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ABSTRACT 

Refrigeration is a necessity in the food industry for preservation during production, storage, processing and 
transportation of temperature sensitive products like meat. Nordic countries (like Norway, Sweden, Finland 
but also Russia) have climatic conditions which could be used as a source for cooling energy. An energy 
analyses was performed for a meat processing plant which was specialised in processing of dry-cured ham. 
The production is characterized by a combined demand of low temperature heating (below 25°C) and 
refrigeration. The possibility of using the ambient air as a secondary cooling media in today’s production 
was evaluated. It was found, that the annual energy demand of the plant can be reduced by 20% by installing 
a heat exchanger between the ambient air and the glycol loop in the current system. The energy saving 
potential was significantly increased by using the excess energy of the refrigeration cycle for heating 
demand.    

1. INTRODUCTION 

Salting and drying of meat are ancient technologies, which improved food security for centuries before the 
process was industrialized. The ancient preservation method is a technique which uses natural conditions – 
sun and air – for product dehydration. However the process depended on local climate, seasonal variation 
and was performed under challenging sanitation and hygienic conditions. Beginning with the last century the 
process was industrialized and the climatic condition for salting, drying and ripening started to be better 
controlled. This improved food security, process stability and product quality further, while at the same time 
the production was independent on the local climate. Most producers have developed their own process 
parameters over the years, which give their product its characteristic appearance and taste.  

1.1  Drying System  
Every drying process depends on the availability of a drying agent (mostly air) which removes the 
evaporated water from the product and at the same time supplies the necessary latent heat for water 
evaporation. Therefore drying is a combined heat and mass transfer process. The design of the drying 
chamber ensures normally a good contact between the drying air and the drying product and is therefore 
important for drying rate, production time and product quality. The supply system for the drying air provides 
the necessary amount of air at a certain temperature and humidity. The economy of the drying process 
depends on a good design of the supply system, while the product quality is among other parameters defined 
by the construction of the drying chamber. Most industrial system do not use ambient air as drying agent and 
have established closed systems in which the drying air is circulated.  
When the drying air is circulated through the process in a closed loop there will be no influence or 
disturbance with the ambient air and the process is more stable and needs less regulation after the initial 
adjustments. Still, the evaporated water which was taken up from the product needs to be removed from the 
drying air. Commonly this is done by cooling the air down below its dew point, so that the moisture is 
condensed out. The dehumidified air needs then to be heated up again in a second heat exchanger to its 
desired drying temperature.  
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The heat exchangers for cooling use a cooling media which is tempered by a separate cooling system 
(refrigeration). The same principle can be also used for the heat exchanger for re-heating of the drying air, 
however in some cases also direct heating is used here in order to avoid another heating system and to 
minimize heat transfer losses. The regulation of a closed loop system is done by controlling the mass flow of 
the heating or cooling media by their respective pumps. It is also possible to use excess heat from other 
processes in the production plant for re-heating of the drying air, however for the cooling an refrigeration 
cycle is necessary. The investment costs for a close loop drying system are moderate but the operation costs 
can be quite high, because two different thermal operation are required (cooling followed by heating). The 
drying efficiency of such system is therefore quite often lower than 30% (Colak and Hepbasli 2009a). 
However the operation is easy to control and the process is stable, which is why this system is very common 
in industrial applications. 

1.2  Manufacture process for dry cured ham.   
The manufacture of dry-cured ham is a long process; high quality hams such as Iberian or Serrano are 
produced at least two years. The main processes of the production contributing to the final quality of the 
product are salting and resting. During the salting hams are affected by the action of NaCl, which not only 
contribute to the final taste, but also provide the microbial suppression and osmotic dehydration of the being 
salted hams.  
During the drying step, the dehydration of hams is driven by the concentration gradient between the drying 
air and the surface of the product. The drying is the longest process in the production; that is why there is in a 
need in evaluation and optimization of this stage (Clemente et al., 2011). Since latent heat of vaporization for 
water is 2257 kJ kg-1 at 100 °C and 1 atm, the energy input for vaporization of one kilogram water in an ideal 
case is 0.63 kWh kg-1 (AHRAE, 1999). But in the real conditions the energy requirement exceeds the ideal 
consumption by times.  
Since high energy costs to maintain the drying air at certain parameters during a long time, a need in 
modelling of the drying process should be considered. Typically, the most used models for evaluation of the 
drying processes are empirical (semi-empirical) and physical.  
Physical models are based on the heat and mass transfer approach. A balance between the heat and mass 
transfer ought to be adjusted in the system; otherwise, the quality will drop. Often, when the heat transfer is 
bigger than mass transfer, an effect called case hardening can appear (Brennan, 1969) due to restricted water 
diffusion from the inner layers to the surface. It can cause spoilage of the product under a hardening surface.  
Dehydration process according to empirical approach is controlled by internal diffusional mechanisms and 
heat transfer is considered negligible (Mujumdar, 2006; Bantle, 2014).  
During the dry-cured ham manufacture, the drying process provides the decrease in water content, and, 
consequently, in water activity value. But the dehydration taking place during the drying is accompanied or 
followed by the ripening stage when the meat is obtaining its final flavor and texture by the effect of 
proteolytic and lipolytic reactions. Therefore, often, the drying stage in the dry-cured ham production is 
called drying-ripening step. 

1.3  Aim of this investigation 
The preset study is investigating the energy efficiency of a dry-cured ham production facility, which is using 
a refrigeration cycle for dehumidification of the process air. The climatic condition of the ambient are 
considered as substitutive energy source in order to reduce the refrigeration demand of the plant. A model for 
heat- and mass transfer between the product and the process air is used to obtain the process efficiency. 
Energy saving potential is evaluated based on the developed model and the climatic data for the production 
site. Suggestions for further improvement of the process are made in order to exploit the excess heat of the 
refrigeration cycle as heat source in the drying process.  

2. MATERIALS AND METHODS 

The present case study is evaluating a production facility, which specialized on dry-cured ham production 
during the last years. The plant is situated in a Nordic country and the climatic conditions are relative cold, 
compare to the main process temperature.  
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Figure 1: Process sketch of the drying system for dry-cured ham and its main energy supply systems.  

 
2.1 Description of production plant  
The main components of the facility are described in Figure 1. The drying process requires a drying 
temperature of 13°C and 68% humidity at the inlet of the drying chamber. The drying air is taking up the 
evaporated moisture from the ham to be dried, hereby increasing its humidity while reducing its temperature 
(adiabatic air dying process). Since the drying air is kept in a closed loop it must be dehumidified after 
leaving the drying chamber and re-heated. This is done by cooling the air in a heat exchanger, which is 
supplied from a glycol tank. The cooling rate is controlled through the glycol pump (pump 2). In the heat 
exchanger for cooling the humidity of the air is condensed out and is drained from the system. Hereafter the 
drying air is heated again using a primary energy source in a direct heat exchanger for heating. The heating 
rate is controlled by the amount of primary energy. The glycol tank is cooled through refrigeration cycle 
using Ammonia (R717) as refrigerant. The condenser is delivering the excess heat to the ambient air.  
Figure 2 shows the averaged day to day temperatures of the ambient air at the production site, based on the 
recorded meteorological data. At around 300 days of the year the temperature of the ambient is lower than 
the required drying temperature. However, the ambient humidity is not suitable for the drying process. This 
made it necessary to establish a closed loop drying system with a refrigeration system for cooling, as 
described in Figure 1. Glycol is required as secondary cooling media to ensure health and safety during 
operation.  
 
2.2 Model of production process  
A model of the heat pump system was programmed using ammonia (R717) as a refrigerant. The components 
of the heat pump as well as the heat exchangers were taken from the TIL library (TIL 2.1, TLK-Thermo 
GmbH, Braunschweig, Germany) and connected according to Figure 1. The principal design of the library 
and the equation based object oriented modelling are explained by Richter (2008). Gräber, Kosowski et al. 
(2009) demonstrates how a heat pump is built with the objects from the library while further applications of 
the object oriented models are explained by Tegethoff et al., 2011. The models were implemented as objects 
in the simulation program "Dymola" (Dynamic Modeling Laboratory, Version 2013, Dassault Systems). 
Details on the single components are given in Table 1. The process efficiency is evaluated through the 
specific energy demand per kg of produced product. 
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Figure 2: Averaged day by day temperature for the year 2014 

 
Table 1: Overview of the model object used for simulation of the production process.  

Element  Media(s) Length [m] Tube[pieces] Comment 
Heat Exchanger Cooling   Glycol – Air 60 10x10 Material: copper 
Evaporator R717 – Glycol 100 6 Material: copper 
Heat Exchanger Heating Air 20 12 Direct heat input; 85% efficiency 
Condenser  Air – R717 2 12x6 Material: copper 
Compressor R717 - - Isentropic and volumetric 

efficiency: 0.75; 
Pump 1, Pump 2 Gylcol   90% efficiency 
Fan  Air   90% efficiency 
Glycol-Air Heat Exchanger Gycol- Air 60 10x10 Material: copper; not shown in 

Figure 1; controlled by pump 3 
Glycol Tank Glycol - - Size: 3 m3 

 
The present case study investigated how the system could uses the ambient to substitute at least partially the 
use of the ammonia refrigeration system. Therefore a Glycol-Air heat exchanger is assumed to be installed, 
which exchanges heat between the Glycol tank and the ambient air. This solution was considered because of 
its low investment costs and because the installation could be done without changing todays production and 
drying chamber(s). A regulation system is needed to control mass flow of Glycol through the heat 
exchangers (evaporator of the refrigeration plant and the additional Glycol-air heat exchanger) according to 
the available cooling capacity of the ambient air. The regulation is set to favour cooling by ambient air when 
possible.  
 
2.3 Product model for drying of ham  
The drying process for a single ham takes around 8 weeks and the process is performed as a semi-continuous 
batch operation where every week 1/8 of the product in the drying chamber is replaced by new product. The 
model for air drying uses one 8 kg ham as smallest unit. For the mass transfer the general relationship 
between heat and mass transfer can be applied as shown by Strømmen (1980) for dry-cured fish: 
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where �̇�𝑤𝑤𝑤𝑤𝑤 is the mass flow of evaporated water from the product, Rd is the gas constant, T is the 
temperature, A is the active area for mass transfer (typically 650 cm2), ßmass is the mass transfer coefficient, μ 
is the diffusion resistance of the product (typically between 3 and 5), Dair is the diffusion coefficient between 
air and water, S is the thickness of the dry layer and pwv is the water vapor pressure. The mass transfer 
coefficient can be calculated with the Lewis relation: 
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𝛽𝑚𝑤𝑚𝑚 = 9.08∗𝑤𝑚𝑎𝑎
0.8

𝜌𝑚𝑎𝑎𝑝𝑝,𝑚𝑎𝑎
           (2) 

 

where ν is the velocity of the air above the ham, ρ is the density and cp is the specific heat.  
The model can handle in a dynamic simulation the influence of air temperature, humidity and approach 
velocity on the drying rate for dry-cured ham. The proposed model was verified with experimental drying 
rates for dry-cured ham (Bantle, Petrova et al. 2014). In the model of the drying chamber the dry-cured hams 
were evenly distributed in the cross section of the chamber according to the known industrial size of the 
chamber. The mass transfer of the chamber is modelled one-dimensional through the length of the chamber. 
Further assumptions were that the drying is mass transfer controlled resulting in a secondary heat transfer for 
the latent and sensible heat, uniform initial moisture distribution and a homogenous product. These are the 
most common assumptions for convective drying systems. The drying chamber model was programmed in 
"Modelica" and implemented as an object in the simulation program. 
 
2.4  Performed simulations  
The developed model was used to perform two simulations of the yearly energy consumption and the 
average production costs. The first simulation evaluated the system as sketched in Figure 1 (case 1). The 
second simulation considered the extra heat exchanger between the glycol tank and the ambient air and used 
the refrigeration system only in case of insufficient ambient cooling (case 2). Both simulations are using the 
averaged ambient temperature (Figure 2) as conditions of the ambient air.  

3. RESULTS 

The simulation of today's production shows that the energy demands for the process are relatively stable 
even at significantly different ambient temperatures. The energy demand for the assisting installations, like 
fans and pumps are not affected at all, while the heating demand is slightly decreasing at higher 
temperatures. The compressor work of the refrigeration system is mainly influenced by the ambient 
temperature and is decreased at lower temperatures. Primary heating and compressor represents almost 90% 
of the total energy demand as shown in Figure 3, while the energy demand for fans and pumps is minor and 
represented in Figure 3.  
In Table 2 the averaged energy demands are summed for the production of one batch of dry-cured ham. The 
specific energy demand was simulated to 3.59 kWh per kgproduct. A review on the annual production and 
energy consumption showed that the specific energy consumption of the plant is between 3.57 and 4.01 kWh 
per kgproduct, depending on how the actual energy costs and production variation are distributed in the analyse. 
This shows that the established model and simulation of the process gives a realistic estimate of the 
production process, even so ideal situations are assumed for some objects/models. By including further 
factors in the model (like heat losses, lower efficiencies for fan/pumps/compressor, flow losses in the pipes 
etc.) the calculated specific energy demand will also be higher. 
 

 
Figure 3: Simulated power consumption in the production of dry cured ham depending on ambient 
temperature (case1).  
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Table 2: Averaged energy consumption for the production of dry-cured ham. The table states the energy 

demand which is related to the production costs.  

 Accumulated 
Energy 

Production 
time 

Average 
power 

Specific energy 
(~production cost) 

Energy 
saving 

Case 1  178.4 GJ 8 weeks 36.9 kW 3.59 kWh/kgproduct - 
Case 2 140.9 GJ 8 weeks 29.1 kW 2.83 kWh/kgproduct 21.0 % 

 
For the purpose of this case study the model accuracy was considered sufficient. By implementing an 
additional heat exchanger between the ambient air and the glycol tank it is possible to reduce the amount of 
refrigeration as soon as the ambient temperature is lower than 13°C (case 2). Above 13°C the energy demand 
is the same than in case 1. However, first at a temperature of -8°C the refrigeration plant is completely 
substituted by ambient air cooling. This is caused by the heat transfer losses between refrigerant, glycol and 
drying air.  In Figure 4 the total energy demand is given, by the means of the energy which has to be paid for 
by the owner of the plant (= energy related production costs). A complete energy balance shows that the 
reduction of energy demand is substituted by the ambient air cooling, but since the ambient air cooling is 
"free" energy it can be used without paying for it. Therefore, the average energy demands for the production 
(Table 2) are based on the energy which causes production costs and are related to the actual production 
costs. It outlines that the specific energy demand can be reduced to 2.83 kWh per kgproduct. For one 
production year this sums up to an energy saving potential of 21 % and an equivalent reduction of the 
production costs.  
 

 
Figure 4: Simulated power consumption in the production of dry-cured ham with the possibility to use 
ambient air for cooling (case 2).  

4. DISCUSSION 

The performed case study shows the potential of using the ambient air as energy resource in the production. 
Most drying operations, especially at low temperatures, are nowadays performed in a closed loop drying 
system, because direct ventilation of ambient air will cause problems with regulation and product quality. 
However dehumidification in a closed loop drying system requires a combined cooling and heating 
application and the process efficiency can be decreased by this. Even a correct installed refrigeration system 
which delivers cooling energy at a high Coefficient of Performance does not guarantee high process 
efficiency. Highly effective drying systems can normally achieve a specific energy demand lower than 
1 kWh per kgwater (Colak and Hepbasli 2009a),  however this efficiency is normally achieved at drying 
temperatures close to 100°C in an open system.  
Air is still the most used drying agent in food preservation, but in closed loop system it functions as an 
energy carrier and not as an energy source. This is increasing the production costs if the energy supply 
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system is not optimized. The investigated installation of an extra heat exchanger between ambient air and 
glycol is a simple solution. However, it increases process efficiency significantly, by decreasing the demand 
for refrigeration. Still, a significant amount of primary energy is needed in the system for re-heating of the 
drying air. In order to increase the process efficiency further it will be necessary to replace this primary 
energy source. Since the refrigeration system is necessary for cooling, it is recommended to use also the heat 
exchanged in the condenser for re-heating of the drying air. Doing so, it will be possible to use 
simultaneously the cooling and heating capacity of the heat pump for the closed loop drying. The main 
energy input will then be to the compressor of the heat pump. Figure 5 is illustrating this solution. The heat 
pump is exchanging its heating and cooling capacity with a glycol respectively water tank. A pump is 
supplying and controlling the cooling and de-humidification of the drying air. The re-heating of the air is 
achieved by pumping water through the heat exchanger for heating. This principle is described as heat pump 
drying in the literature. It is also possible to install direct heat exchangers between the refrigerant (R717) and 
the drying air. However secondary heat transfer medias are often used in food industry in order to minimize 
the risk for health and safety as well as to avoid product spoilage in the case of leakage. Another advantage 
by using secondary heat transfer media (glycol and water) is that the heat pump unit can supply different 
drying chambers through one central unit. Alternatively, every drying chamber can be equipped with its own 
heat pump unit.  
The heat pump needs to be equipped with a second, external condenser parallel to the main condenser. The 
function of the external condenser is to lead the excess heat (basically the load from the compressor) out the 
system.  
With the described system solution (Figure 5) it is estimated that the drying efficiency can be around 
1.6 kWh per kgproduct, with approximate  energy saving of 50%. However, a more detailed process simulation 
is necessary to verify this. This study should also evaluate if and how the ambient air can be implemented in 
the heat pump drier.  
 
 

 
Figure 5: Process sketch for closed loop drying of ham using combined heating and cooling capacity for de-

humidification of drying air (Heat Pump Drying).  
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5. CONCLUSIONS 

The production process for a closed loop drying system for dry-cured ham was simulated using a dynamic 
object-oriented model approach. The drying efficiency of the system was calculated as 3.59 kWh per 
kgproduct. Using the ambient air as substitute for the necessary refrigeration of the drying air resulted in an 
annually energy saving of 21%. This potential can be realized by installing an additional heat exchanger 
between the ambient air and the glycol tank. The process efficiency can be increased further when the excess 
heat of the heat pump could be used as a heat source for the drying process. This would require a re-design 
of the current system into a heat pump drier. It can be estimated that the energy related production costs 
could be reduced by 50%, even when secondary heat transport media (like water or glycol) are used.   
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