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Abstract  

Saving energy is considered about by much more people nowadays. The energy use of 

industrial drying occupies a large part of total energy usage. Not only the governments, but 

also the industry owners are trying to find ways to cut down the usage of energy. The aim of 

this work is to find suitable technologies for industrial drying of berries which can be energy-

efficient at the same time. More specifically, to find suitable dryers for drying aronia berry in 

Sweden. The research is based on secondary data collected by literature review. Good options 

for other circumstances like fluidized bed drying, freeze drying and solar drying were not 

discussed in detail. After the study, a continuous hot air dryer with explosion puffing system 

and heat pumping system seems to be the best solution for drying aronia berry in Sweden. It is 

easy to be controlled, cost acceptable (both capital and operational costs), environmental 

friendly and has high drying rate and high product quality. The extra means for improve 

drying process such as combined with dielectric or conductive dryer, adding pre-treatment 

such as osmotic drying were also discussed. Combined dryers can reduce the drying time and 

osmotic drying can cut the operation cost. Careful experiments shall be done before large 

amount of investment due to the complexity of dehydration. 
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1 Introduction 

Most of human beings like eating fruits, not only because of their tastes and flavors, but also 

the benefits from fruits. Fruits can prevent you from many diseases, keeping your fit and 

delaying senescence. A numerous number of these benefits also refer to antioxidants and most 

of fruits have different kinds and contents of antioxidants. 

 

It is difficult to say how many fruits are there in one country and harder to count the fruits all 

around the world. Some fruits only grow in several countries and the people in other countries 

can barely try. For example, when speaking of the fruits which act as antioxidants, blueberries, 

strawberries, grapes, kiwis and cranberries easily come to mind. Some people might know 

acai berries which are becoming more popular but several people realize there is one kind of 

berries which called aronia berry.  

 

The aronia berry, which is also known as the Black Chockberry or Aronia melancarpa, is now 

discovered to be the highest-antioxidant berry and also the healthiest one. Anthocyanins such 

as cyanidin, hydroxycinnamic acids, quercetin derivatives as well as vitamin C are rich in 

aronia berry (Gonzalez-Molina, Moreno & Garcia-Viguera, 2008). It native to eastern North 

America and one of species is naturalized in Europe. Hence the berry is rarely known by 

people in many countries.  

 

In Northern Europe, Aronia berry can be found in Sweden, but less dried aronia berry can be 

found in the market. This is due to the unpopularity of the berry and the scarcity of the drying 

industries in Sweden. Aronia berry usually acts as an additive in juice, jam and wine 

(Wiczkowski, Romaszko & Piskula, 2010) and dried aronia berry shall also be produced for 

spreading to all over the world. For that reason suitable drying technology shall be discovered 

for easy-to-handle free-flowing solids, conservation and storage, decreasing in price of 

transport, etc.  

 

Since drying might be the oldest methods for preservation, there are more than 400 types of 

dryers have been reported while over 100 distinct types are generally used. It is complex and 

worthless to look deeply for each of the dryers. At the same time it is one of the most energy-

intensive unit operations because of the high latent heat of vaporization and the intrinsic 
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inefficiency by using hot air as the (most widespread) drying medium (Mujumdar, 2007). 

When investors choose dryers, many factors shall be considered. For example the dried 

products’ quality, the initial investment costs, the energy efficiency, the area required, the 

drying rates etc. 

 

By the research of SPINI (the “Solids Processing Industrial Network”, an association of 14 

European chemical companies), choosing dryers for new processes are challenges for all the 

companies. Over 80% of companies have made mistakes for selecting a new dryer in the past. 

Sometimes selection can be easy, but it can become hard and complex when there is no 

experience for a new product (Slangen, 2000). 

 

A number of studies state that industrial drying operations’ national energy use ranging from 

10–15% for Canada, France, United States, and U.K. to 20–25% for Denmark and Germany. 

The second figures based on mandatory energy audit data which supplied by industry and 

therefore are more reliable. Energy usage of drying in industries ranges between 5% and 35%. 

For instance, dryers’ capital expenditures are estimated to be approximately only $800 million 

for one year in America. On account of this reason, the main costs for dryers are in their 

operation instead of their initial investment costs (Mujumdar, 2007). 

 

For that reason, when investors select dryers, energy efficiency or energy usage shall be the 

paramount consideration. Other factors such as drying rate, environmental impact, area 

required etc. are still needed to be considered. 

 

It is difficult to find the researches that only focus on aronia berry so far. This research 

focused on the industrial drying technology of berries and finding the right dryers for the 

industries which want to product the dried aronia berries as well as other kinds of berries 

which contain antioxidants and wider known than aronia berry by people. Experiments shall 

be taken by professional after the research for more precise data.  

 

The overall research aim is to find suitable technologies for industrial drying of berries which 

can be energy-efficient at the same time, more specific, to find suitable dryers for aronia berry. 

The individual research objectives are: 

- Explore the drying technologies which suits for berries in industries; 
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- Focus on main dryers which suits the berries best;  

- Analysis the advantages and disadvantages of these dryers; 

- Formulate recommendation on industrial drying for berries. 

 

After reading this research, the industries’ owners who want to produce dried berries and 

regard the energy-efficient as the most important factor can have a good understanding on 

which dryers are suitable for them and which details they can concentrate on. Then it becomes 

easier for them to choose the dryers for further experienced by professionals.  Berries such as 

aronia berry then can easily be dried in countries like Sweden and sell around the world. 



Yuting Wang Energy-efficient Industrial Dryers of Berries 

 

9 

2 Limitation 

Notice that this study only focus on drying technologies which produce dried berries, and 

therefore the dryers for drying liquids or slurries such as spray dryer will not be discussed. 

The diameters of three types of aronia berries — red, black and purple chokeberry— range 

between 4-10mm, 6-9mm and 7-10mm, respectively. In result selection, the dryers which do 

not suit for the size of 4-10mm are not mentioned.  

 

The dryers such as spray dryer that are not suit to produce dried berries were not mentioned. 

Same idea, the dryers like fluidized bed dryers that have no significant functions unless when 

drying the product size that smaller than aronia berry were not mentioned. Moreover, the 

dryers which are not suit cold weather such as solar dryers and the dryers which have 

extremely high quality but very expensive like freeze dryers are not mentioned. 

 

The theories and results all depended on the literature only and no empirical experiment is 

made for drying aronia berry. This research can give a general trend for selecting drying 

systems for aronia berry but more experiments shall be done for precise data before a great 

quantity of investment. 
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3 Methodology 

The aim of this chapter is to discuss the research method used for this study and the purposes 

for choosing it. The approach applied to fulfill the objectives was mainly based on literature 

review. Bless and Higson (2000) described literature review is a process of reading the 

published that seems relevant to the research topic to have some background information for 

formulating the problem and the hypothesis. 

 

The Purpose of the Review 

Bless and Higson (2000) stated the list of purposes of literature review. Referring to that, the 

main purposes of this research are to sharpen and deepen the theoretical framework of the 

research and to discover factors that must considered in the research, as well as those which 

are proved irrelevant. 

 

Data Collection and Analysis 

The secondary data relative to the research were collected by literature review; the scientific 

papers and books were found in these ways, which are: 

- Search service Discovery from the school library 

- Google scholar 

- Search service LIBRIS which is the catalogue from the Swedish National Library 

 

The key words and phrases used are: 

- Drying methods 

- Industrial drying 

- Drying/dehydration of food/fruits/berries 

- Food process/technology 

- Convective and conductive dryers 

- Cabinet/turbo/tunnel/conveyor dryer 

- Explosion puffing/heat pump drying 

 

Biggam (2011) stated the quantitative research is which considered about quantities and 

measurements and qualitative research is connected to in-depth exploratory research. This 

study involved both quantitative and qualitative researches. Gathering the drying technologies, 
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the dryers and the systems which may suit for drying berries was quantitative research; 

deepening studies on the benefits and drawbacks of each technologies, systems and dryers 

was qualitative research. 
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4 Theoretical Framework 

Drying is a process which using heat to remove moisture to get a solid product. In special case 

freeze drying, solid water directly sublimates to gas state. There are two states of water in a 

drying object, bound moisture and unbound moisture. Bound moisture will exert a vapor 

pressure less than that of pure liquid and it held in loose chemical combination. It is a liquid 

solution as a structure of the solid or even the microstructure of the solid. Unbound moisture 

is the excess part of bound moisture.  

 

Concurrently, two processes take place when thermally dry a wet solid: 

- Energy transfer (almost heat) from the surrounding to vapor the exterior moisture, which 

based on the outside conditions of temperature, air dampness and flow, area of exposed 

surface, and pressure. 

 

- Because of process 1, interior moisture move to the surface of the solid and its 

succeeding evaporation and the moisture moves internally within the solid. Process 2 

depends on the physical nature of the solid, the temperature, and its moisture content 

(Mujumdar, 2007). 

 

4.1 Mechanism of Drying  

A typical drying rate curve of a wet material is qualitatively shown in Figure 1. The moisture 

content of wet material decides the act of inside water. There are three stages of drying which 

are described as follow. 
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Figure 1. Typical rate-of-drying curve, constant drying conditions (Mujumdar, 2007) 

 

First Drying Stage (Constant Drying Rate Period) 

First drying stage starts by free moisture vaporizing from the surface of the solid material, 

with shrinkage partly takes place.  At the end of the first stage, moisture moves from the 

interior to the surface due to capillary forces. Drying rate keeps constant in first stage 

(Mujumdar, 2007). 

 

Second Drying Stage (the First Falling Rate Period) 

After reaching the critical moisture content, dry spots occur upon the surface of the solid 

material. Since the drying rate is calculated basing on the total solid surface area, it starts to 

fall although the drying rate of each unit area retains constant. At the end of second stage, the 

evaporation of the surface film of liquid is ended as well (Mujumdar, 2007). 

 

Third Drying Stage (the Second Falling Rate Period) 

The heat transmission of third drying stage is formed of heat transfer to the exterior and heat 

conduction in the solid material. Moisture bound by sorption is partially removed during this 

stage. Since the moisture content is decreased to a low level, the water within the material 

moves slower. The drying rate of third stage falls more sharply than second stage and keeps 

falling until reach the equilibrium value for the flowing air humidity. The transition between 

each stage is fluent (Mujumdar, 2007). 
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4.2 Basic Types of Dryers 

As shown in Figure 2, the dryers can be classified into several types based on the mode of 

heat transfer e.g. conduction, convection, radiation, dielectric heating or combinations of one 

or more of these modes. The heat transferred directly by convection of mediums in convective 

dryers. While in conductive dryers, the heat is transferred by contacting with heated surface. 

For Radiant dryers, heat is transferred by radiation. And in dielectric drying, microwave or 

radio frequency are used for heating. Detail description will be mentioned in results part.  

 

Figure 2. Basic dryer types classified according to the mode of heat transfer (Mujumdar, 

1997) 

 

Convective type with direct combustion gases as the drying medium account for more than 85% 

of industrial dryers and more than 99% of the applications involve water removing 

(Mujumdar, 2007). The book, Industrial drying of foods (Mujumdar, 1997), indicates that for 

dehydrating food production, convective drying might occupied more than 90%. In spite of 

the truth that significant benefits can be gained from the other dryer types such as the 

efficiency of energy, the quality of productions and less environmental impact.  

 

Dryers can also be further classified by: 

- Pressure condition (vacuum or near-atmospheric); 

- Drying temperature (low or high; under or over the boiling point of water); 

- Operation mode (batch or incessant); 
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- The method of material treated in the dryer (agitated, dispersed, stationary, fluidized, 

converged, and falling under gravity). 

 

Each of the categories has finer sub-classification. For example, over 30 variants of the 

fluidized bed dryer can be recognized for drying applications (Mujumdar, 1997). In this 

research, the factor which shall be foremost considered is the energy efficiency. Then basic 

dryer classification was chosen to follow. 

4.3 Drying (Dehydration) of Berries 

The drying and preservation of agricultural surpluses are sort of the oldest uses of solar 

energy by the beginning of civilization and human beings dried fruits and vegetables by sun 

drying for centuries. Jayaraman and Das Gupta (2007) referred that it was also the cheapest 

way for preserving by which the content of water comes to a low level and then spoilage 

would not occur. Notice that solar drying system has been analyzed and proved to be pretty 

economic for dehydration of fruits and vegetables. For tropical zones, without doubt, solar 

drying can be a great way for drying berries. But, in general, the initial investment costs are 

relatively high to choose in other areas especially cold place like Sweden. Therefore this 

study will not go future into solar drying. 

 

Freeze-drying technology becomes more and more popular for its high efficiency in 

preserving the nutrition and quality of food.  The research from Jayaraman and Das Gupta 

(2007) and Somogyi and Luh (1986) both mentioned that freeze-drying technology has 

confirmed to be the superior technique of dehydration for many fruits with high flavor content. 

The product has the highest quality of any dehydration techniques (Mujumdar 2000b; Sagar 

& Kumar, 2010). The high flavor retention is due to the low temperature operation which is -

40 . Not only keeping high volatile flavor compounds, by the research of Jayaraman and Das 

Gupta (2007) and Mujumdar (2000), freeze-drying also allows rapid rehydration due to the 

porous and non-shrunken structure. Snowman (1997) also mentioned in his research that the 

products are lighter than by other technology and can preserve for a long period even in room 

temperature. Therefore if the products which should maintain high flavor or the products 

which need easily re-dehydrate after transporting or a long period transport needed, freeze-

drying technology is the best choice. Otherwise, the limitation of this technology may block 

the application. For its commercial application, the major limitation is its very high capital 
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and processing costs and the need for particular packaging to avoid oxidation and moisture 

pick up (Jayaraman & Das Gupta 2007).  In Brennan (2006)’s research also mentioned that 

both capital cost and energy costs are relatively in a high level and his review showed freeze-

drying is the most expensive technology for drying foods. Thus freeze-drying technology is 

not energy-efficient and this study will not go further into it. 
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5 Results 

5.1 Direct (Convective) drying 

Convective dryers may be the commonest type for drying particulate solids (Mujumdar, 2007).  

In another book (Mujumdar, 2000a) he also mentioned that although the thermal efficiency is 

quiet low compared with indirect drying, there’s about 85% of industrial dryers are using 

convective drying technology. Compared with conductive drying, the low efficiency of 

convective drying is mainly due to the complexity in recovering the latent heat of 

vaporization contained in the exhaust. 

 

Hot air, direct combustion gases, inert gas or superheated steam all can be used as drying 

mediums for convective drying process. The heat for moisture evaporation is offered by 

convection to the exposed surface of the material and then carried away by the drying medium 

(Mujumdar, 2007). Among these drying medium, hot air is the commonest, in spite of 

superheated steam has shown higher efficiency and higher product quality in some special 

cases (Mujumdar, 2000a). Jayaraman and Das Gupta (2007) also stated that for drying fruits 

and vegetables, hot air drying is the most common one, which is both the simplest and most 

economical technology. 

 

In hot air drying, wet material is put in a flow of heated air and the water vapor formed is 

carried away from the drying surface in the air steam (Brennan, 2006). The basic hot air 

dryers for drying berries are:  

 

- Cabinet (Tray) Dryer 

Cabinet (Tray) Dryer is a multi-use, batch-operated hot air dryer (Figure 3). One or several 

stacks of trays positioned in an insulated cabinet (chamber). The wet material is loaded on the 

trays with the trays located one above the other. The dryer is equipped with appropriate 

designed fans and guide vanes which force the air force to the heaters, circulate in the 

chamber and through the materials by cross-flow or through-flow. The humid air is partly 

drained out from the chamber and the other recycled by dint of dampers. Figure 3 shows a 

small size batch-tray dryer which is the most common dryer for small tonnage products by far. 

The small scale cabinet dryers are used in the laboratory and pilot plants for experimental 
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drying of fruits and vegetables. For loading and unloading the materials, these dryers often 

require large amount of labor. The drying time depends on the residence time of the slowest 

drying tray and, characteristically, the drying takes a long period (10-60 hours). Therefore, 

keeping the hot air uniformly distributes over the trays is the key to shorten the drying time 

and raise dryer capacity. The poor distribution of hot air leads to poor dryer performance, 

which may due to the tortuosity of the trays (Mujumdar 2000b; Brennan, 2006; Jayaraman & 

Das Gupta, 2007). 

 

 

Figure 3. A batch-tray dryer (Mujumdar, 2000b) 

 

Larger size of cabinet dryers also exist which consist of stacks of large trays and usually used 

in industries for drying sliced or diced fruits and vegetables. Up to 20000 t per day of raw 

material can be dried by a number of large cabinets which may be used in parallel, with a 

staggered loading sequence (Brennan, 2006). 

 

Mujumdar (2000b) also mentioned one kind of continuous unit of cabinet dryer which 

modified by batch tray dryer. As shown in Figure 4, this so-called turbo dryer is consisted by 

a stack of coaxial circular trays fixed on a single upright shaft. The materials are fed onto the 

first tray shelf and leveled by a set of fixed shades. The material is wiped off the shelf to the 

next lower shelf by the last blade after one rotation. Over 30 trays can be sited. 

 

Turbine fans supply the hot air to the cabinet. In this design shown, the internal heaters heat 

the passing air. Materials get into the chamber from the top and fall under gravity to the lower 

trays through radial slots in each circular shelf. The solids are mixed by a rotating rake which 

improves the drying performance. The material can be cooled in the cooling zone since the 

cold air is heavier than the hot one and therefore stays at the bottom of the chamber. Heat-
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sensitive materials can also be dried in such dryers when operate under vacuum. Turbo tray 

dryer has low horsepower/heat requirements and thus it can gentle handle fragile materials. 

Compared with batch tray dryer, it can operate automatically. Also, it can be easily cleaned 

out. For higher efficiency, the trays can be modified to be heated by conduction and then it 

can also apply vacuum to remove the moisture evaporated (Mujumdar, 2000b). For berries 

drying, experiment should be taken before application since turbo dryers are more common 

for water-wet and solvent-wet materials such as jam or juice. 

 

  

Figure 4. A Turbo dryer (Mujumdar, 2000b) 

 

- Tunnel Dryer 

Tunnel Dryers are continuous or semi-continuous dryers. The basic idea of tunnel dryer is 

similar to cabinet dryer, but for large-scale commercial drying. Tunnel dryer consists of a 

long insulated tunnel (a long cabinet), a group of truck and tray dryers and therefore it has 

high flexibility (See Figure 5). Trays, loading the wet materials and stacked on trolleys, enter 

the tunnel at one end, travel the length of the tunnel and come out at the other end. After 

passing through the fan and heater, air flows through the tunnel, flowing between the trays of 

materials. The movement of airflow decides the drying characteristic of tunnel dryer. Figure 5 

shows the pattern called concurrent tunnel that air flow parallel to and in the same direction as 

the trucks. Other designs also exist, such as countercurrent, concurrent-countercurrent and 

cross flow of air. Each of the patterns will get different product properties and all have their 

advantages and limitations. The sliced or diced fruits and vegetables are the main materials 
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for tunnel dryer which means it can also be used for berries (Brennan, 2006; Jayaraman & 

Das Gupta, 2007). 

 

 

Figure 5. Principle of concurrent tunnel drier (Brennan, Butters, Cowell, & Lilly, 1990) 

 

- Conveyor (Belt/Band) Dryer 

Conveyor dryer is continuous dryer. The basic idea of conveyor dryer is similar to tunnel 

dryer, but changing the group of truck to belt/band. In the drying tunnel of conveyor dryer, 

wet material is transported on a perforated conveyor, which is made of perforated, hinged 

metal plates or plastic or wire mesh. As shown in Figure 6, hot airflow passes the belt and the 

materials layer, generally upward in the early drying stages and downward in the later. 

Different directions of airflow are used for preventing the light-weight materials from 

blowing out of the belt and at the same time for keeping the uniformly drying. The materials 

should form a leaky bed to allow the air passing between and the layer thickness ranges from 

75 to 150mm. Characteristically, the width and length of the conveyor are 2-3 m and up to 50 

m, respectively. 

 

 

Figure 6. Band dryer (Brammer & Bridgwater, 2002) 
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For occupying the same floor zone, the capacity of a conveyor dryer is much less compared 

with that of a tunnel dryer. Since the thickness of the materials layer becomes less due to 

shrinkage, the belt is being used less efficiently as drying proceeds. Thus, the multistage 

conveyor drying is good and common to be used (Brennan, 2006).  

 

Before getting on the second conveyor, the materials from the first conveyor are redistributed, 

which may be extended to three stages. And by these redistributions, the usage of conveyor is 

more efficiency than that of a single-stage unit. At the same time, redistributions increase the 

movement of the materials and then improve the uniformity of drying by exposing new 

surfaces to the hot air. Dividing the dryer into different section makes it possible to better 

control several conditions, such as air temperature, moisture content and velocity as to get 

optimum output and quality. Nevertheless, the drying cost is still relatively high even more 

stages are used. As a result, conveyor dryers are normally operated as a first stage dryer for 

rapidly reducing water content and the partly dried materials are introduced to another type of 

dryer for completion. For berries drying, experiment should be taken before application since 

conveyor dryers are commonly used for drying diced vegetables, peas, sliced beans and grains 

(Brennan, 2006). 

 

5.2 Indirect (Conductive/Contact) Drying 

Indirect drying, which means the wet materials are not direct contacted with the heat transfer 

medium, such as steam, hot gas, thermal fluids, etc. Instead, the wet materials are direct 

contacted with heated surface and dried by the surface which transfers heat from heat transfer 

medium by conduction. The temperature of heat transfer surfaces can range from -40  

(freeze drying) to 300  (drying with waste sludge as heat transfer medium). Since hot gas is 

not presented as a source of heat, operating in vacuum or using gentle gas flow are needed to 

remove the moisture from the wet materials so that the chamber of dryer will not be saturated. 

By the low flow rate of the gas, there are substantial relevant advantages as follows 

(Mujumdar, 2000a; Oakley, 1997). 

 

 High energy efficiency  

Indirect dryers generally have higher energy efficiency compared with direct dryers, since the 

energy lost of the exhaust gas flow is significantly reduced. The heat used for drying wet 
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materials is the only heat load of the dryers. The drying energy costs can also be cut by using 

waste heat source. The vapor escaped from the wet materials can also be used in a later 

section of drying as a heat transfer medium and then reduce the consumption of the total 

medium needed. Therefore, for high rate of vaporization, two or three sections dryers may be 

more economic (Oakley, 1997; Jayaraman & Das Gupta, 2007). 

 

 Ease of exhaust gas clean-up 

Due to the low exhaust flow of conductive dryers, the clean-up work is minimized. The 

interconnecting ductwork and the blower also have smaller sizes than those for the direct 

dryers. Additionally, the indirect dryers have very low entrained particles and fines and so 

they are obviously beneficial for drying poisonous, explosive, combustible, or dusty products.  

The vapor released can be easily direct condensed and therefore decrease the environmental 

impact (Oakley, 1997; Jayaraman & Das Gupta, 2007). 

 

 Vacuum drying is possible 

Distinct from convective drying, conductive drying can be easily operated in vacuum state. 

Because of that, the solvents which are removed have a lower boiling points and drying can 

therefore take place at much lower temperature. And thus it becomes ideal for heat sensitive 

materials like foods, medicines and other bio-materials at relatively fast rates. Due to the low 

or no oxygen content, oxidative reactions are minimized or eliminated. The last reachable 

moisture content of the product will not be bounded by the state of the heat transfer medium 

as in the case of direct dryers. Also, there is no danger of fire or explosion as drying in a 

vacuum or a modified atmosphere (with inert gases) (Oakley, 1997; Jayaraman & Das Gupta, 

2007; Mujumdar, 2000a). 

 

 Flexible and controllable 

Indirect dryers can be easily controlled and also have high flexibility that the capability is 

satisfied even operating at 20% of the full capacity (Oakley, 1997). 

 

 High product quality and integrity 

The flows into and out of an indirect dryer are relatively small and can be easily controlled. 

Notice that, under vacuum it is relatively difficult to operate an indirect dryer in a continuous 

mode. While operating in a batch mode, an indirect dryer can be seemed as a closed system 

and therefore the drying can produce relatively higher quality of products. As a result, indirect 
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drying is suitable when high product quality and integrity are required, such as products 

which need hygienic processing conditions (Oakley, 1997; Jayaraman & Das Gupta, 2007).  

 

As mentioned above, there is about 85% of industrial dryers are using convective drying 

technology. There are several disadvantages that block the application of indirect dryers. The 

main drawback is the limitation of the drying rate. Drying rate is relative to the heat transfer 

area. The maximum size of these dryers is limited due to the increasing scale of a dryer 

leading to a decrease of the surface: volume ratio. Compared with direct dryers, indirect 

dryers own lower maximum drying temperature and maximum throughput. Additionally, 

many types of indirect dryers are only allowed in batch mode and then generally have lower 

production capacities than convective dryers. Moreover, the capital costs of indirect dryers 

normally higher than equivalent direct dryers because of the requirement of heat exchange 

surfaces (Oakley, 1997; Jayaraman & Das Gupta, 2007). 

 

Consequently, contact drying more suits to relatively expensive, heat-sensitive materials at 

low or medium rates. Contact drying may also be interested when consider about 

environmental impact, since conductive dryers are more environmentally friendly both in 

aspects of energy usage and emissions to the ambiance than convective dryers (Oakley, 1997). 

 

Many types of indirect dryers are summarized in different literatures, such as vacuum tray 

dryers, vacuum band dryers, plate dryers, thin-film dryers, etc. The types of indirect dryers 

which suit for berries are similar to direct dryers introduced above. Designs are made to 

change the direct dryers to indirect dryers and with vacuum. The shapes are similar and the 

transfer types are changed. Since berries are not such relatively expensive and heat-sensitive 

materials, the details of each of indirect dryers are not discussed. 

 

5.3 Drying by the Application of Radiant (Infrared) Heating 

When thermal radiation directed at a subject, it will be absorbed by the subject, reflected back, 

or it will pass through the subject. Only the absorbed part of thermal radiation can contribute 

to the drying process. When drying solid materials, all the radiant energy will be absorbed in a 

pretty thin layer under the surface and therefore the radiant drying is best suited to drying 

textiles, paper, paints and enamels. Combined convection and radiation is one of the most 
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applications for high drying capacity for sheets such as paper. Since food materials have 

complex components such as protein, fat, carbohydrate and all have their own physical, 

thermal and optical properties; it is tricky to achieve uniform heating of foods by radiant heat. 

Infrared heating is not suit for drying berries so far (Brennan, 2006; Mujumdar, 2000a). 

 

5.4 Drying by the Application of Dielectric (Microwave or Radio Frequency) 

Volumetric Heating 

Microwave heating (MW) and radio-frequency (RF) are both referred to as dielectric 

volumetric heating. In both cases, a dielectric insulator (or a material which is small, finite, 

and has electrical conductivity) absorbs energy when it is sited in a high frequency electric 

field. Heat is then supplied volumetrically by putting the wet materials in dielectric fields in 

radio-frequency or microwave range. Dielectric heating is applied in many fields such as 

cooking, thawing, melting and drying. Both RF and MW have been used for industrial drying 

applications for many years (Jones & Rowley, 1997; Mujumdar, 2000a; Brennan, 2006). 

 

Radio- and microwave frequency bands occupy adjacent sections of the electromagnetic 

spectrum and microwaves have higher frequencies. There can be some difficulty for non-

professionals to distinguish them. From 1 to 200 MHz and from 300 MHz to 300 GHz are the 

ranges for RF and MW respectively.  International agreement of specific frequencies which 

are allocated to the uses for industries is known as ISM (industrial scientific and medical) and 

shown in Table 1 (Brennan, 2006; Jones & Rowley, 1997). 

 

Table 1. The ISM bands (Jones & Rowley, 1997) 

Band Frequency (MHz) 

Radio-frequency 13.56 ± 0.00678 

 27.12 ± 0.16272 

 40.68 ± 0.02034 

Microwave ~ 900 (depending on country) 

 2450 ± 50 

 

As mentioned, the principle of dielectric drying is that energy is absorbed by wet materials 

which are placed in a high frequency electric field (RF or MW). Water molecules are easier to 
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be heated than the other components in the food. So in both cases RF and MW, water 

molecules in the materials absorb the energy, resulting in rising of the temperature, 

evaporation takes place and the content of moisture reduced. Nevertheless, energy absorbed 

relies on different mechanism between RF and MW (Jones & Rowley, 1997; Brennan, 2006). 

 

Mechanism 

 Radio-frequency heating 

Ions which exist in water will give a degree of electrical conductivity and water is heated by 

the passage of an electric current through the water. In this case, the energy absorption 

increases with increasing temperature (Brennan, 2006). 

 

 Microwave heating 

Dipolar molecules which exist in water are stressed by the magnetic field and therefore water 

is heated. In this case, the energy absorption decreases with increasing temperature (Brennan, 

2006). 

 

Due to the principle of dielectric heating, it has a number of advantages and disadvantages 

compared with other, more conventional, drying processes (convective, conductive or radiant). 

 

Advantages  

 Energy volumetrically dissipates throughout a product  

In conventional drying, the maximum temperature to which the surface of the materials can 

be exposed is limited, since the heat should go through from the surface to the center of the 

material by thermal conduction. Dielectric heating has higher penetrating quality, which leads 

to a uniform heating. Energy dissipates volumetrically throughout the material and therefore 

no limitation is imposed, decreasing the situations of overheating (Jones & Rowley, 1997; 

Brennan, 2006; Jayaraman & Das Gupta, 2007). 

 

Volumetric heating also results in a more rapid heat generation compared with conventional 

drying. By this rapid heat generation, the water evaporates more rapidly and leads to an 

increase of a total pressure gradient.  This gradient of pressure causes the water present in the 

material rapidly moves to the surface. Shorter drying times and lower material temperatures 

get from this mechanism compared with direct or indirect drying (Brennan, 2006). This can 

be well applied especially when the size of the material is not practicable for conventional 
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drying (Jayaraman & Das Gupta, 2007). 

 

 Moisture leveling happens automatically in certain cases 

Dielectric heating has the potential ability of automatic moisture leveling, which gives more 

power to parts with higher moisture content and lower power to parts with lower one. As the 

result, the moisture content variation of final products by dielectric drying is always much 

lower than that by conventional drying, resulting in higher final product quality (Jones & 

Rowley, 1997). Additionally, dielectric heating has special advantages of product quality 

when drying heat-sensitive materials (Mujumdar, 2000a). 

 

Disadvantages 

 Technical 

Although the drying rate can be higher by dielectric heating than conventional heating, 

scorching or burning may occur if the heating rate is too high. Once water is entrapped in the 

material, solid pieces may have cracks, as a result of the growth of high pressure inside 

(Brennan, 2006). Moreover, the available maximum amount of RF or MW power for drying 

limits the capacity of production (Jones & Rowley, 1997). 

 

 Economic 

Compared with the conventional dryers, both capital and operating costs are high of dielectric 

dryers (Jayaraman & Das Gupta, 2007; Jones & Rowley, 1997). For MW dryers, only around 

50% of line power can be converted into the electromagnetic field and less is truly absorbed 

by the drying products (Mujumdar, 2000a). Dielectric heating will not decrease the costs of 

drying due to inefficiency of conversion from mains frequency to the high frequency. The 

cost of one dielectric dryer can range from £ 2000 to £ 5000 per kW installed. So the 

dielectric drying is hardly economic if there are other conventional means to deal the products 

(Jones & Rowley, 1997).  

 

Mujumdar (2000a) stated that single dielectric dryers are improbable to be cost-efficient with 

the exception of high value products in coming years. Jones and Rowley (1997) also 

mentioned that only when products which have special properties, relatively high value and 

requirement of moderate production rate, dielectric heating can be economic. 

 

It was referred in Brennan (2006) that dielectric heating is rarely applied as the major source 
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of heat for drying wet food products. More often, it is combined with heated air.  

 

Combination Drying Systems 

Jones and Rowley (1997) referred that it can be considered bases on what dielectric drying 

can accomplish. They also mentioned when combining dielectric with conventional drying, 

the variation of latent applications is significantly developed. 

 

Most dielectric drying applications are used alone at some point of drying cycle, 

characteristically involving when conventional heat transfer comes to be inefficient (Jones, 

1989). By combining with a hot air dryer, dielectric heating can be utilized to reduce the total 

drying time, since the temperature of the water within the wet materials can be raised rapidly 

which leads the moisture to move quickly to the surface. It is often used near the end of 

drying, but also can be applied to preheat the materials or in the early stages of the falling rate 

period of drying (Brennan, 2006). By these ways, when considering the whole drying process, 

combined drying can be economically feasible (Jones, 1989). 

 

5.5 Possibilities of Improvement 

There are varieties of ways to improve the process of drying, by combining heat transfer 

modes, adding extra novel dryers, pre-treating wet materials, installing recovery systems, etc. 

Combination models, explosion puffing drying, osmotic dehydration, and heat pump drying 

are introduced in this chapter. Different benefits can be gained from these improvements in 

terms of energy efficiency, drying rate, product quality, environmental impacts, etc. 

 

Combination Models 

As mentioned in Chapter 4.4, combination of convective and dielectric drying leads to higher 

drying rate and better product quality compared to single conventional dryer and more cost-

efficient compared to sole dielectric dryer. Similarly, combined heat transfer modes such as 

convection and conduction, convection and radiation exist for reducing energy costs and 

rising product quality. By combination, the initial costs of dryers are increasing inevitably. 

Due to the complexity of drying and uniqueness of each kind of feedstock, sweeping 

statement cannot be made unless it is carefully tested and economically evaluated (Mujumdar, 

2000a). 
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Explosion Puffing 

From the point of view of conventional drying methods, it is truly effective for drying during 

the first drying rate stage.  As shown in Figure 1, when drying proceeds from the first falling 

rate period to the second, drying becomes difficult (Van Arsdel, Copley, & Morgan, 1973). 

Drying product results in shrivels and case hardens (Van Arsdel, 1963). The drying costs 

much more energy in the second falling rate period compared with the first due to the sharp 

falling tendency. Moreover, the dried products of conventional drying methods are hard to 

rehydrate, commonly more than 20 min is needed for completing rehydration in boiling water 

(Luh & Woodroof, 1988). Luh and Woodroof (1988) also stated products dried by freeze 

drying have excellent quality and can rehydrate rapidly. But as mentioned above, freeze 

drying has high costs in both capital and usage of energy. 

 

A drying system, explosion puffing drying, will be introduced since it can solve these 

problems with a cost comparable to convectional hot air drying. Both batch and continuous 

models of explosion puffing are existed. Compared to batch model, continuous explosion 

puffing system (CEPS) leads a better controlling of process, an improvement of quality of 

products and a reduction of labor costs (Jayaraman & Das Gupta, 2007). Brief information of 

explosion puffing method and CEPS are introduced as follow. 

 

The wet materials are heated by conventional drying first, and the drying is interrupted when 

the moisture contents of materials are around 15% to 35%. This initial drying is needed to 

minimize the damage during explosion puffing. The half dried products are then sent to the 

part of explosion puffing drying, which can drop the moisture content rapidly to about 3% and 

form a porous structure of product (Jayaraman & Das Gupta, 2007).  

 

A typical continuous explosion puffing system is shown in Figure 7, which consists of three 

chambers, the feed, the heating, and the discharge chambers. After passing the discharge 

chamber, the products are abruptly discharged into the atmosphere. Moisture flashes into 

vapor by this rapid pressure drop. Paths and gaps are made by the escaping steam and a 

porous structure is formed within the product (Jayaraman & Das Gupta, 2007). 
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Figure 7. Schematic diagram identifying major components of continuous explosion puffing 

systems (Heiland et al., 1977). 

 

Explosion puffing systems can productively dry fruits like apples and blueberries. The 

rehydration times of apples, blueberries, cranberries, strawberries and pineapples dried by 

CEPS are 5, 4, 3, 3, 1 min, respectively (Kozempel, Sullivan, Craig, & Konstance, 1989). Not 

only shorter drying time and shorter rehydration time can be achieved by explosive puffing, 

but other favorable effects are discovered by researchers. These commodities have longer 

frozen storage life, excellent flavor and color, ambient temperature storage possibility, and 

durability while only need minimal storage and transportation costs (Sullivan, Craig, 

Konstance, Dekazos, & Leiby, 1982).  

 

Osmotic Dehydration  

Osmotic dehydration (drying) is the method which uses the osmotic mechanism to remove 

moisture from wet materials. By immersing fruits in a solution of high sugar or salt 

concentration, moisture present in fruits passes into the solution under the influence of the 

osmotic pressure gradient. The cell walls perform as semi-permeable membranes during 

osmosis, allowing the water passing out and remaining the solids. Some soluble substances 

like sugars, salts, organic acids and vitamins partially pass within the water while some 
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solutes of solution go through into the materials (Brennan, 2006).  

 

By reusing the hypertonic solution, osmotic drying can be cost-efficient. The feedstock shall 

be prepared carefully to minimize the damage and concentration of solution shall be adjusted 

to avoid unacceptably sweet of the products. Osmotic dehydration may be a good choice for 

drying berries, but further dryers are needed due to the instability of the products of osmotic 

drying. The instability shortens the shelf life. For this reason, osmotic dehydrating can be a 

good pre-treating for products (Brennan, 2006).   

 

 Heat Pump Drying 

Convective hot air dryers are the widest used type in industries.  Generally, all the 

conventional hot air dryers can be combined with heat pump system to achieve higher thermal 

economy and efficiency (Jayaraman & Das Gupta, 2007). A schematic illustration of a heat 

pump drying system is shown in Figure 8. 

 

 

Figure 8. A schematic illustration of a heat pump drying system (Kian Jon & Siaw Kiang, 

2007) 

 

A heat pump drying system can be separated as two subsystems; a heat pump system 

(refrigeration system) and a hot air dryer. The dryer can be changed between any of hot air 

dryers mentioned. The heat pump system mainly consists of an evaporator, a condenser, a 

compressor and an expansion valve (Colak & Hepbasli, 2009). The whole system can be 

described simply. Air is firstly passes through the dryer from point 1 to point 2, while escaped 

moisture from wet materials are picked up by the air. The exhaust air at point 2 is wet and hot 

which means it has both sensible heat and latent heat can be recovered. By passing through 

http://www.authormapper.com/search.aspx?val=journal%3aBuilding+Simulation&val=name%3aChua%2c+Kian+Jon&val=name%3aChou%2c+Siaw+Kiang
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the evaporator of refrigeration system, the air is cooled to its dew point and moisture is 

condensed into liquid form. The heat therefore is recovered from the air into the refrigerant 

and the refrigerant changes from liquid phase to vapor phase. After air going through the 

condenser, the heat recovered from exhaust air transfers back to the air of desired temperature 

(Kian Jon & Siaw Kiang, 2007; Jayaraman & Das Gupta, 2007). Compared with sole hot air 

dryers, combining with heat pump systems has both benefits and drawbacks. Data based on 

these two methods are shown in Table 2. 

 

Table 2. General comparison of heat pump drying with hot air drying (Perera & Rahman, 

1997) 

Parameter Hot air drying Heat pump drying 

Drying efficiency (%) 35-40 95 

Operating temperature range ( ) 40-90 10-65 

Capital cost Low Moderate 

Running cost High Low 

 

High energy efficiency is reached by heat recovery of heat pump drying. The low operating 

temperature of heat pump drying is for suiting the refrigerant. Although the maximum drying 

temperature is limited, low operating temperature results in much higher product quality by 

retaining volatile flavor, reducing color degradation and maintaining heat-labile vitamins 

(Mason et al., 1997). Heat pump drying need slightly higher capital cost than hot air drying 

since more equipment required. Low running cost is needed which achieved by high energy 

efficiency of heat pump drying. Costs of maintenance and charging of the refrigerant are 

incurred by refrigeration system. The high energy efficiency leads to a low environmental 

impact but consideration shall be made when choosing refrigerant since some kinds of 

refrigerants may not environmental friendly (Kian Jon & Siaw Kiang, 2007). 

http://www.authormapper.com/search.aspx?val=journal%3aBuilding+Simulation&val=name%3aChua%2c+Kian+Jon&val=name%3aChou%2c+Siaw+Kiang
http://www.authormapper.com/search.aspx?val=journal%3aBuilding+Simulation&val=name%3aChua%2c+Kian+Jon&val=name%3aChou%2c+Siaw+Kiang


Yuting Wang Energy-efficient Industrial Dryers of Berries 

 

32 

6 Discussion 

As stated in introduction, this research focused on industrial drying of berries, trying to figure 

out which dryers, systems or technologies are highly suitable for drying berries. The core aim 

is to find the dryers which are energy-efficient and operate well in countries like Sweden for 

drying aronia berry. 

 

As shown in Figure 2, based on heat transfer mode, drying can be classified into convective 

(direct), conductive (indirect/contact) and radiant drying and dielectric (microwave or radio 

frequency) drying. Further, possibilities of improvement exist such as combining drying 

modes.  

 

Convective, conductive and radiant drying are conventional drying technologies. Radiant 

drying is suitable for drying thin layers such textiles, paper, paints and enamels. When drying 

food materials, the water within the products can hardly achieve uniform. Radiant drying is 

not suit for food, nor berries so far. Both convective and conductive drying technologies can 

be applied for drying berries. 

 

6.1 Comparison and analysis between convective and conductive drying 

technologies 

Convective drying is the commonest technology used in industries for drying so far, mainly 

due to the simple equipment and the low investment cost. Since it is widely used, the 

convective dryers are easy to be found in the market. Actually, compared with conductive 

dryers, convective dryers have lower energy efficiencies, since a large part of energy exhausts 

with the medium. If energy efficiency is much more important than any other factors for the 

investors, conductive dryers may be better choices than convective dryers. But if the investors 

care about not only energy efficiency, also capital costs, environmental impacts, product 

quality, drying rate and relevant factors, the benefits and drawbacks of these two technologies 

shall be listed. 

 

- Convective drying 
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As mentioned, the capital costs are relative low and the operation is simple, while the energy 

efficiency is low compared with conductive drying. 

 

- Conductive drying  

This technology gives high energy efficiency, easer exhaust gas clean-up (low environmental 

impact), possibility of vacuum drying (possibility of handle heat-sensitive products), high 

flexibility, controllability, quality and integrity.  

 

However, the limitation of conductive drying is also obvious. The drying rate is limited by the 

heat transfer area while the maximum size is limited by the surface: volume ratio. It has lower 

maximum drying temperature and maximum throughput compared with convective drying. 

Most of conductive dryers only can be operated in batch mode which results in lower 

production capacities. Moreover, the initial costs are normally higher than equivalent 

convective dryers. 

 

It seems that conductive drying more suits to relatively expensive, heat-sensitive feeds at low 

or medium rates. However, aronia berry is not so expensive and nor heat-sensitive, high 

drying rate or large production capacity may also be required. Furthermore, convective drying 

technology has possibility to improve to high energy-efficient, environmentally friendly and 

to gain high quality products that would be discussed later. Thereby, convective drying 

technology may be more suitable to product dried aronia berry compared to conductive one.  

 

6.2 Comparison and analysis among hot air dryers 

Hot air, inert gas, direct combustion gases and superheated steam can all be used as a medium 

in convective dryers. For drying fruits, hot air drying is widest used, which is both the 

simplest and most economical technology. Three types of hot air dryers which may suit for 

drying berries are cabinet (tray) dryer, tunnel dryer and conveyor (band/belt) dryer. Each one 

of them has the chance to successfully dry berries and there is no certain conclusion could be 

made of which is better. However, general comparison of operation modes can be made. 

 

Cabinet dryers are normally batch-operated, tunnel dryers are continuous or semi-continuous 

dryers, and conveyor dryers are continuous dryers. Generally, continuous mode requires less 
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labor than batch mode. Compared with batch operated cabinet dryers, tunnel dryers may have 

higher capacities with same floor area. Since the drying takes relatively long time with hot air, 

higher capacity seems to be a good benefit for large-scale of drying. Compared with conveyor 

dryers, tunnel dryers still have higher capacities for same floor space due to the limitation in 

the thickness of the materials layer. As the result of low efficiency, conveyor dryers are 

generally used as first stage dryers. 

 

Specific designs of dryers can improve the practicability. Turbo dryer is an instance of 

improvement of cabinet dryer which is designed from batch to continuous mode. Even further 

design can be made for changing heat transfer mode from convection to conduction to get a 

higher efficiency. 

 

6.3 Possibilities of Improvement 

As stated in result part, drying process can be improved. By comparing three conventional 

drying technologies, hot air drying may be best for drying aronia berry. The possibilities of 

improvements of hot air dryers are discussed here. Hot air dryers can be improved by 

combining heat transfer modes, adding extra novel dryers, pre-treating wet materials, 

installing recovery systems. 

 

Combination Models 

Dielectric dryers heat materials volumetrically, which leads to a higher drying rate. Higher 

product quality is achieved by moisture leveling within materials. The problem is that 

dielectric dryers are improbable to be cost-efficient by the high initial costs and operation 

costs. Combining with hot air dryers are more often when dielectric dryers used are used in 

industries. By combining with dielectric dryers, the drying time decreases and product quality 

is improved. Dielectric dryers can be applied near the end of drying, in the early stages of the 

falling rate period or to preheat the materials. Combination of convection and conduction or 

some other modes also exist. To figure out the exact benefits and drawbacks, further 

experiment shall be done. 

 

Explosion Puffing 

Explosion puffing systems can help hot air dryers to get higher drying rate, better product 
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quality and a much quicker rehydration, which require a bit higher capital costs but acceptable. 

Explosion puffing systems can effectively dry fruits like apples and blueberries. 

 

Osmotic Dehydration  

If sugar-infused berry is one kind of products, osmotic drying can be cost-efficient while 

using as a pre-treatment for products. 

 

Heat Pump Drying 

Hot air dryers can be combined with heat pump systems to achieve better quality of products, 

low running costs and high drying efficiency. By heat pump systems, air is recycled and 

energy-efficiency is high which result in less environmental impacts. 
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7 Conclusion 

The overall research aim is restated here, which is to find suitable technologies for industrial 

drying of berries which can be energy-efficient at the same time, more specific, to find 

suitable dryers for aronia berry. 

 

A continuous hot air dryer with explosion puffing system and heat pumping system may be 

good for drying aronia berry in Sweden. Combining with a dielectric dryer or a conductive 

dryer at the start, the end, or the falling rate period of drying can notably shorten the drying 

time. Osmotic drying technology can be applied for higher energy efficiency when producing 

sugar-infused berries.   

 

Furthermore, if it is for drying berries, fluidized bed drying can be considered. If extreme high 

product quality required, freeze drying shall be considered. If the industry sites in torrid or 

temperate zone, solar drying is great to be applied. Due to the complexity of dehydration, 

careful experiments shall be done before large amount of investment. 
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