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ABSTRACT 
 
A heat pump drying system of an industrial sized batch tunnel drier with 40 tons 
of clipfish was analyzed in a dynamic process simulation. The convective drying 
dynamics were determined experimentally and used to verify a drying model for 
clipfish. The drying process was simulated in a 250 kW heat pump system. The 
model of the heat pump drier (HPD) consisted of the major components: 
evaporator, compressor, condenser and expansion valve, and was investigated 
using R717 (Ammonia) as refrigerant. The performance of the HPD unit was 
compared to a hot air drying system (HAAD), using heated ambient air as drying 
agent. The energy consumption, respectively production costs, was calculated to 
195.5 kWh ton-1 for HPD and 973.8 kWh ton-1 for HAAD. The moisture profile of 
the tunnel drier was well described with the used model. Energy consumption, 
Specific Moisture Evaporation Rate (SMER) and heat flows were determined and 
used to discuss process optimization.  
 

INTRODUCTION 

Clipfish drying 

Fish and fish products generate 5.7% of the total Norwegian export value, and are Norway’s third 
most important export, after oil/gas and metals. It is one of the fastest growing domestic industries. 
In 2010 the fisheries sector employed approximately ten thousand people and created an export 
valued at 52.3 billion NOK (≈ 7 billion EUR), which is a 62.4 % increase in just five years. In 2010 
clipfish represented 13.6 % of the export value of the fishing industry (excluding aquaculture), and 
approximately 2.4 million tons of clipfish were exported to Portugal, France, Italy, Brazil, the 
Dominican Republic, Jamaica, Mexico and Angola. Traditional clipfish is cod purified by 
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curing/salting and drying, but brosme, ling and pollack are also used as raw materials (Statistics 
Norway, 30.04.2010). 

Historically, the clipfish production began in the 13th century, when fish was salted on board and 
later dried on land in order to increase shelf life. With these measures it was possible to export 
codfish from Newfoundland via Norway to Europe. Until the early 1950s, clipfish was dried 
outdoors, a method with seasonal limitations and production problems with respect to quality and 
sanitation, due to weather conditions and other uncontrollable factors. Industrialized production was 
then introduced, partly because of the demand to produce clipfish year-round, as well as the 
increase in labor costs.  
The raw material for clipfish is codfish, which is slaughtered, disemboweled, cut open along the 
backbone and unfolded into a piece. The fish is then covered in salt and stored for approximately 3-
4 weeks. Due to the osmotic dehydration, the moisture content during this process is reduced from 
around 80 %wet base to its equilibrium, at approximately 55%wet base to 60%wet base. The fish is at this 
stage referred to as salt saturated fish, or salt fish, because during the osmotic dehydration the fish is 
also taking up salt from the surrounding layers (Strømmen, 1980). In the final processing step the 
salt fish is dried by convection to moisture contents between 43%wet base and 48%wet base, depending 
on the desired product characteristic. The drying temperature during clipfish drying should not 
exceed 26°C, in order to avoid product degradation and a “burned” surface. Furthermore, in order to 
avoid a hard dehydrated dry zone, the relative humidity should be higher than 30%. These 
specifications slow the drying process down, so that between 3 and 5 days are needed to achieve the 
desired dehydration and product quality.  A salt layer is built up on the surface during the drying, 
which can act as an additional barrier to the heat and mass transport in convective drying. Another 
effect taking place is that the dry layer between the wet core and the drying air only develops to a 
certain point. It is assumed that the depth of the dry layer is approximately 25% of the total product 
thickness (Strømmen, 1980). After that, it is assumed that the evaporation of water takes place from 
the wet core, and the remaining residual moisture in the dry zone. Even so, the dimensions of the 
wet core do not change as its moisture content decreases. Hence, clipfish drying is controlled by 
several different diffusion characteristics (water diffusion in the wet zone, vapor diffusion in the dry 
zone, and vapor diffusion in the salt layer). 
 

 

Figure 1. Heat pump drying system (HPD) for tray tunnel drying of clipfish. 

In some industrial production lines, the drying process is interrupted and the clipfish is stored 
temporarily for a few days, so that the moisture profile inside the fish has time to equalize. This can 
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reduce the total drying time to a certain extent. Clipfish drying is normally performed in a tunnel 
dryer, where the fish is put on stacks of pallets. The first clipfish driers used electrically or directly 
heated ambient air for drying. Since the early 1980s, however, heat pump-based drying units have 
been used in order to reduce production costs and to control the drying process by means of the 
temperature and humidity of the drying air.  

Heat pump drying (HPD) 

In convective drying heat pumps can be used for both energy recovery and process control. Heat 
pump drying systems consist of a drying system and a heat pump system (Figure 1). The drying 
system consists basically of the product and the drying chamber. During drying the air is taking up 
moisture from the product. The outlet of the drying system delivers the moist air to the heat pump 
system. First, the drying air is cooled and dehumidified at the evaporator of the heat pump, hereby 
evaporating the refrigerant. The refrigerant is then compressed to a higher pressure, which allows 
condensation at a higher temperature. During condensation the heat is given back to the drying air 
in the condenser of the heat pump system. The dehumidified and re-heated air is then again reused 
at the inlet of the drying system. The refrigerant cycle is closed by expanding the refrigerant back 
into the evaporator. For system stability an external condenser is necessary in order to handle the 
excess heat of the system. Without an external condenser the refrigerant system would overheat 
after a certain time. By controlling the heat flow in the evaporator and the condensers the conditions 
of the drying air (temperature and relative humidity) can be controlled. This allows a better control 
of the drying process, compare to e.g. heated ambient air drying where only the drying temperature 
can be controlled, while the relative humidity results from the varying conditions of the ambient. 
With heat pump drying up to 80% of the drying energy can be recovered and used again in the 
drying systems, which results in significantly reduced production costs (Strømmen et al., 1994). 
Colak et al., 2009 gives a more detailed review on the topic of HPD.  

Aim of this investigation 

For the present investigation a dynamic drying model was developed based on experimentally 
determined drying dynamics for clipfish. The model was scaled up to an industrial sized 40 ton tray 
tunnel dryer for clipfish. The drying tunnel was implemented in a heat pump drying system and a 
heated ambient air drying system. The energy efficiency and production costs were evaluated in 
terms of the necessary energy supply in order to dry the product to its final moisture content.  

 

MATERIALS AND METHODS 

Drying system 

The drying system used for this investigation was a heat pump based dryer, as described by Bantle, 
2011. The air was dehumidified at the evaporator of the heat pump and heated to its initial drying 
temperature at the system's condenser. By adjusting the temperature in both heat exchangers the 
conditions of the drying air could be well controlled (temperature 22°C +/-0.2K, relative humidity 
40 +/-2%). Weight reduction was determined after certain time steps by a weight scale (CPA 32000, 
Sartorius, Göttingen, Germany). The system was calibrated and the weight reduction was 
determined with an accuracy of 0.01%. The weight reduction obtained was used to calculate the 
moisture content of the product during the drying. The velocity of the drying air was controlled by a 
fan (1.5 m/sec +/-0.1). The temperature, relative humidity and velocity of the drying air, as well as 
the weight reduction and temperature of the product were recorded (NI cDAQ9172, National 
Instruments). Test series with a 1.5 m/sec air velocity, drying air temperature of 22°C, and a 40% 
relative humidity (RH) were performed with 10 parallels. The averaged drying curve of the parallels 
was used as an analytical solution for the model. The bone dry mass of the product, before and after 
drying, was determined by grinding a sample, placing it at 130ºC (drying oven DryLine, VWR, 
Oslo Norway), and measuring the weight reduction when it reached equilibrium.  
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Model 

For the simulation a dynamic physical model was needed, which included the drying parameters: 
diffusion, temperature, relative humidity and resistance to external mass transfer (approach 
velocity). Clipfish drying takes place in the second drying period (falling drying rate) and the drying 
rate can be expressed by the following equation, as demonstrated by Strømmen, 1980:  
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Where   is the evaporated water from the drying product, Rd is the gas constant, T is the 
temperature, A is the surface area of the clipfish, βmass is the mass transfer coefficient, μ is the 
diffusion resistance, Dair is the diffusion of water vapor in the dry layer, S is the size of the dry layer 
and pwv is the water vapor pressure. The mass transfer coefficient is calculated based on the Lewis 
relation, as suggested for clipfish by Strømmen, 1980: 
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where ρ is the density and cp the specific heat. The average of the drying curve from the performed 
test series was used as an analytical solution in a regression analysis of Equation 1. 
The drying model was used to simulate a tunnel drier (width 5 meter, height 2 meter and length 25 
meter) containing 40 tons of clipfish (initial moisture content of 56.7%wet base) stacked on 2500 trays 
(1x1 meter).  
 

 

Figure 2. Heated ambient air drying system (HAAD) for tunnel drying of clipfish. 

The modeling was done in the program Dymola (Dynamic Modeling Laboratory, version 2013, 
Dassault systems) using the program language Modelica. The drying tunnel model was connected to 
a heat pump drier model (HPD), using ammonia (R717) as a refrigerant. The main components of 
the heat pump drier can be seen in Figure 1 and were taken from the TIL library (TIL 2.1, TLK-
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Thermo GmbH, Braunschweig, Germany). The evaporator of the heat pump system was designed to 
be a 250 kW fine tube heat exchanger for moist air, while the sizes of the rest of the components 
were based on this dimension. Two condensers were needed to keep the drying air from 
overheating. The first condenser transferred the excess energy from the compressors to a district 
heating system, while the second one was used to re-heat the drying air to the required drying 
temperature. With this arrangement it was possible to set the temperature and relative humidity of 
the drying air to the specified condition. The drying air from the tunnel was first cooled down in the 
evaporator, and the water was removed by condensation below a certain temperature. Thereby 
sensible and latent heat was transferred to the refrigerant. The air was later reheated to its initial 
temperature in the second condenser, gaining back its own heat. Since water was removed in the 
evaporator, the relative humidity of the air was lower after passing through the condenser and could 
be used again at the inlet of the tunnel. By controlling the temperatures in both the evaporator and 
second condenser the condition of the drying air could be tuned to specific drying points (in this 
case 22°C, 40% RH). A sketch of the modeled heat pump drying system can be seen in Figure 1.  
Another drying process was studied using the same model and conditions of the tunnel drier. 
Ambient air (based on climate data from the Meteorological Institute in Oslo, Norway for the month 
of April in Trondheim) was electrically heated to the desired temperature and blown into the drying 
tunnel. After being in the drying tunnel the air was discharged to the ambient, without being reused 
in the system. A sketch of the modeled heated ambient air drying (HAAD) can be seen in Figure 2.  
The energy consumption for both processes (HPD and HAAD) was calculated in terms of all energy 
(for compressors, fans, heaters, etc.) which was supplied to the process and was expressed in 
kilowatt-hours (kWh). The specific moisture evaporation rate was calculated by the following 
expression: 
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The production costs were calculated based on the accumulated energy consumption and the output 
of dried product. For both systems (HPD and HAAD) the drying process was simulated until the 
last element in the tunnel reached a moisture content of 46% (wet base).  
 

RESULTS AND DISCUSSION 

Drying behavior 

The drying rate obtained in the experimental setup can be seen in Figure 3. The drying rate is 
significantly faster in the beginning of 
the process and with ongoing 
dehydration the drying rate converges 
at a low value. As outlined by 
Strømmen, 1980, this is due to the built 
up of an salt layer during the process. 
Initially the clipfish is saturated with 
solute salt and when water is 
evaporated salt crystals are built up 
inside the dry layer and at the surface 
of the product. This salt layer is an 
additional resistance to the mass 
transfer (diffusion) and growing with 
ongoing dehydration. In the original 
model (Strømmen, 1980) the diffusion 
is considered constant. This results in a 

 
Figure 3. Convective drying rate for clipfish at 22°C and 
40% relative humidity. 
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coefficient of determination (R2) of 99.34% between modeled and measured drying rate for the 
performed tests. The model accuracy can be increased to 99.92% when the diffusion coefficient is 
assumed to be varying and is increased with the amount of crystalized salt. By this measure the 
model can consider the growing diffusion resistance due to the physical effect of salt crystallization. 
For the tunnel drier model this approach is used (non-constant diffusion), because it is considered 
more accurate.  

Simulation of tunnel drier: 

The obtained drying dynamic for clipfish was well described with the proposed model and was the 
basis for the tunnel drier model. The proposed model was able to handle the most important 
dynamic drying parameters: temperature, relative humidity and approach velocity of the drying air. 

Two different drying systems were 
compared for this investigation:  
1. Heat pump drying: were the drying 

air is circulated back into the drying 
process after it has been de-
humidified in a heat pump system. 
In this process drying temperature 
and relative humidity were 
controlled. 

2. Heated ambient air drying: where 
ambient air is heated to the desired 
drying temperature and is released 
back to the ambient after leaving 
the tunnel. In this process only the 
drying temperature can be control, 
while the relative humidity depends 
on seasonal variation. 

The energy consumptions (Figure 4) 
for both processes are increasing steadily with ongoing processing time. This is despite the fact that 
in the modeled batch tunnel less and less water is evaporated with ongoing drying. Figure 4 shows 
also that HPD consumes approximately 25% of the energy need for HAAD. This means that 75% of 
the drying energy can be saved when HPD is applied instead of HAAD; similar energy saving 
potential is also reported by Colak et al., 
2009 and Strømmen et al., 1994.  
The obtained energy consumption and 
the described drying behavior lead to the 
SMER in Figure 5. For HAAD the 
SMER is falling from 0.7 to 
0.3 kgwater kWh-1. For HPD the SMER 
falls more significant from 3 to around 
0.8 kgwater kWh-1. The falling SMER is 
caused by the batch drying system and 
the falling drying rate (as described in 
Figure 3). For continuous drying 
systems the amount of evaporated water 
will be constant and hence, the SMER 
will be stable at its initial high value.  
The evaporator of the heat pump system 
is transferring heat from the drying air to 
the refrigerant and its overall capacity is 
stable through the whole process, as outlined in Figure 6. The amount of latent heat transferred in 

 
Figure 5. Specific moisture evaporation rate for heat pump 
and heated ambient air drying. 

 
Figure 4. Total energy consumption for heat pump and 
heated ambient air drying. 
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the evaporator is falling with ongoing drying in a batch process, while the amount of sensible heat is 
increasing at the same time. The function of the evaporator in HPD is to remove water from the 
drying air. However, for the described batch drying process less and less water is removed after a 
certain time. Hence, towards the end of drying sensible heat is primarily transferred in the heat 
pump system, which makes the system inefficient. This results in the falling SMER in Figure 5. 
Based on Figure 6, certain control strategies for HPD could be developed in order to keep the 
SMER and energy efficiency high. Since the SMER goes down when the relative humidity of the 

air is reduced, a controlled flow of 
drying air could be established in such a 
way that it reduces the air flow when 
the relative humidity falls  below a 
certain value. This would result in a 
constant high latent heat (relative to the 
sensible heat) transferred in the 
evaporator. However, the reduced air 
flow would also increase the external 
mass transfer resistance of the drying 
process, slowing it down. Here an 
optimal balance between reduced 
drying kinetics and lower energy 
consumption must be found. 
In a batch tunnel, as modelled in this 
investigation, the first row of product is 
always in contact with the air with the 
lowest relative humidity and the highest 
drying temperature. The rows in the end 
of the tunnel are flown through by 

relatively moist and cold air, with reduced drying potential. This results in a moisture profile as 
shown in Figure 7, where the moisture content of the first row and the last row is shown for HPD. A 

similar graph is obtained for HAAD. 
For the normal batch drying (HPD) the 
difference in the moisture content of 
one batch is around 5%. Under certain 
inlet conditions the last rows are 
initially not dried at all, because the air 
is too moist from the evaporation in the 
first rows.  
In order to reduce this effect, 
constructive changes on the tunnel 
itself are necessary. The tunnel should 
be wider and the length of the tunnel 
should be shortened. However, this 
would result in an increased volume 
flow and a less moist air in the outlet of 
the tunnel. For the drying process this 
will be beneficial, but the SMER will 
decrease because the air is less moist. It 

should be noted that with increased volume flow the dimensions of the heat exchangers of the heat 
pump system must be optimized. Another option would be to reverse the inlet and the outlet of the 
tunnel after certain time steps, or to re-organize the trays in the tunnel at least once during the 
process. Further possibilities to improve the system would be to construct a continuous or semi-

 
Figure 6. Heat flows in the evaporator of the heat pump 
drier. 

 
Figure 7. Moisture profile in the tunnel drier during 
convective drying 
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continuous drying tunnel, which would also increase the energy efficiency. However, this could 
involve higher investment and/or labor costs. 
For one ton of clipfish, 195.5 kWh are consumed by the HPD process. Similar production costs are 
achieved in industrial clipfish drying (HPD), but not reported in literature. The production costs for 
HAAD are calculated to 973.8 kWh ton-1 and are almost 5 times higher. It can be expected that for 
other products similar ratios are achieved for energy efficiency and production costs. HPD requires 
higher investments than HAAD, because equipment and thermodynamic control is more complex. 
However, the production costs are significantly reduced and must be considered in the decision 
making phase for a convective drying systems. On the long term perspective higher investment 
costs are balanced, while the lower production costs will give a significant competitive advantage. 
The developed model is an important contribution to this aspect.  
 

CONCLUSIONS 

The developed model predicted the drying behavior for clipfish in good accordance with 
experimentally obtained drying rates. The crystallization of soluble salt as a result of the 
progressing dehydration increases the diffusion resistance of clipfish during convective drying. 
Hence, the diffusion resistance in the drying model was considered non-constant, which increased 
the model accuracy to 99.92%. The process simulation of HPD and HAAD can be used to 
determine production costs and energy consumption for the described batch tunnel drier. The 
SMER of both processes are reduced with ongoing drying due to the falling drying rate of clipfish, 
which results in a low amount of latent heat in the drying air. Control strategies and process 
optimization should include this aspect and are discussed above. The performed simulations 
confirmed that HPD is less energy demanding and the SMER is significantly higher compare to 
HAAD. HPD can save up to 75% of the drying energy compare to HAAD, which reduces the 
production costs from 973.8 kWh ton-1 to 195.5 kWh ton-1. 
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