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About the IEA 
 

 

The International Energy Agency (IEA) acts as energy policy advisor to 26 Member 

countries in their effort to ensure reliable, affordable and clean energy for their citizens.  

 

Founded during the oil crisis of 1973-74, the IEA’s initial role was to co-ordinate measures 

in times of oil supply emergencies. As energy markets have changed, so has the IEA. Its 

mandate has broadened to incorporate the “Three E’s” of balanced energy policy making: 

energy security, economic development and environmental protection. Current work 

focuses on climate change policies, market reform, energy technology collaboration and 

outreach to the rest of the world, especially major producers and consumers of energy like 

China, India, Russia and the OPEC countries. 

 

The IEA conducts a broad programme of energy research, data compilation, publications 

and public dissemination of the latest energy policy analysis and recommendations on 

good practices. 

 
About the IETS 
 

 

The Industrial Energy-related Technologies and Systems (IETS) is one of IEA’s over 40 

technology collaboration programmes, called implementing Agreements. The IETS 

program focuses on energy use in a broad range of industry sectors, uniting IEA activities 

in this area.  

 

The program was established in 2005 as a result of a merger, revamping and extension of 

activities formerly carried out by separate industry-related programs. The new program is 

still under development, with several new activities starting up. 

 

The objective of IETS is to allow OECD Member countries and OECD non-Member 

countries to work together to foster international co-operation for accelerated research and 

technology development of industrial energy-related technologies and systems with main 

focus on end-use technologies. 

 

 

The IETS has 12 member countries: Brazil, Canada, Denmark, Finland, Norway, Korea, 

Mexico, Portugal, Sweden, USA, the Netherlands and Belgium. 

 

http://www.iea.org/Textbase/about/membercountries.asp
http://www.iea.org/Textbase/about/membercountries.asp
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INTRODUCTION 
 
There are numerous conventional and some innovative dryers able to handle 
sludge and bio-products [1]. Dryers can be classified according to the drying 
medium, solids or materials and heat input, as illustrated in Figure 1.  
 

 
 

Fig. 1. Classification of dryers based drying medium, solids and heat input 
 

 
Principle of Conventional Drying 
 
The rates and effectiveness of conventional drying are limited to the potential 
changes in the properties of the air and water vapor mixture. Also, it depends on 
the material moisture content in equilibrium with the conditions of the drying 
air. Consequently, air drying relies on and depends on psychrometrics and 
sorption equilibrium between the material and air mixture. 
 
The air drying involves heating of ambient air and forcing it through the wet 
material. The air vapor mixture absolute humidity or equilibrium humidity ratio 
rises during drying due to simultaneous heat transfer from the air to the product 
and moisture transport from the material to the air. 
 
Energy Limitations of Conventional Drying 
 
The major energy implication of conventional drying that the air is heated, 
forced through the material to remove material moisture and air and vapor 
mixture is fully exhausted from the dryer. The air drying process operates in an 
open cycle and no energy is recovered from vapor and air. However, this 
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possible but it is limited to low grade heat at about 60°C. Also, exhaust plume is 
created when fossil fuel or oil are the heat source [2]. 

 
Therefore, the thermodynamically minimum feasible thermal input for the air 
drying is the sum of the energy:  
 to evaporate moisture from the wet material,  
 to heat air from ambient (or surroundings)  
 to the exhaust temperature and to heat material-product from ambient (or 

inlet) to the discharge temperature. 
 
 

SUPERHEATED STEAM DRYING 
 
The superheat steam dryers comply with the new trends on energy efficiency 
and low environmental impact, therefore they have a high potential for industrial 
application in the near future. Some potential materials for superheat steam 
drying are sludge and similar porous solids, including fishmeal that is demanded 
in significant amounts world wide. Table 1 shows the fishmeal production in the 
Nordic Countries, which is about 15% of the world production. 
 
Table 1. Fishmeal production in the Nordic countries 

Country Production, ton/year 
Denmark 
Iceland 
Norway 
Sweden 

330 000 
300 000 
250 000 
20 000 

 
The current concerns on energy efficiency and claims for clean processes 
generate a new setting for further R&D in innovative steam drying technology. 
The potential for industrial application of the process requires sustainability and 
novelty integration to the old steam drying. This can be accomplished by 
designing and optimizing of the process applying the latest scientific knowledge 
and accumulated experimental data in the topic. Also important is incorporating 
to steam drying the recent developments in components and process controls.  
 
The steam drying concept was originated in early twentieth century and the first 
batch dryer was built in the 1920’s. Subsequently, there were a few commercial 
applications. The reasons were low cost of energy and problems to fully control 
the steam drying environment and lack of understanding transient transport 
mechanisms governing steam drying systems. 
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The pressure of the steam dryer can be set above, below and at the atmospheric 
value. Figure 2 shows that based on pressure the dryers are classified as vacuum, 
atmospheric and pressurized steam dryers. For a constant pressure the dryer can 
also operate at saturated or superheated temperature. 
 

 
 

Fig. 2. Classes of steam or superheated steam dryers based on pressure 
 
 
Superheat steam drying involves on steam and water vapor that is removed from 
the drying material. Thus, this process does not rely on psychrometric 
equilibrium since it involves no air at all. The thermodynamic principle of SHD 
is the combination of saturated steam equilibrium and super-heating of steam. 
 
Thermodynamics and Principle of Saturated Steam 
 
At any given pressure the water evaporates at a specific temperature. 
The steam exists at equilibrium conditions of pressure, temperature, and energy 
or enthalpy. Up to a temperature (about 230oC) below the critical value, where 
the enthalpy of saturation curve shifts counterclockwise in the graph of pressure 
versus enthalpy, the higher the pressure, the higher the temperature and enthalpy 
or energy content. 
 
Table 2. Pressure, temperature and enthalpy relationship for saturated steam 

p, bar 0.1235 1.014 4.758 
t, oC 50 100 150 
h, kJ/kg 2592.1 2676.1 2746.5 
 

The relationship of saturated steam properties is shown for three state points in 
Table 2 and the plot of enthalpy versus pressure and temperature in Figure 3. 
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Fig. 3. Specific enthalpy versus pressure and temperature for saturated steam 
 
Starting at the saturation point, if the steam pressure is kept constant and energy 
is added, the temperature rises and the steam becomes superheated. At this 
thermodynamic state point the superheated conditions are instable and if the 
extra heat is transferred to a heat sink the steam returns to saturated state. A 
practical procedure to desuperheat steam is to add water that also evaporates and 
this is the essential working principle of superheated steam drying. 
 
Superheat Steam Drying Advantages on energy, environment and product 
 
The superheated steam drying operates in closed cycle minimizing energy loss 
from the discharge 
The minimum thermodynamically feasible energy input is less than air drying 
and since there is no air this energy is reduced only to: 

 evaporate moisture  
 heat material or product 

 
This process is very efficient and the energy advantages are related to: 

 Recovery of the latent heat of vapor produced by moisture evaporation 
 Ease of supply of recovered of latent heat for evaporation of moisture 
 Reuse of the high quality energy in the saturated state steam 
 Efficiency enhances by using the excess steam 
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The environment benefits are: 
 Closed system operation to minimize air pollution 
 No exhaust of moisten and warm air 
 Drop in gas emission proportional to energy efficiency 
 No discharge of fines. 
 Operate at vacuum and high pressure 
 

The product-process specific advantages are: 
 Processing temperature is flexible 
 Residence time is reduced or adjusted 
 Steam exposure on structure and rates 
 Better quality product under certain conditions  
 Absence of air: 

no fire and explosion hazards 
no oxidative damage 

 
The SHD drying applies better if: 

• Material and product can take up to 100oC at near atmospheric pressure 
• Production rate and initial moisture content are high  
• Continuous operation 
• No need of frequent start-up and shutdown due to condensation problems. 
• Steam from made by moisture used in same plant or process integrated 

 
Flexible Operating Temperature in SHD 
 
The operating temperature is set intrinsically by the pressure associated with 
saturated steam equilibrium. Also, temperature below 100oC is viable by 
operation in vacuum conditions as shown in Figure 2. This process is called 
vacuum superheated steam drying (VSSD) and is extensively applied in wood 
and lumber drying.  
 
Processing Time 
 
 The rate of moisture removal by superheated steam drying depends on the 
sorption characteristics of the material as it is exposed to steam at different 
temperatures. The sorption is related to the moisture activity or the level of 
steam superheating from a standard saturation state point [3]. The moisture 
activity is the ratio of the reference pressure to the saturation pressure at the 
superheating temperature, expressed by 

o

s

p
a

p
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Thus, the moisture activity varies from 1, where steam is saturated, to near 0, 
where the steam is at the maximum level superheating, as follows 
 

s o sa 1.0 p p a 0 p p       o  
 
Additionally, the critical moisture content is the moisture content in the 
intersection of the constant and the falling rate periods. It indicates the point 
after which the drying rate drops due to effect of increasing product internal 
resistance to moisture transfer. 
 
It has been reported that the critical moisture may be lowered during 
superheated steam drying (both in pressurized and vacuum dryers) implying that 
the product dries faster. The main advantage of VSSD of lumber-wood is this 
change in critical moisture resulting in drying output gain. 
 
Absence of Air 
 
The lack of air in the drying chamber eliminates the risk of fire and explosions 
since even apparently safe powders may be ignited. This aspect is potentially 
useful to prevent oxidative degradation of sensitive products. However, 
measures have to be taken to avoid air leakage to the steam drying chamber 
since product discoloration may occur due entrained air. 
 
Steam Exposure 
 
The steam exposure and processing has benefits for specific applications and 
products. For instance, volatiles or semi-volatiles can be steam stripped from the 
product to store for later use, to deodorize, to usefully modify the product. It 
also acts as a sterilization process to boost microorganism destruction. A benefit 
in the sludge application is simultaneous drying and pasteurization in a single 
SHD process. 
 
SHD Applications 
 
The SHD has been adopted by the industry but the number of applications is still 
relatively small. Some applications are: sludge, fishmeal, citrus pulp and peel, 
apple pomace, corn, wheat, alfalfa and distillers residues. 
 
The SHD major application in Europe is for beet pulp drying, where the dryer is 
integrated into sugar processing and manufacturing plants. The high energy cost 
in Europe is a major reason the technology to be successful. It has been reported 
that NIRO has about 14 plants in EU and a unit at implemented Southern 
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Minnesota Sugar in Renville [4]. It has also been stated that Exergy Consulting 
has installed 20 superheat steam pilot plants [5]. 
 
Limitations of SHD 
 
The major drawback of SHD is high capital cost compared to a simple 
conventional air dryer. The mechanisms used in material feeding and product 
removal include rotary valves that may cause problems. Air infiltration causes 
problems since presence of non-condensables hinders heat recovery.  
 
The SHD is technically an electro-technology where the economics depend on 
relative electricity versus natural gas rates or other fuel rates. The product 
exposed to higher product temperature may melt or be damaged. Also, there is 
incomplete data or industrial experience in the topic. 
 
Capital Cost outside the EU 
 
The reasons for the high capital cost is that SHD is more complex than 
conventional dryers, small numbers of units in the market, transportation from 
EU and manufacturing in EU is more costly. 
Therefore, application is most appropriate to medium and high value products. 
However, it may apply to low value products in regions with strong policies on 
energy efficiency and gas emissions.  
 
Energy Input 
 
As mentioned previously, technically SHD is an electro-technology but 
realistically it is more a combined gas-electric process. 
Notice that there are three ways to resuperheat process steam: 

 Electrical heating: the energy cost is unrealistic even at low electrical 
rates. 

 Mechanical vapor recompression is electrical too: it is energy efficient but 
capital cost is extremely high,  as much as double than electrical. 

 Thermal source as natural gas boiler: usually the most economical source. 
Even with thermal source to resuperheat the steam, analysis shows that the total 
dryer energy goes down significantly while the proportion of electricity input 
actually rises. The reason is the need for additional blowers and other electrical 
apparatus. 
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INDUSTRIAL APPLICATION OF SUPERHEATED STEAM DRYERS 
 
Continuous Airless Superheated Steam Dryer 
 
The superheat steam dryer called “Airless dryer” operates nearly atmospheric 
pressure as batch or continuous modes. Figure 4 shows the continuous airless 
dryer of SHD. It circumvents the problems of mechanical seals by using two 
ducts for wet material inlet and product discharge. For the virtual sealing effect 
the ducts’ openings must be located below the stratification layer between the 
steam and the air. It can handle sludge and coal by moving the bed of solids with 
a conveyor belt or fluidized bed (coal). It is reported that both the sealing 
procedure and the SHD have been proved to be effective [6]. 
 
 

 
 

Fig. 4. Sketch of the airless continuous superheat dryer
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High Pressure Superheated Steam Dryer by GEA 
 
The high pressure superheat steam flash dryer made by GEA Barr-Rosin is 
illustrated in Figure 5. It is a closed loop dryer with sludge application at 
pressures up to 4 bars [7]. 
 
 

 
 

Fig.  5. Schematic of the high pressure superheat steam flash dryer 
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High Pressure Superheated Steam Dryer by NIRO 
 
The high pressure superheat steam dryer produced by NIRO is shown in  
Figure 6. It is a continuous mode dryer operating in a rotating fluidized bed at 
pressure up to 5 bars [4]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Three dimensional view of the high pressure superheat steam dryer 
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High Pressure Superheated Steam Drying by Hosokawa 
 
Figure 7 shows the flow diagram of the superheated steam drying and 
sterilization system manufactures by Hosokawa [8]. It operates at temperatures 
from 105 to 140oC and the bed of solids is agitated by a screw-conveyor. It is 
applied for sludge to perform pre-drying, sterilization and post-drying. The 
additional features are cooling through the wall jacket and vacuum filtering to 
avoid product loss. 
 
 
 

 
 
 

Fig. 7. Flow diagram of the superheat steam drying and sterilization system 
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Near Atmospheric Pressure Superheated Steam Drying by Hosokawa 
 
The schematic of the superheat steam dryer (Drymeister) made by Hosokawa is 
shown in Figure 8. It operates continuously and the drying medium can also be 
an inert gas, such as nitrogen [9]. The pressure or temperature is adjustable. The 
sludge or sticky waste is fed to the drying chamber by a screw conveyor placed 
in the bottom of a conical hopper. The material falls into a rotating device and is 
disintegrated and instant dried, thus avoiding any manifestation of stickiness. 
 
 
 

 
 
 

Fig. 8. The atmospheric pressure superheated steam dyer 
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Sludge Drying System by Exergy Consulting  
 
Figure 9 illustrates the superheated steam dryer for industrial/municipal sludge 
and Figure 10 shows the final dried product [10]. This SHD is a compact dryer 
operating in atmospheric pressure, closed loop and indirect heating. It its mean 
energy recovery is about 85%, no emissions and no risk of explosion. 
 
 

 
 

Fig. 9. Superheated steam dryer for industrial/municipal sludge 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Superheated steam dried sludge 

STEAM CONDENSATE/ 
RETURN OIL 

 STEAM/THERMAL OIL 

4

1 Sludge dewatering Exergy Dryer3 Sludge incinerator 4 Condensor5

WET SLUDGE

PRESS WATER

1

GENERERATED 
STEAM 

ASH 

 FLUE GASES 

Back-mixer 2

2

VAPOUR 
CONDENSATE 

6

District 

5

District 

3

Flue gas treatment 6

 16



SHD of Fish Meal by Multivector A/S at the Norwegian Institute of 
Fisheries and Aquaculture Research 
 
Figures 11 and 12 show the sketch the superheated steam mechanical fluidized 
bed dryer and heat recovery system made by Multivector A/S. Extensive 
superheat steam drying tests of fish meal have been done by the Norwegian 
Institute of Fisheries and Aquaculture Research (now part of Nofima)[11]. 
Analysis of data on true biological digestibility indicated the viability of 
obtaining good quality protein content in the fishmeal with a residence time of 
20 minutes.  
 
 

 
Fig. 11. The pilot scale SHD 

for high quality fishmeal 
 

Fig. 12. The SHD system with heat recovery 

 
 
 

CONCLUSIONS ON THE TECHNOLOGY 
 
The following conclusions can be draw for superheated steam drying: 
• It is an energy efficient drying process 
• It has environmental benefits 
• It enhances productivity or drying throughput  
• It offers product-specific benefits on final properties and quality. 
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