pellet plant about one fourth of the
energy content of the pellets is used in the productive processes,
and most of it for supplying thermal energy by means of combus-
tion in a furnace or other heating systems, as it occurs in sawmills.
Biomass-fired CHP plants are now an established technology for
the cogeneration of power and heat that is used for district heating
or in other industrial processes. Recent advances and reviews
about these three types of industries can be found, e.g. in [3–9].

1.1. Aim

Sawmills, pellet plants and CHP plants make use of biomass as
raw material for their main products and as energy resource for
heat supply. Accordingly, the potential for increasing the overall
efficiency in the usage of the biomass resource is high if an inte-
grated industrial site involving these three types of industry is con-
sidered. Resource savings from increased energy efficiency should
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also provide benefits from the economic and environmental points
of view (e.g., cost savings, less pollutant emission and/or
non-renewable resource consumption per unit of final product).

The present paper investigates the possibility of including a
sawmill, a pellet plant and a CHP plant in a theoretical green field
integrated industrial site, in order to evaluate how much the over-
all biomass resource usage due to these three industries can be de-
creased with the help of thermal integration and of design
parameters optimization in CHP plant steam cycle.

1.2. Outline

The paper is organized as follows. Section 2 offers an overview
of the theoretical reference plants which are used in the investiga-
tion. The reference sawmill and pellet plant were conceived
according to an inventory analysis of the technical situation of
these industries in the Nordic Countries, and the information about
the material and energy streams was taken from this large and al-
most exhaustive collection of data [1]. In Section 3 the methodol-
ogy followed for the investigation is introduced and the
strategies for the energy and material integration within the indus-
trial site are analyzed. The considered integrated industrial site
configurations, the details about the design parameter optimiza-
tion (decision variables, constraints and objective function) and
the tools used in the search for the optimal solutions are also dis-
cussed. In Section 4 the obtained results are presented and dis-
cussed, and an economic analysis compares the operational
profitability of the optimal integrated sites with that of the sepa-
rate operation of the three plants. This is used to determine the
maximum amount of investments per unit of product that can be
made to reach the break-even point at end of the considered
technical lifetime.

2. Description of the plants to be integrated in the industrial
site

The plants that are considered for the integrated industrial site
are described in the following sections. They all reflect typical aver-
age plants existing in the Nordic countries.

2.1. Sawmill

In sawmills large quantities of timber are sawn into boards
(lumber). Deforested logs without branches, treetop and roots are
transported to the sawmill and used as the main input material
stream. In the lumber handling process, the raw material under-
goes debarking, then sawing, sorting, drying and in some cases
grinding. The desired output of this productive chain is lumber,
which accounts for 47% of the incoming timber on a dry weight ba-
sis, whereas the remaining part becomes bark, sawdust and wood
chips, which are considered as by-products (see Table 1 and Fig. 1
[1,10]). Nowadays most sawmill plants are stand-alone facilities,

and the thermal requirement of their processes is satisfied by
burning part of the by-products into a biomass furnace combined
with the plant. Bark would surely be the least commercially inter-
esting among the by-products, due to the high moisture, low heat-
ing value and high ash content. However, for the same reason the
combustion of bark alone is difficult and therefore the biomass fuel
mix which is burnt in the furnace actually is mainly composed by
bark, but with the addition of sawdust and wood chips: the per-
centages of the three by-products in the mix, referred to dry mass,
are 85%, 9% and 6%, respectively. The excess by-products that are
not burnt in the furnace are sold to other plants of the forest indus-
try, such as pellet plants, CHP plants and pulp and paper mills.

The thermal and electric requirements of a reference sawmill in
the Nordic countries are summarized in Table 1. More than 70% of
the whole sawmill energy requirement is due to the drying pro-
cess, which is operated in a dedicated building called drying kiln.
Dry cold outdoor air is heated to the temperature of the drying
environment (75 �C) and is then forced to re-circulate among the
lumber [1,11]. The difference between air humidity and lumber
moisture content is the driving force of the drying process, which
is considered as a constant temperature heat sink at 75 �C. The con-
tinuous replacement of the humidified air with new dry air is the
reason for the high thermal energy requirement of the drying
process.

In order to cover the thermal demand of the sawmill, 46.0% of
the available biomass fuel mix at sawmill output would be burnt
in the plant furnace (this corresponds to 0.103 dry kg per dry kg
of timber input to the sawmill itself, see Fig. 1). Sawmill electricity
requirement can as well be expressed in terms of biomass con-
sumption, if it is assumed that the same biomass fuel mix is used
to feed a steam power plant with 30% LHV based electric efficiency
(see Section 2.3 for more details). In this case the share of the avail-
able mix requested for internal consumption will raise at 76.5%,
which corresponds to 0.171 dry kg per dry kg of timber (Fig. 1).

2.2. Wood pellet plant

A wood pellet plant transforms wood wastes from different
types of forest industry into small and compact particles, sawdust
being mainly preferred as raw material for the process. The incom-
ing stream of sawdust undergoes rough and fine grindings and dry-
ing before being pelletized. Some thermal energy is generated
during the pelletizing process due to internal chemical reactions,
which make the pellet break up and this would decrease the qual-
ity of the pellets because of an increase of the small-sized fraction.
To prevent this phenomenon, the pellets are cooled with air circu-
lation fans in the last part of the process (the final temperature of
this air stream is however too low to have this stream participating
in the thermal cascade).

The largest share of the energy requirement in the pellet plant is
needed by the drying process. The sawdust entering the dryer has a
moisture content of 60% (wet basis) and a temperature of 5 �C,
while at the exit the temperature is 110 �C and the moisture con-
tent is very close to the final moisture of the wood pellets (10%
weight wet basis against 8%). The drying air is taken from the
ambient at 2 �C and heated at 250 �C before entering the dryer,
whereas the air temperature at dryer exit is equal to that of the
sawdust (110 �C). Accordingly, 27.6 kg of air are needed per each
kg of dry wood pellet, and the resulting thermal load is shown in
Table 2. At the exit of the pellet plant, the humid air has still a tem-
perature of 80 �C and some heat can recovered by cooling it down
to 60 �C, but not further in order to avoid the condensation of
water vapor. The resulting available heat is listed in Table 2 as well
[12–16].

The heat required to satisfy the net thermal demand resulting
from the streams reported in Table 2 is usually supplied by a

Table 1
Material and energy streams in a reference sawmill in Nordic countries (per dry kg of
lumber).

Input Timber 2.12 kg dry

Output Lumber 1 kg dry
Sawdust 0.17 kg dry
Wood chips 0.55 kg dry
Bark 0.40 kg dry

Cold streams Drying 2645 kJ at 75 �C
Room heating 353 kJ at 30 �C

Electricity demand Debarking, handling, sawing,
sorting, drying, grinding

680 kJ
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biomass furnace combined with the plant, which is fired with the
same biomass fuel mix introduced in the previous subsection. In
case all the sawdust produced by the sawmill is converted into
wood pellets, neglecting the fact that some sawdust must be used
in the mix itself, 16.6% of the available mix at sawmill output
would be burnt in the plant furnace to satisfy the only heat de-
mand of the pellet plant (this corresponds to 0.037 dry kg per
dry kg of timber, see Fig. 1). If electricity requirement is to be ex-
pressed in terms of biomass consumption, assuming again that
the same biomass fuel mix is used to feed a steam power plant
with 30% LHV based electric efficiency, then the available mix re-
quested by a pellet plant which converts all the sawdust produced
by the sawmill will raise at 20.1%, which corresponds to 0.045 dry
kg per dry kg of timber (Fig. 1).

2.3. Biomass fired CHP plants

Biomass residues and by-products from lumber production at
the sawmill can be used to generate electricity and CHP via com-
bustion in dedicated steam power plants. However, the size of
these plants are usually smaller than the traditional coal-fired
power plants because of the regional density of the available local
feedstock (logs from the forest) and its high transportation costs
due to the low energy content. Biomass combustion is also an issue
due to the high moisture content, and electrical efficiencies similar
to coal-fired plants (i.e. over 35% LHV based) can be obtained only
by burning selected biomass fuels (e.g. high quality wood chips
and sawdust) and by operating a high steam temperature Rankine
cycle (maximum temperature 540 �C) [17,18].

In this paper the biomass-fired CHP plant is assumed to be fed
with the same mix of biomass by-products that would be used in
the sawmill furnace (see Section 2.1). Considering that the wood

delivered to the sawmill is 50% Scotch pine and 50% Norwegian
spruce (the normal mix used in Nordic countries), the elemental
composition of the biomass fuel mix is C 51.9%, H 6.0% and O
40.5% on a dry basis [19], the rest being ashes or other elements
that can be neglected for the computation of the heating value.
The moisture content is 55%, and the resulting lower heating value
is 7430 kJ/kg of wet biomass fuel mix. The fuel is burnt with 1.5
times the stoichiometric air and a heat loss equal to 5% of the
LHV is considered from the boiler. The technology used in the boi-
ler is fluidized bed combustion, the temperature of the bed being
kept around 800 �C in order to avoid the agglomeration of bed
materials and the defluidization due to melted ash from biomass
[20]. The flue gas exits the boiler at a temperature of 152 �C, which
can be considered as the lowest possible temperature in order to
avoid the risk of condensation due to the high water content in
the flue gas (this temperature has been taken from a real biomass
boiler [21]). The useful fraction of the thermal energy released by
the combustion is assumed to be transferred by two thermal
streams, one at 800 �C representing the radiative heat transfer
from the bed and the other from 800 �C to 152 �C representing
the convective heat transfer. Their heat loads per dry kg of the
biomass fuel mix, calculated according to the data listed in this
section, can be found in Table 3.

3. Methodology

3.1. Configurations of the integrated site

The scope of the paper is to investigate the most convenient
ways in which the two plants described in the previous section,
namely the sawmill and the pellet plant, can be integrated with
a biomass-fired CHP plant in the same industrial site. The objective
is to create the opportunity for reducing the consumption of re-
sources and energy needed to obtain the same amount of final
products compared to the situation in which the two plants and
the conversion from biomass to electricity are operated separately.

The presented investigation is made regardless of the size of the
sawmill, so that all the material and energy streams of the inte-
grated industrial site can be expressed in terms of the unit dry
mass of the input timber or of the output lumber (the second op-
tion is used in the following). On the other hand, the size of the pel-
let plant is free to vary between zero (the case in which the pellet
plant is not present in the site) and a maximum corresponding to
the case in which all the sawdust from the sawmill is used (most

23 % External sold off 

   6.9 % Sawmill electricity 

Biomass 
    53 % 

Sawdust 8 %

Lumber 
    47 % 

  Timber 
     100 % 

Wood chips    
               26 % 

Bark 19 % 
Biomass fuel 
mix 22 % 

 10.5 % Sawmill heat

   3.8 % Pellets plant heat 

   0.8 % Pellets plant electricity

   8.0 % Pellet

Fig. 1. Quotient of woody resources and products (in this figure pellet production and its requirements are calculated neglecting that some sawdust is present in the biomass
fuel mix).

Table 2
Material and energy streams in a reference pellet plant in Nordic countries (per dry kg
of pellets).

Input Sawdust 1 kg dry
Output Pellets 1 kg dry
Cold streams Air to dryer 6957 kJ from 2 �C to

250 �C
Hot streams Humid air at plant outlet 609 kJ from 80 �C to 60 �C
Electricity

demand
Grinding, drying,
pelletizing

460 kJ
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of it converted into wood pellets and the rest burnt as a component
of the biomass fuel mix supplied to the CHP plant). Finally, the size
of the CHP plant is determined by the optimal matching among the
plants. The remaining amounts of biomass by-products that are
not required by the CHP plant or by the pellet plant are calculated
and considered available for being sold to the market.

According to the input–output relationships among the mate-
rial streams and the heat and electrical requirements that have
been analyzed in details in the previous section, there are two
main ways in which the material and energy streams of the drying
processes in the two wood processing plants and the biomass-fired
CHP plant can be matched together. However, most of the connec-
tions among the plants are common to both the resulting configu-
rations of the industrial site:

– the sawdust produced in the sawmill is used for the conversion
into wood pellets in the pellet plant;

– some of the sawmill by-products (bark, sawdust and wood
chips) are used as biomass fuel mix in the CHP plant;

– the electricity produced in the CHP plant is used to cover the
requirements of the sawmill and the pellet plant. Hopefully a
surplus of electricity is generated and can be sold to the grid.

In the first and the most straightforward configuration of the
integrated industrial site, which is named configuration IAD and
is represented in Fig. 2a, the heat deriving from steam condensa-
tion in the steam cycle of the CHP plant is used as hot utility for
both the drying processes in the sawmill and in the pellet plant.
In this case, the flue gas always leaves the CHP plant at the mini-
mum temperature of 152 �C, in order to exploit the thermal energy
associated with the flue gas as much as possible in the steam cycle.

In the second configuration of the integrated industrial site,
which is named IFD and is represented in Fig. 2b, the dryer in
the pellet plant directly uses the flue gas from the CHP plant in-
stead of ambient air heated by some process steam (the heat
requirements of the sawmill are still satisfied by the condensation
of process steam from the CHP plant). In this case, the enthalpy
associated with the flue gas stream, which depends on flue gas
mass flow rate and temperature, must be sufficient to satisfy the
requirements of the drying process, the final temperature of which
is still 110 �C. As pellet plant size increases, the temperature of the
flue gas is likely to be higher than 152 �C in order to supply the
necessary thermal energy for sawdust drying, and as a conse-
quence less thermal energy will be available in the CHP plant for
the steam cycle. On the other hand, the alternative would be to
provide a higher mass flow rate of flue gas at 152 �C, and this
means that a higher mass flow rate of biomass fuel mix must be
burnt in the CHP plant boiler to generate it and in turn a larger
amount of power will be produced.

The structure of the Rankine cycle operated by water/steam in
the CHP plant is the same for both the configurations of the
integrated processes. This structure features:

– steam generation at only one pressure level (the maximum
pressure of the cycle);

– steam superheating and then reheating up to the highest cycle
temperature, in order to better exploit the high temperature
combustion thermal energy in the steam boiler, and;

– two condensing pressure levels, in order to increase the
flexibility in the supply of low temperature hot streams.

Since the main cold stream of the site (the heat requirement at
75 �C in the sawmill) is already at a relatively high temperature
compared to the usual temperatures of the cooling media in tradi-
tional steam power plants, the pressure of the lower level of steam
condensation is set at 1 bar in order to avoid the issues due to con-
denser operation below atmospheric pressure. The maximum pres-
sure and temperature of the cycle are set at 100 bars and 450 �C,
respectively, which are slightly below the maximum values
reached in biomass-fired steam boiler in large size applications
(see Section 2.3). The design parameters of the cycle to be opti-
mized are:

– the pressure at which steam reheating is performed;
– the pressure of the upper level of steam condensation (steam

extraction);
– the steam mass flow rates of the two condensation pressure

levels.

Turbine isentropic efficiency is assumed to be 0.8, as well as the
hydraulic efficiency of the water pumps, and the efficiency of the
electrical generator is 0.98. The heat losses in the steam boiler
are estimated to 5%, and an additional 2% of the combustion ther-
mal energy is subtracted from the heat available for steam cycle to
take into account that part of the generated steam is used for bot-
tom blowing and soot blowing.

3.2. Optimal design of the integrated site

According to the integrated industrial site configurations con-
sidered in the previous subsection, the design variables are:

– the size of the pellet plant relative to the size of the sawmill
(real variable);

– the option of directly using the flue gas from the CHP plant for
sawdust drying in the pellet plant instead of heating ambient
air (binary variable);

– the temperature of the flue gas leaving the CHP plant (real var-
iable, active only if the flue gas is used for sawdust drying);

– the reheating pressure in the steam cycle (real variable);
– the extraction pressure in the steam cycle (real variable);
– the mass flow rate of the fuel mix used in the biomass-fired

steam boiler of the CHP plant (real variable);
– the mass flow rates of the steam in the two condensation levels

(real variables).

Only the last five are actually used as decision variables in the
search for the optimal design of the site, as in the optimization
problem that is solved the size of the pellet plant is systematically
varied as a parameter and both options about the drying medium
in that plant are evaluated separately.

Of course, the links established in the integrated industrial site
necessarily impose some operating constraints which affect the
optimal design solutions:

– the amount of sawdust converted into wood pellets plus the
one burnt as biomass fuel in the CHP plant cannot exceed the
amount of sawdust available as output of the sawmill (this con-
straint limits the maximum size of the pellet plant, not all the
sawdust available as sawmill output can be converted into
pellets);

Table 3
Material and energy streams in the combustion section of a reference CHP plant in
Nordic countries (per dry kg of biomass fuel mix).

Input Bark 0.85 kg dry
Sawdust 0.09 kg dry
Wood chips 0.06 kg dry
Air 9.61 kg

Output Flue gas 11.83 kg

Hot streams Flue gas (radiative) 4016 kJ at 800 �C
Flue gas (convective) 9678 kJ from 800 �C to 152 �C
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– the amounts of bark and chips which are mixed and used as fuel
in the CHP plant cannot exceed the corresponding amounts of
by-products available as sawmill output;

– when the flue gas is used for sawdust drying, the thermal
energy associated with the flue gas must be equal to or higher
than that requested by the drying process;

– steam expansion in the CHP plant must not end within the
phase change region;

– the heat transfer among the thermal streams within the indus-
trial site must be feasible, assuming a minimum temperature
difference of 10 �C between the hot and the cold stream (i.e.
the streams that make available heat or require heat, respec-
tively). Some penalty coefficients are applied to the heat loads
presented in Tables 1 and 2 to take into account the thermal
energy losses when heat is transferred from one plant to
another. In particular, the heat requirements of the two wood
processing plants are increased by 2% and the heat made avail-
able by the stream exiting the pellet plant is decreased by 2%.

The HEATSEP method [22] has been applied to consider the
internal heat transfer within the integrated industrial site, so that
all the thermal streams of the sawmill, the pellet plant and the
CHP plant are considered to interact freely in a black-box, without
specifying the topology of the heat exchanger network that realizes
this interaction. The last constraint in the list can then be checked
by calculating the composite curves of all the hot and cold thermal
streams included in the black-box and by solving the Problem
Table algorithm according to the rules of Pinch Analysis [23]. At
all temperature levels the cumulated heat made available by the
hot streams must be greater than the cumulated heat requested
by the cold streams: this statement is mathematically translated
into a series of inequality constraints which are linear in the mass
flow rates of the thermal streams.

This expression of the overall heat transfer feasibility constraint
naturally suggests to decompose the set of the decision variables
into two sets that are treated separately in two hierarchical levels
of the optimization procedure [24]. In the upper (or master level)
all the decision variables except for the mass flow rates are as-
signed the values for which the objective function has to be evalu-
ated, then in the lower level the optimal values of the mass flow
rates are searched while the values of the other decision variables
are kept unchanged (under this hypothesis, the objective function
of the optimization problem depends on the first group of decision
variables only).

A further operating constraint linking the three degrees of
freedom related to the mass flow rates is imposed in order to in-
crease the efficient use of resources and energy in the industrial
site. All the condensing steam must be used as hot utility for the
cold streams of the processes in the two wood processing plants
or for preheating the water in the CHP Rankine cycle, i.e. no steam
should be condensed using a cold utility which is external to the
industrial site (e.g. the water of a nearby river). This limits the size
of the CHP plant, since the quantity of sawmill by-product mix
consumed as fuel is the one strictly needed to satisfy the heat re-
quest from the plants belonging to the site. As a consequence, fuel
utilization factor is maximized (no other heat is rejected to the
environment than that associated with the accounted losses and
the cooled flue gas) and maximum saving on resource consump-
tion is guaranteed, but this results also in an apparent reduction
of the electric generation capacity. However, if this operating con-
straint were disregarded and more biomass fuel mix were burnt to
generate more electricity, the thermal efficiency of the steam cycle
would in any case be lower.

As stated at the beginning of this section, the objective function
which is used to optimize the design of the integrated industrial
site evaluates the savings of resources and/or primary energy in
the integrated site with respect to the case in which the plants
are operated separately. This function is of course to be maximized,
but the comparison is meaningful only if the same products are ob-
tained in both design solutions, i.e., the same amounts of lumber
(constant), wood pellets (constant for a given size of the pellet
plant) and electricity (variable). On the other hand, the biomass
fuel mix is the only resource the consumption of which is variable.
In the end, the objective function calculates the difference between
the amount of mix (available as sawmill output) consumed in sep-
arate plant operation and in the integrated site.

Separate plant operation is represented in Fig. 2c and it is re-
ferred to as configuration SEP in the following. In this configuration
the heat requirements of each of the two wood processing plants
are provided by a dedicated furnace fed with the biomass fuel
mix (a preheated air stream is used for sawdust drying in the pellet
plant). The mix is also used as fuel in a separate biomass-fired
steam power plant to generate an amount of electricity that is as-
signed as equal to that of the integrated site considered for com-
parison. The penalty coefficients are no longer applied to the
heat loads in Tables 1 and 2, since in this case all heat transfers oc-
cur within the same plant. The details of the thermodynamic cycle
in the power plant are not specified, but its electric efficiency is

Fig. 2. Configurations of the integrated industrial site: (a) air is used in the pellet plant dryer (IAD) and (b) CHP plant flue gas is used (IFD). (c) Site configuration with separate
plant operation (SEP).
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assumed to be 30% LHV based (see also Sections 2.1 and 2.3). Since
this investigation is performed on reference plants in Nordic coun-
tries, it is worth noting that in this region no biomass-fired power
plant exists producing electricity exclusively, but only biomass-
fired CHP plants mostly connected to district heating networks.
For this reason, a thermal energy stream (not to be used for ther-
mal integration with the two wood processing plants) is consid-
ered as an additional product from the steam power plant in this
configuration (see Fig. 2c), and its amount is set equal to 1.8 times
the electrical energy generated, which is in agreement with the
assumption on plant electric efficiency.

3.3. Optimization tools and error analysis

The optimization problem set up in the preceding section has
been solved for each of the integrated site configuration separately
and by systematically varying the size of the pellet plant as a
parameter. The MATLAB optimization toolbox routines were used
in both the hierarchical levels of the optimization procedure. The
linear programming solver was used in the lower level because
both the objective function and the constraints are linear in the
mass flow rates of the steam cycle and the mass flow rate of the
sawmill by-product mix burnt in the biomass-fired CHP plant. On
the other hand, the decision variables of the upper level were man-
aged by the sequential quadratic programming (SQP) solver.

It should be noted that the hierarchical decomposition of the
problem generates some discontinuities in the objective function
(hyper-)surface as it is considered from the perspective of the
upper level (i.e. with a reduced number of decision variables, see
[24] for more details). In this case, however, the SQP algorithm is
perfectly able to get across these discontinuities and to find the
global optimum.

All equations in the model that is used to evaluate the objective
function can be written in explicit form, so that iterative proce-
dures involving tolerances are not required to solve them. When
a set of values is assigned to the independent variables of the mod-
el, the results of model evaluation are free from uncertainties.
Thus, the only source of uncertainty is due to the termination cri-
teria of the optimization algorithm. The tolerances that have been
set in all the calculations are:

– 10�6 kg/s on mass flow rates, 10�6 on flue gas temperature,
10�6 bar on pressure levels (decision variables);

– 10�6 kW on the difference between the mass flow rate of fuel
mix consumed in separate plant operation and in the integrated
site (the objective function);

– 10�6 kW on the thermal power inequalities involved in the heat
transfer feasibility constraint and in the flue gas enthalpy
constraint;

– 10�6 kg/s on the mass flow rates inequalities involved in mate-
rial availability constraints.

4. Results and discussion

Multiple aspects are to be considered in the discussion about
the solutions to the optimization problem set in the previous sec-
tion, namely the integration of the thermal streams among the
three plants, the optimal design parameters of the steam cycles,
the consumption of the biomass resource, the savings in terms of
biomass resource which are achieved in the integrated site config-
urations. An economic evaluation is also presented to assess the
profitability of the optimal solutions as an index of the capacity
to attract larger investments.

4.1. Optimal biomass resource usage

4.1.1. Integrated grand composite curves
Fig. 3 shows the integrated grand composite curves of the inte-

grated industrial site in three significant cases: no pellet produc-
tion (the site comprises only the sawmill and the CHP plant in
this case that is valid for both configurations, Fig. 3a), maximum
pellet production in configuration IAD (79% of the available saw-
dust at sawmill outlet, Fig. 3b) and maximum pellet production
in configuration IFD (82% of the available sawdust at sawmill out-
let, Fig. 3c). The integrated grand composite curves show the con-
tributions of different subsets of thermal streams to the total site
heat transfer. The thermal streams from the biomass fuel combus-
tion and the thermal streams from the productive processes of the
sawmill and the pellet plant are shown in red, whereas the thermal
streams of the steam cycle operated in the CHP plant are shown in
blue. The main features of the red curve are (please see the small
numbers along the curves in Fig. 3, which correspond to the items
listed in the following):

(1) the horizontal red line at 800 �C represents the radiant part
of the heat transferred by the combustion flue gas;

(2) the long red diagonal line from 800 �C to flue gas outlet tem-
perature represents the convective part of that heat;

(3) the horizontal red segments at low temperature represent
the heat requirements of the sawmill at 30 �C and 75 �C;

(4) the short diagonal lines in the lower part of Fig. 3b result
from the composition of the heat required by the air dryer
between 2 �C and 250 �C with the other thermal streams in
the same temperature range;

(5) one of those streams is that supplying the heat extracted at
dryer outlet, and it is represented by a diagonal line having
the opposite slope. In Fig. 3c this stream is clearly visible
in the temperature range between 60 �C and 80 �C.

In the blue curve:

(1) the upper horizontal line represents steam evaporation,
whereas the other two horizontal lines represent steam con-
densation at the intermediate (extraction) and final pressure
levels;

(2) the diagonal blue lines represent the streams of water pre-
heating and steam superheating.

In both curves purely vertical lines indicate that no thermal
stream is present in that temperature range. The abscissa of the
lower end of the blue line represents the difference between the
overall heat supplied to the steam cycle and the overall heat re-
jected by the steam cycle, that is, according to the first law of ther-
modynamics, to the work done by the steam cycle. For this reason,
this quantity is compared with the electrical energy requirements
of the sawmill and the pellet plant (green1 and yellow boxes,
respectively, in Fig. 3).

It appears that the blue streams optimally fit into the large heat
pocket formed by the red streams from biomass fuel combustion,
which release heat at relatively high temperature, and the red
streams of the productive processes, which require heat at low
temperature. It also appears that this pocket is better exploited be-
cause of the intermediate condensation level (steam extraction)
that has been included in the design of the steam cycle. Steam
reheating also contributes to reduce the vertical gap between the

1 Please note that Fig. 3 will appear in B/W in print and color in the web version.
Based on this, please approve the footnote 1 which explains this.
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red and the blue curves (i.e. the exergy loss due to the heat transfer
from higher to lower temperatures) in the region above 300 �C.

4.1.2. Design parameters of the CHP plant
The optimal match between the red and the blue curves in these

figures obviously affects the optimal values of the reheating pres-
sure and the extraction pressure in the steam cycle, which are
shown in Fig. 4. The optimal value of flue gas temperature at
CHP plant outlet (Fig. 5) must also be considered in configuration
IFD, as it plays an important role. In fact, when flue gas tempera-
ture is higher than 190 �C (that is when more 54% of the available
sawdust is converted into pellets) the hot streams releasing heat to
the steam cycle do not interfere with the streams of the steam cy-
cle itself in the thermal cascade, as it appears for example in Fig. 2c.

Accordingly, the values of both reheating and extraction pressure
are constant and equal to those which maximize the efficiency of
the steam cycle when no constraints on the internal heat transfer
are activated. However, as pellet production is reduced, flue gas
temperature decreases because the flue gas enthalpy content re-
quired for the pellet plant drying process decreases as well. As a
consequence, the thermal stream corresponding to the convective
part of flue gas heat interferes with steam cycle streams and acti-
vates a feasibility constraint so that the shifted condensation tem-
perature of the extracted steam is forced to be equal to the shifted
temperature of the flue gas. As shown in Fig. 5, if less than 27% of
the available sawdust is converted into pellets, the enthalpy con-
tent of the flue gas is more than sufficient so there is no need to
raise flue gas temperature above 152 �C, and this results in con-
stant values of the reheating pressure and the extraction pressure.

On the other hand, in configuration IAD the extraction pressure
slightly and progressively increases with the size of the pellet
plant. Since the flue gas stream is always cooled down to 152 �C
and the air stream to the pellet plant dryer is preheated up to
250 �C, these two streams of the red grand composite curve always
affect the matching with steam cycle streams. In particular, the
stream of the preheated air changes increases its thermal require-
ment as pellet plant size is increased (this also corresponds to an
increase of the horizontal projection of the diagonal red lines at
low temperature in the integrated grand composite curves).

It is worth noting that in both configurations a pinch point is ac-
tive at the temperature level of extracted steam condensation,
while the reheating pressure follows the same trend of the extrac-
tion pressure to optimally exploit the matching between the

Fig. 3. Integrated grand composite curves for the optimal design solutions of the
integrated industrial sites: (a) no pellet production (both IAD and IFD), (b) max
pellet production (IAD) and (c) max pellet production (IFD).

Fig. 4. Optimal values of the reheating and extraction pressure in the steam cycle of
the CHP plant.

Fig. 5. Optimal flue gas temperature at CHP plant outlet (configuration IFD only).
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integrated grand composite curves, but without activating any
pinch point. A second pinch point is activated close to the temper-
ature level of final condensation pressure.

4.1.3. Biomass fuel mix consumption
Fig. 6 shows the overall consumption of the biomass fuel mix in

the two different configurations of the integrated industrial site.
While the consumption always increases with the pellet plant size
in configuration IAD, because the overall heat requirement in-
creases, the consumption decreases in configuration IFD until
27% of the available sawdust is converted into pellets. This is due
to the surplus of heat associated with the flue gas as long as its
temperature is constant at 152 �C, while the overall heat require-
ment slightly decreases due to the heat recovered at the dryer out-
let. When the enthalpy content of the flue gas is no more sufficient
for the drying task and its temperature must be increased, then the
consumption of biomass fuel mix starts increasing.

4.1.4. Electricity production
Fig. 7 shows the electricity production in the CHP plant of the

integrated industrial site for the two different configurations. In
configuration IAD the power generated by the CHP plant increases
almost linearly with the pellet plant size. This is because the heat
released at the final steam condensation level has to match the
amount of heat required below the corresponding temperature,
and this amount increases linearly with pellet plant size. On the
contrary, in configuration IFD the electricity production has a more
complex behavior due to the effect of temperature of the flue gas

leaving the CHP plant. At first, up to the conversion of about 27%
of the available sawdust from the sawmill, flue gas temperature
is still 152 �C, but less biomass fuel mix is burnt (as can be seen
in Fig. 6 as well) and thus less electric energy is produced. After
that the consumption of biomass fuel mix increases, but the tem-
perature of the flue gas is increased due to the larger requirement
of the pellet plant dryer, so that the heat transferred by the flue
gases to the stream cycle does not increase proportionally. As a
consequence, the electricity production cannot increase at the
same rate of the biomass consumption and remains below about
1220 kJ/kg of dry lumber.

4.1.5. Biomass fuel mix savings
Finally, Fig. 8 shows the savings in biomass fuel mix that are

achieved by building an integrated industrial site instead of three
separate plants, i.e. the optimal objective function values of the
problem defined in the previous section. At maximum pellet pro-
duction the maximum saving in biomass fuel mix is close to 38%
with configuration IAD, and close to 43% with configuration IFD
(please note that 47% of the available biomass fuel mix corre-
sponds to 20% of the overall amount of biomass by-products from
the sawmill in terms of dry mass). Although the electricity produc-
tion is lower in configuration IFD, the savings with respect to sep-
arate plant operation are higher than in configuration IAD. In both
configuration, and independently of electricity production, a large
size of the pellet plant is more convenient from the point of view
of the biomass resource overall consumption, as this results in
higher savings. About the results on biomass resource savings, it
must be pointed out that an optimistic value has been chosen for
the electric efficiency of the CHP plant which supplies electricity
to the sawmill and the pellet plant in case of separate plant oper-
ation, i.e. configuration SEP has been given quite an advantage in
terms of biomass resource usage. Thus, this represents a challeng-
ing benchmark for the comparison with the integrated site, be-
cause the overall power generation must be equal while the
electric efficiency in the CHP plant of the integrated site is in any
case much lower than 30% due to the constraints imposed by the
thermal integration with the wood processing plants.

4.1.6. Other remarks
From the comparison of Figs. 6 and 7 it appears that configura-

tion IFD is more convenient from the point of view of biomass re-
source overall consumption, i.e. in order to produce the same
quantity of lumber and pellets configuration IFD uses a lower
amount of biomass than configuration IAD, no matter the size of
the pellet plant. Since a lower amount of biomass is used, a slightly
higher pellet production can also be achieved (82% of the availableFig. 6. Consumption of biomass fuel mix in the optimal integrated industrial sites.

Fig. 7. Electricity generated by the CHP plant in the integrated industrial sites.
Fig. 8. Savings of biomass fuel mix obtained by integrating the three plants of the
considered industrial site.
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sawdust against 79%). On the other hand, the behavior from the
point of view of electricity production is the opposite, so configu-
ration IAD is to be preferred if the electricity production has to
be prioritized without constraints on the consumption of the bio-
mass resource (biomass fuel consumption is indeed higher, but
the electricity production is higher as well).

If Fig. 8 is considered as well, it appears that when configuration
IFD is chosen it is pointless to build a pellet plant that converts less
than 27% of the available sawdust, because a plant which converts
much more sawdust can be built with the same consumption of
the biomass resource and with higher savings with respect to sep-
arate plant operation. Thus, in this case a small-sized pellet plant
would dramatically decrease the efficiency of biomass resource
usage. It is also worth noting that the operation of configuration
SEP requires the purchase additional biomass resource since the
consumption of the available biomass fuel mix is higher than
100% for any size of the pellet plant.

4.2. Economic evaluation of the optimal solutions

The solutions to the optimization problem defined in Section 3
and presented in the previous subsection are here evaluated from
the economic point of view. The parameter used in this evaluation
is the Investment Opportunity (IO), which is an indicator measur-
ing the maximum level of investment costs that are allowed in a
given design solution to keep it profitable, i.e. the higher is the
IO of a given design solution, the more money can be invested in
it while having a plus sign on its cash flow history at the end of
the considered lifetime.

In fact, IO is defined as the annual capital cost per unit of prod-
uct which can be spent to reach the break-even point at the end of
the considered lifetime. In this case it can be calculated as specific
profit per dry unit mass of lumber, that is the algebraic sum of all
material and energy costs for resources and of all material and en-
ergy sell prices for products (both resources and product amounts
are given for 1 kg of dry lumber):

IO ¼
X
ðproduct priceÞ �

X
ðresource costÞ

where products are:
– lumber;
– pellets;
– electricity (only the net surplus, not the overall electric energy

generated in the CHP plant);
– heat sold to district heating (only in configuration SEP);
– excess biomass, i.e. wood chips, sawdust, bark.

and resources are:
– timber;
– sawdust and/or bark (when additional biomass must be intro-

duced in configuration SEP in order to achieve the same produc-
tion of pellets and electricity of the integrated configurations).

Cost and prices for products and resources are reported in Table
4 and refer to the market situation in Sweden in the year 2010
[25–29].

The IO calculated both for the two integrated configurations and
the two design solutions of configuration SEP giving the same
amounts of the main final products (i.e. lumber, pellets and elec-
tricity) are shown in Fig. 9. It appears that the numbers are similar
for both the integrated configurations and the two corresponding
instances of configuration SEP, although the IO for the non-inte-
grated industrial site is slightly higher (around 3% more). However,
the differences in the investments to be done between the inte-
grated and the non-integrated site must be considered:

– in the integrated site there is no need of building the furnaces in
the sawmill and in the pellet plant (on the other hand furnace
technology is far from being expensive and making a large dif-
ference between the two cases);

– in the non-integrated site the technology to reach 30% electrical
efficiency in the steam power plant is quite expensive, espe-
cially because the combined production of heat to be sold to a
district heating network does not allow to complete steam
expansion to vacuum pressure.

In any case, the absence in Fig. 9 of a clear advantage in favor of
the integrated design solutions (in which up to 18% of biomass by-
products from the sawmill are saved) is exclusively due to the fact
that in configuration SEP the biomass-fired steam power plant is
actually a CHP plant that generates thermal energy for district
heating as well, according to the real situation in Nordic countries.
If the present ratio between the price at which low temperature
heat is sold for district heating and the price of low quality biomass
is considered (which is equal to 1.67), it is apparent that any solu-
tion involving thermal energy as an additional by-product is likely
to be more attractive from the economic point of view. This is be-
cause the same amount of energy content in the biomass resource
is priced less (about two thirds) than in the low temperature ther-
mal energy stream, and thus the specific market conditions consid-
ered here show a heavy disproportion that penalizes sustainable
resources with relatively high exergy content in favor of a low
exergy content product. However, the future scenarios that can
be predicted using current price trends reveal that the dispropor-
tion will be partially corrected, as the market evolves towards a
continuously increasing demand of the biomass resource and to-
wards a saturation of the capacity of district heating networks
and, as a result, of thermal energy demand. It can be calculated that
the maximum ratio between the prices of heat and low quality bio-
mass to make the operation of the integrated site more profitable is
1.4 for configuration IFD and 1.2 for configuration IAD.

Table 4
Costs and prices of resources and products (Swedish energy market, year 2010 [23–
27]).

Timber 1.5SEK/kg dry
Lumber 3.5SEK/kg dry
Bark 180SEK/MW h
Sawdust 180SEK/MW h
Chips 200SEK/MW h
Pellet 300SEK/MW h
Electricity 800SEK/MW h
Heat 300SEK/MW h

Fig. 9. Investment Opportunity of the optimal integrated industrial sites compared
with that of separate plant operation delivering the same final products (lumber,
pellets and electricity).
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5. Conclusions

The results presented in the previous section show that an inte-
grated industrial site including a sawmill, a pellet plant and a CHP
plant has an advantage from the resource usage point of view. A
significant part of the biomass by-products from the sawmill can
be saved (which makes the total resource usage value drastically
increase) if the three plants are thermally integrated and at the
same time the design parameters of steam cycle in the CHP plant
are optimized in order to maximize the electricity production.

The integrated industrial site with air drying in the pellet plant
(configuration IAD) can decrease the usage of the biomass fuel mix
by about 38% and the one with flue gas drying in the pellet plant
(configuration IFD) by about 43%, compared to the usage required
to obtain the same production of lumber, pellets and electrical en-
ergy in the separate operation of the three plants (configuration
SEP). This means that up to about 10% (on a dry mass basis) of
the total resource entering the sawmill can be made available for
other uses or sold to the market.

Configuration IFD is clearly to be preferred from the resource
usage point of view, but, pellet plant size being equal, a higher
electricity production is obtained with configuration IAD. If config-
uration IFD is considered as design solution, the size of the pellet
plant must be large enough to convert more than 27% of the saw-
mill sawdust output. Below this limit the operation of the inte-
grated site is not convenient because the same amount of
biomass fuel mix would be used to produce a lower amount of pel-
lets. In all cases higher savings in the biomass resource are
obtained with larger pellet plants.

On the other hand, in spite of the significant savings achieved in
resource usage, the economic evaluation of the optimal integrated
sites shows that their operational profitability is lower in the ac-
tual situation of energy and biomass market prices in the Nordic
countries. The high prices of the thermal energy used for district
heating and the relatively low prices of biomass (their ratio is
now 1.67) do not provide the opportunity to follow the recommen-
dation of a more efficient use of energy resources. This occurs sim-
ply because a higher operational profit is obtained by burning the
biomass with a lower efficiency in the CHP plant while producing
heat to be sold to a district heating network. The ratio between dis-
trict heating thermal energy and biomass price should not be high-
er than 1.4 with configuration IFD or 1.2 with configuration IAD in
order to have the operation of integrated site more profitable than
separate plant operation and therefore to give a chance to the
choice of the integrated site from the economic point of view as
well.

Acknowledgements

Jan-Olof Anderson thanks Swedish Energy Agency for the fund-
ing and support of this project. Andrea Toffolo thanks Bio4Energy,
a strategic research environment appointed by the Swedish
government, for supporting this work.

References

[1] Nilsson PO. Biomassa flöden i svensk skogsnäring 2004 (Biomass usage in
Swedish forestry 2004, Swedish forestry Agency, Report; 2006. p. 23 [in
Swedish].

[2] Anderson J-O, Westerlund L. Surplus biomass through energy efficient kilns.
Appl Energy 2011;88:4848–53.

[3] Sultana A, Kumar A. Ranking of biomass pellets by integration of economic,
environmental and technical factors. Biomass Bioenergy 2012;39:344–55.

[4] Lantz M. The economic performance of combined heat and power from biogas
produced from manure in Sweden: a comparison of different CHP
technologies. Appl Energy 2012;98:502–11.

[5] Lian ZT, Chua KJ, Chou SK. A thermoeconomic analysis of biomass energy for
trigeneration. Appl Energy 2010;87:84–95.

[6] Biezma MV, San Cristóbal JR. Investment criteria for the selection of
cogeneration plants: a state of the art review. Appl Therm Eng 2006;26:583–8.

[7] Maraver D, Sin A, Roy J, et al. Assessment of CCHP systems based on biomass
combustion for small-scale application through a review of the technology and
analysis of energy efficiency parameters. Appl Energy 2012;102:1303–13.

[8] Fumo N, Mago JP, Chamra ML. Analysis of cooling, heating and power systems
based on site energy consumption. Appl Energy 2009;86:928–32.

[9] Song H, Dotzauer E, Thorin E, Yan J. Annual performance analysis and
comparison of pellet production integrated with an existing combined heat
and power plant. Bioresour Technol 2011;102:6317–25.

[10] Staland J, Navrén M, Nylinder M. Såg 2000, Resultat från
sågverksinventeringen 2000 (Saw 2000, Results from sawmill inventory
2000). 5re ed. Uppsala; 2002 [in Swedish].

[11] Esping B. Praktisk torkning (Wood drying 1b, Practical drying). Stockholm:
Trätek; 1996 [in Swedish].

[12] Stenberg L. (CEO, Bioenergi I Luleå); Personal communication; 2010.
[13] Olsson P. (Marketing Manager, Norsk pellet); Personal communication; 2010.
[14] Wall A. (Production Manager, Hellsinge pellet); Personal communication;

2010.
[15] Lundmark B. (CEO, Glommers Miljöenergi AB); Personal communication;

2010.
[16] Obernberg I, Thek G. The Pellet handbook. Bios bioenergiesystem GmbH,

Washington (USA); 2012.
[17] IEA Energy Technology Essentials. Biomass for power generation and CHP;

2007. <http://www.iea.org/techno/essentials3.htm> [last accessed 10.15.12].
[18] Salomon M, Savola T, Martin A, Fogelholm C-J, Fransson T. Small-scale biomass

CHP plants in Sweden and Finland. Renew Sustain Energy Rev
2011;15:4451–65.

[19] Corder SE. Properties and uses of bark as an energy source. Oregon State
University, Forest Research Laboratory, Research Paper 31; 1976.

[20] Van Loo S, Koppejan J. The handbook of biomass combustion and
cofiring. London: Earthscan; 2008.

[21] Mesfun S, Toffolo A. Optimization of process integration in a Kraft pulp and
paper mill – evaporation train and CHP system. Appl Energy
2013;107:98–110.

[22] Lazzaretto A, Toffolo A. A method to separate the problem of heat transfer
interactions in the synthesis of thermal systems. Energy 2008;33:163–70.

[23] Kemp IC. Pinch analysis and process integration: a user guide on process
integration for the efficient use of energy. 2nd ed. Oxford (UK): Butterworth-
Heinemann; 2007.

[24] Toffolo A, Lazzaretto A, von Spakovsky MR. On the nature of the heat transfer
feasibility constraint in the optimal synthesis/design of complex energy
systems. Energy 2012;41:236–43.

[25] Bisaillon M, Ekstöm C, et al. Biokonkurrens och rapport 08:60 BIOKONK
(Bioenergy competition and rapport), Stockholm; Elforsk; 2008 [in Swedish].

[26] Parikka M, Enmalm S. Trädbränslen-och torvpriser (Woodfuel and peat prices)
Nr 3). Eskilstuna; Swedish Energy Agency, 3; 2011 [in Swedish].

[27] Axelsson E, Harvey S. Scenarios for assessing profitability and carbon balances
of energy investments in industry. Göteborg; AGS Pathways report 2010:EU1;
2010.

[28] Juntikka M. Skogsvärlden (Worlds Forest), Stockholm, Skogssällskapet (Forest
Association) 1; 2012 [in Swedish].

[29] NordPool Spot. <https://nordPoolspot.com> [last accessed 10.15.12].

800 J.-O. Anderson, A. Toffolo / Applied Energy 111 (2013) 791–800



 

 

Paper E 

 

 

 

Juice production through waste heat recycling 

 

 

 

 

Anderson. J.-O, Elfgren. E, Westerlund. L 

 

 

Applied Energy, 2014. In press 

 





Improved energy efficiency in juice production through waste heat
recycling

J.-O. Anderson ⇑, E. Elfgren, L. Westerlund
Luleå University of Technology, Div. Energy Engineering, SE-971 87 LULEÅ, Sweden

h i g h l i g h t s

� A heating system at a juice production was investigated and improved.
� Different impacts of drying cycle improvements at the energy usage were explored.
� The total heat use for drying could thereby be decreased with 52%.
� The results point out a significant decrease of heat consumption with low investment costs.
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a b s t r a c t

Berry juice concentrate is produced by pressing berries and heating up the juice. The by-products are
berry skins and seeds in a press cake. Traditionally, these by-products have been composted, but due
to their valuable nutrients, it could be profitable to sell them instead. The skins and seeds need to be sep-
arated and dried to a moisture content of less than 10 %wt (on dry basis) in order to avoid fermentation. A
berry juice plant in the north of Sweden has been studied in order to increase the energy and resource
efficiency, with special focus on the drying system. This was done by means of process integration with
mass and energy balance, theory from thermodynamics and psychrometry along with measurements of
the juice plant. Our study indicates that the drying system could be operated at full capacity without any
external heat supply using waste heat supplied from the juice plant. This would be achieved by increasing
the efficiency of the dryer by recirculation of the drying air and by heat supply from the flue gases of the
industrial boiler. The recirculation would decrease the need of heat in the dryer with about 52%. The total
heat use for the plant could thereby be decreased from 1262 kW to 1145 kW. The improvements could be
done without compromising the production quality.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The demand for Nordic wild berries (in particular bilberries,
lingonberries and cranberries) has increased steadily, since they
are considered a healthy and tasty part of the diet. Currently, only
the juice is sold, while the press cake (the skins and seeds) is com-
posted. Increased competition along with rising energy prices has
prompted the industry to improve the resource and energy
efficiency. Higher competiveness can be achieved by increasing
the product values. It has been found that the skins and seeds con-
tain antioxidants [1], making them an added-value product to the
berry juice itself. In particular, the berry seeds consist of 20%wt oil,
which has a significant commercial value for health care and
cosmetic use. Increased energy efficiency is also in the interest of

the European Union, which can be seen in the 20–20–20 goals
(20% increased energy efficiency, 20% increased renewables and
20% reduced carbon dioxide emissions until 2020 compared to
the values in 1990). The objective is to reduce the global tempera-
ture rise.

The aim of this paper is to propose how the berry industry pro-
cesses can be developed into an energy and resource efficient inte-
grated process, optimizing the energy usage while separating and
drying the berry skins and seeds. In particular, recirculation of heat
and drying air will be investigated. However, in order to maintain a
high quality of the seeds and skins, the maximum air temperature
was limited to 90 �C [2]. Furthermore, in order to prevent moulding
and fermentation, the moisture content of the skins and seeds
should not exceed 10%. The juice factory that was studied in this
paper was owned by the dairy company Norrmejerier and is
located in Hedenäset in the north of Sweden, close to the Finnish
border.

http://dx.doi.org/10.1016/j.apenergy.2014.01.092
0306-2619/� 2014 Elsevier Ltd. All rights reserved.
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There has been a lot of research on food drying in general and
berry drying in particular. A review of the effectiveness, qualities,
and energy efficiencies for different drying techniques for berries
can be found in [3]. However, most of the research does not include
separation of skins and seeds. Separation and berry qualities are
discussed in [4], but then the energy aspect was not considered.

The rotation dryer and separator that was used in the experi-
ments was provided by the company Aromtech. Aromtech uses
dried berry seeds to produce dietary supplements. An overview
of the effectiveness of different convective dryers can be found in
[5]. Hot air is circulated through the dryer, absorbing some of the
moisture of the wet press cake. The air goes in one direction and
the press cake in the reverse direction, while the drum is rotating.
The rotation causes the press cake to fall through the drying air,
thus increasing exposure time and the surface area between the
press cake and the drying air. The drying efficiency depends on
the air flow, air temperature and the size and density of the dried
particles. When the particles are dried, they become less dense and
eventually, the seeds pour out of the dryer, while the skins follow
the air flow out. If the air flow is too high, skins will be blown out
before they have been properly dried.

Section 2 introduces the setup for the Pinch analysis [6,7], a
description of the dryer, the methodology and experimental
setup. Section 3 contains the theory and calculations using
thermodynamics and psychrometrics [8,9]. Section 4 presents the
results and the discussion and the conclusions can be found in
Section 5.

2. Material and methods

2.1. Process analysis and process integration

The study is made partly through experiments on the dryer,
partly through modelling of the juice plant and the drying process.
To evaluate the amount of recoverable heat, the process integra-
tion tool Pinch analysis was used. The focus in process integration
is optimizing the system as whole instead of the individual units.
The total energy usage was investigated for three different cases:

� Case A – the reference case, where the juice plant and the dryer
has not been improved or changed.

� Case B – recirculation of drying air in the dryer, in order to
better use the energy in the drying air.

� Case C – recirculation of drying air along with a heat exchanger
between the exhaust gas of the steam boiler and the heating air
for the dryer.

In Case A, an oil burner provides the necessary heat for the dry-
ing process. This is the current situation. Case B needs only a small
investment (some pipes and air flow splitting devices). Case C
requires an additional investment in the form of a heat exchanger
attached to the flue gas pipes. The hot and cold streams from the
boiler and the drying system were used to find the possible pinch
heat. The energy need for the drying system was given by the
results from the experimental measurements.

2.2. Experimental measurements of drying process

Experimental data were collected during 40 days. Each experi-
mental day lasted about 7.5 h. Three repeatability tests were done.
The experimental setup allows calculating the amount of energy
used and analyse the losses depending on the drying conditions.

The current drying process (Case A) is illustrated in Fig. 1 with
material and air flow. In Fig. 2, the Mollier diagram of the process is
schematically illustrated, showing the enthalpy, the absolute
humidity and the temperature for the air state at the points 1–3.

The drying process proceeds in the following order; the drying
cycle starts with a flow of cold and dry outdoor air (point 1). Be-
tween points 1–2, the drying air is heated by a burner (a Therm-
oBetox 120 [10]) through a heat exchanger. During the heating
step, the absolute moisture content is constant, which will result
in a vertical line in the Mollier diagram (Fig. 2). After point 2, a cir-
culation fan transports the air through the rotating dryer drum,
where the drying process takes place. After the drying drum, the
skins are separated from the drying air by two particle separators.
Point 3 is directly after the skin separation. After point 3, a fan
transports the air to the outside. The dryer is a counter current
dryer. The dryer partly separates the skins from the seeds. The
remaining seeds and skins fuse together to form larger particles
called pellets. The seeds and the pellets exit the dryer nearby the
incoming air, while the skins follow the air out of the dryer.

The experimental sampling was done with an Intab PC-logger
3100 logger system [11] using the software LabView [12]. The sam-
pling interval was 2 s and the data was averaged over 3 samplings.
The dry and wet bulb temperature was sampled in point 3 and the
relative humidity and the dry bulb temperature were measured in
point 1. The temperature close to the drum wall was measured
close to the entry point of the drying air (point 2). Between the bur-
ner and the dryer, two air iris valves were installed, one to control
air flow into the dryer and one to control the amount of by-pass air
evacuated before the dryer. Together, these two valves allow
regulation of the temperature and the flow of the incoming air.
In point 2, the dry bulb temperature was sampled and also the

Nomenclature

Symbols
_m dry air (kg/s)
x Abs. moisture content (kg water/kg dry air)
P pressure (Pa)
h specific enthalpy (J/kg)
/ relative humidity (%RH)
t temperature (�C)
r latent heat (J/kg)
cp specific heat (J/kg K)
Q power (W)
b drying efficiency (%)

Subscripts
i point i
1 entering air

2 after the burner, point 2
20 after the mixing point, point 2́
3 exiting air
w water vapor
v vapor
d dry air
s saturated
air air
max maximum
rec recirculation
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dynamic pressure in order to calculate how the airflow changes
depending on different settings. In order to understand the drying
process in each part of the dryer and to examine the transmission
losses, the air temperature near the inner wall of the dryer was
measured. Each 30 min the product was examined by measuring
the moisture content and total weight of the exiting seeds and
skins. During the process, the press cake was fed into the dryer
by a feeding screw. The feeding screw was usually fed about 4 kg
of press cake every 10 min.

2.3. Improved system with recirculation

The experimental measurements showed that the drying effi-
ciency was low. The air was still dry when it was evacuated. The
air could therefore be recirculated in order to better make use of
its heat. The recirculation solution (where a part of the airflow is
recycled from point 3), included in Case B and C, is shown in
Fig. 3. The corresponding Mollier diagram is shown in Fig. 4. This
results in a mixing point before the dryer, point 20, between the
heated outdoor air from the burner, point 2, and recirculated dry-
ing air, point 3. The mixed air conditions in point 20 can be calcu-
lated through the Merkel–Bosnjakovic mixing principle [13]. The
fraction of air that can be recycled depends on the humidity and
temperature before and after the dryer. For different fractions,
the temperatures and humidities can be calculated through
thermodynamics, psychrometrics and conservation of mass and
energy. From an energy point of view, it would be better to mix

the air in point 1, but there will be some skins remaining, which
would be bad for the heat exchanger in the burner.

The theoretical maximal humidity in point 3 would be 100%RH.
This would be ideal [14] from an energy point of view. However, if
the humidity of the drying air is increased it contributes to a higher
partial water vapor pressure and the moisture transport rate will
be decreased. This means that the drying process will be slower.
In common drying processes, the relative humidity can be rather
high, but in this case, the air flow is high and the short drum length
is short. This gives little time to transfer the water from the press
cake to the air. This means that the relative air humidity should
not be too high in this process.

3. Theory and calculation

In this section, the theory of psychrometrics is explained along
with its application to the experiments.

3.1. Theory

The saturation water vapour pressure [15] can be calculated
through the polynomial data fit:

Ps;d ¼ 0:00000225658t5d þ 0:00004133t4d þ 0:0129109t3d
þ 2:06984t2d þ 30:7578td þ 717:679; ð1Þ

where td is the dry bulb temperature. The partial water vapor
pressure is

Fig. 1. Experimental setup of the drying process of the current system, Case A.

Fig. 2. Schematic Mollier diagram of the current drying process, Case A.

Fig. 3. Suggested improvement of the drying system, where the exiting air is partially recycled, Cases B and C.

Fig. 4. Schematic Mollier diagram of the drying process with air recycling.
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Pw ¼ ð/=100ÞPs;d; ð2Þ
where / is the relative humidity. The absolute humidity is

x ¼ Mw

Md
� Pw

Ptot � Pw
; ð3Þ

where Ptot is the total pressure and Mw and Md are the molecule
weights for water and dry air. The enthalpy of the moist air is

h ¼ cp;d � td þ x � ðr þ cp;v � tdÞ; ð4Þ
where r is the heat of evaporation for water and cp,d and cp,v are the
specific heats of dry air and water vapor.

When the relative humidity is unknown, but the wet and dry
bulb temperature, tw and td, are known, the absolute humidity
can be calculated through

x ¼ ðcp;d � ðtw � tdÞ þ xw � rÞ
ðr þ cp;v � td � cp;w � twÞ ð5Þ

where cp,w(tw) is the specific heat capacity of water and xw(tw) is the
saturated absolute humidity at the wet bulb temperature.

3.2. Application to experiments

The total pressure, Ptot, was set to normal pressure, 101.3 kPa. In
point 1 (see Fig. 1), the relative humidity, /1, and the dry bulb tem-
perature, td1, were measured. This defined the air state of the
incoming air through Eqs. (1)–(4).

In point 2, the dry bulb temperature, td2, was measured. Since
the absolute humidity is constant during heating, x1 = x2, the air
state for the air going into the dryer could be established through
Eqs. (1)–(4).

In point 3, the wet and dry bulb temperature, tw3 and td3, were
measured. The absolute humidity could then be calculated through
Eq. (5) and the enthalpy through Eq. (4).

The dynamic pressure, pd, was measured in point 2, which
allowed us to calculate the air mass flow _mtot ¼ A

ffiffiffiffiffiffiffiffiffiffiffi
2qpd

p
, where

A is the duct area and q is the moist air density at temperature td2.
The air states in points 1–3 are now defined and the enthalpy

decrease for the moist air over the dryer can be calculated
as dh = h3�h2. This enthalpy decrease consists of the energy
required to dry the press cake and the heat losses to the
surroundings.

3.3. Modelling of air recirculation

When considering the recycling of air (Fig. 2), the mixing of the
air streams needs to be taken into consideration. The dry air mass
flow through the dryer, _mtot , was kept constant in order to main-
tain good conditions for the separation process. The mass balances
for the dry airflows are then

_mtot ¼ _m2 þ _m3rec; ð6Þ

_m3rec ¼ F � _mtot; ð7Þ
where F is the fraction of recycled air and _m3rec is the recirculated
mass flow.

We assume that the total enthalpy decrease for the moist air
over the dryer, dh, remains constant even when air is recirculated.
With this assumption, Eqs. (6) and (7) along with energy balances,
the conditions for the moist air before and after the dryer can be
established through

x20 ¼ x2 þ F
1� F

dx ð8Þ

x3 ¼ x20 þ dx; ð9Þ

h20 ¼ h2 � F
1� F

dh ð10Þ

h3 ¼ h20 � dh ð11Þ
The rate of heat transfer can be calculated as

Qi ¼ _mi � ðhi � hi�1Þ; ð12Þ
where i denotes air state i.

We define the drying efficiency over the dryer as the actual
absolute humidity change compared to the saturated absolute
humidity change:

b ¼ x3 � x20
xsat � x20

ð13Þ

This means that if b = 100%, no more humidity could be absorbed by
the drying air.

4. Results and discussion

The measurements were carried out for 40 days between
December 2012 and April 2013. The results from a representative
day, the 22nd of Mars 2013, are shown in the following section.
The calculations of the recycling of process heat and the increased
drying efficiency are explained in the following sections.

4.1. Experimental measurements and sampling results

The measured variables were the dry bulb temperature and
relative humidity in the ambient air (air state 1) and the dry bulb
temperature and the dynamic pressure of the drying air
(and thereby the air flow), before the dryer (air state 2). The wet and
dry bulb temperature after the dryer (air state 3) were measured
but the wet bulb temperature proved to be unreliable because of
the low relative humidity. Instead, the dry mass balance was used
to calculate the state in point 3, see below. Representative data,
during a sampling period of 7.5 h for the 22nd of Mars 2013, are
presented in Table 1, corresponding to an air flow of 0.79 m3/s
and a drum wall temperature of 55 �C. The average moisture con-
tent of the ingoing press cake was 52 wt.% The average moisture
content of the outgoing seeds, skins and pellets were 5.3%, 9.4%
and 48.8%, respectively.

A mass and energy balance for the entire drying system was
carried out for the total experimental time. The material balance
had a deficit of 8%, dry content, which probably consisted of light
skins that were not separated from the exiting air stream in the
skin separators and therefore not accounted for. The total energy
losses (transmission and leakage) over the drum were 16.2 kJ/kg
air, or 13 kW. These losses would correspond to an overall heat
transfer coefficient of 5 W/m2 K. Free convection and a tempera-
ture difference of 45.2 �C (55.0–9.8 �C) results in a heat transfer
coefficient of 4 W/m2 K. Reasonable values of the heat transfer
coefficient are between 2 and 25W/m2 K [16]. Conservation laws
indicate that the evacuation losses are about 76% of the total sup-
plied heat and the thermal losses are about 24%. Less than 0.2% is
used for heating the press cake. These values show that recircula-
tion can be good and also that insulation could have a significant
influence on the overall energy usage.

The equations in the theory section were used to calculate the
relative humidity in points 2 and 3, shown in Table 1. The drying
efficiency was calculated using Eq. (13) with data from the
experimental measurements shows that the drying process is done
with low efficiency, i.e. b is about 6% for the current setup. This
means that only a small part of the drying capacity in the drying
air is used. The air only absorbs around 4.5 g H2O per kg dry air
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through the dryer. The low drying efficiency indicates that the
drying process can be improved significantly.

An increased drying efficiency could be achieved if the contact
area or the drying temperature is increased. The contact area
between the press cake and the drying air could be increased by
changing the particle size or improving the air stream flow. It is
likely that a high air flow forces the press cake particles towards
the walls of the dryer, which decreases the contact area and the
press cake time in the drying air. A high air flow also blows the
skins out of the dryer before they are dry. The drying temperature
cannot be increased much beyond 90 �C due to product quality
aspects but the temperature could be more uniform over the dryer
with the help of better insulation.

It was found that 53 kW of supplied heat is sufficient for the ori-
ginal experimental dryer with a capacity of 25.2 kg/h press cake.

4.2. Improved drying system with recirculation

For a full scale production unit, the dryer needs to process
90 kg/h press cake. Based on the experimental results, we now as-
sume that the air temperature into the dryer is 90 �C and the en-
thalpy losses over the drum are 16 kJ/kg. All other variables are
assumed to be identical to the experimental data. This means that
the full scale dryer would require a total supplied heat of 223 kW.

Recirculation of air (Cases B and C), as shown in Fig. 3, means
that the incoming air in point 2 directly after the heat exchanger
must have a higher temperature in order to heat the air to the dry-
ing temperature t20 = 90 �C. The required temperature at point 2
depends on the fraction of recirculated air. Using Eqs. (8)–(11) in
Section 3, the relationship between the temperatures t2, t20 and
the recirculation fraction F can be calculated as shown in Fig. 5.

The heat supply to the drying system should be supplied from
the oil burner (Case B) or by heat from the flue gases from the
industry boiler (Case C). The supply temperature t2 cannot much
exceed 200 �C since the flue gases themselves are only 220 �C. This
corresponds to a maximal air recirculation fraction of 80%.

In Fig. 6, the drying efficiency is shown for different recircula-
tion fractions. It can be seen that the recirculation improves the

drying efficiency, but it remains rather low, even at 90%
recirculation.

Fig. 7 shows how the total heat supply for the dryer decreases
with increasing recirculation fraction. The total heat load of
the dryer could thereby be decreased from 223 kW to 106 kW
(at 80% recirculation). For Case B, this would require a different
heater capable of delivering air temperatures of 200 �C. The heat
recovery decreases the heat supply to the dryer by between 7%
and 52%, for recirculation fractions of 10% and 80% respectively.

4.3. Process analysis and process integration

It has been found that the energy in the flue gases supplied from
the steam boiler is sufficient to deliver heat to the dryer as an alter-
native to the oil burner. The flue gases supply and target tempera-
ture were 220 �C and 105 �C, respectively. The shifting temperature
over the heat exchangers was set to 20 �C. The target temperature
was set to 105 �C so no condensation of hydrochloride and water
vapor would occur in the flue gases to avoid acid. The process
integration is described below.

Three different process cases were analysed; Case A – The refer-
ence case, where the dryer is heated by a separate oil burner, as it
is today. Case B – The dryer is heated by a separate oil burner with
a recirculation fraction of 80%, as discussed in Section 4.2. Case
C – The dryer is heated with heat from the flue gases from the
steam boiler and the drying air recirculation fraction remains at

Table 1
Representative experimental data.

Point Dry bulb temperature (�C) Relative humidity (%RH) Enthalpy (kJ/kg)

1 9.8 40.5 17.3a

2 75.8 1.3a 84.4a

3 49.0 10.5b 68.2b

a Calculated from experimental data.
b Calculated from mass balance.

Fig. 5. Temperatures as a function of recirculation fraction. The blue curve (with
diamonds) indicate the air temperature at point 2 before the mixing point, the red
curve (with squares) indicate the air temperature at point 20 , after the mixing point.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Drying efficiency (as defined in Eq. (13)) as a function of the recirculation
fraction.

Fig. 7. Total heat supply for the dryer as a function of recirculation fraction.
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80%. The integrated grand composite curve below illustrates the
heat loads of the system. Figs. 8 and 9 show the heat load of the
system for Cases A and B, respectively.

In Case C, the total heat load of the plant can be decreased with
10%, which corresponds to a total heat supply of 1145 kW. This is
schematically shown in the integrated grand composite curve for
Case C in Fig. 10. Comparison can be done between the cases to
see the effect of the recirculation in the drying system. The total
required heat load for the juice factory, including the dryer, is
1262 kW for case A and 1145 kW for Case B and C. The advantage
of Case C compared to Case B is that a separate oil burner is not
needed for Case C and no additional oil either.

5. Conclusions

It has been found experimentally that the current dryer system
has a low drying efficiency, i.e. the exiting drying air could absorb
more water. Recirculation improves the drying efficiency, but it re-
mains rather low, even at 90% recirculation, with this type of dryer.
The drying process heat demand is 223 kW at a production of 90 kg
press cake per hour to reach a sufficient quality. For the current
situation, this results in a total heat load of the juice plant of
1262 kW. The evacuation losses are about 76% of the total heat
supply and the thermal losses are about 24%. Less than 0.2% is used
for heating the press cake.

In Case B, a recycling of the flue gases from the oil burner to
preheat the press cake before it enters the dryer would be
beneficial for the material through put in the drying process.
A decrease of the heat supply, with a low investment cost, could
be done if Case B is implemented, where 80% of the drying air is
recirculated. This would lead to a decreased heat load of the dryer
by 52%, resulting in a total heat load of the juice plant of
1145 kW. This would require the dryer air to be supplied at
least 200 �C.

If Case C is implemented, where 80% of the drying air is
recirculated and the dryer heat with a supply temperature of
200 �C is provided by a heat exchanger from the exhaust gases
of the steam boiler of the plant. The total heat load for the juice
plant is decreased to 1145 kW. The largest advantage with Case C
compared to Case B is that the separate oil burner is not
needed for Case C and no additional oil either. The investment
costs have not been calculated but they include some piping for
the recirculation and a heat exchanger between the flue gases
and the dryer.

In general, we can conclude that juice factories where the press
cake is composted could dry and separate the skins and seeds to
add valuable by-products. This separation and drying could
potentially be done without any further energy use, if steam boiler
flue gases are available.
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