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			Abstract

			Recently, it has been discovered that heat pump drying is an efficient method of drying for drying industries. Heat pumps deliver more heat during the drying process than the work input to the compressor. Heat pump drying is a more advanced method than the traditional South African industrial and agricultural drying methods, such as direct/indirect sunlight, wood burning, fossil fuel burning, electrical heating and diesel engine heating. Heat pump dryers provide high energy efficiency with controllable temperature, air flow and air humidity and have significant energy-saving potential. In the last decade the market for heat pump systems for water heating and space cooling/heating has grown in South Africa, but the development of heat pumps for industrial and agricultural drying is very slow. As a result of high increases in fossil fuel prices and electricity in South Africa, as well as the problem of CO2 emissions, green energy, energy saving and energy efficiency are imperative. The development of heat pump drying systems in South Africa is an efficient way to solve energy problems in drying applications as this technology is still in its infancy. We review studies on heat pump drying and compare the methods therein with the most common methods of drying in South Africa. 
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			Introduction

			Heat pump drying (HPD) is a technology by which materials can be dried at low temperature and in an oxygen-free atmosphere, using less energy than common drying methods. HPD is therefore advantageous for drying biological materials which are thermally sensitive and oxygen sensitive.1 Drying is a key process in many food industries and in many agricultural countries; large quantities of food products are dried to improve shelf life, reduce packaging cost, lower shipping weights, enhance appearance, encapsulate original flavour and maintain nutritional value.1 The primary objective of drying is to remove moisture from the food so that bacteria, yeast and mould cannot grow and spoil the food. Economic consideration, environmental concerns and product quality aspects are the three main goals of drying process research in the food industry.2 In many cases, the drying process is applicable to seasonal biological materials such as fruits and vegetables, so that they can be stored for as long as possible and be available out of season.3

			Traditional methods of drying biological materials such as fruits, grains, nuts and vegetables have been widely employed in South Africa. The well-known drying methods employ direct/indirect sunlight, wood and fossil fuel burning, electrical heating and diesel engine heating. However, the majority of these methods result in smoke and other emissions which have negative effects on human health and contribute to climate change. In addition, a review of the literature reveals that commercial dryers are highly inefficient. A reason for this inefficiency is that commercial dryers are generally not equipped with heat recovery facilities, whereas heat pumps can provide a very efficient means of recovering both sensible as well as latent heat. A heat pump also delivers more heat than the work input to the compressor. Heat pump assisted dryers are approximately 10 times more efficient than traditional drying systems.2 A limited number of studies have reported the benefits of HPDs for industrial and agricultural applications in South Africa as depicted in Table 1. Therefore, application of HPD systems in South Africa is of great importance.4

			Table 1: 	Summary of studies on heat pump drying (HPD)

			
				
					
					
					
					
				
				
					
							
							Reference

						
							
							Location

						
							
							Application(s)

						
							
							Conclusion

						
					

					
							
							5,6

						
							
							Singapore

						
							
							Green beans

						
							
							A coefficient of performance (COP) value of above 6 was observed and a specific moisture extraction rate (SMER) above 0.65 was obtained for a material load of 20 kg and a compressor speed of 1200 rpm

						
					

					
							
							7

						
							
							Turkey

						
							
							Apples

						
							
							A system which is composed of the combination of both dryers is considered to be more efficient

						
					

					
							
							8-10

						
							
							Singapore

						
							
							Agricultural and marine products

						
							
							With scheduled drying conditions, the quality of products can be improved

						
					

					
							
							11

						
							
							Australia

						
							
							Grain

						
							
							An open-cycle HPD performed better during the initial stage when the product drying rate was high

						
					

					
							
							4

						
							
							South Africa

						
							
							Grains

						
							
							HPD is more economical than other dryers

						
					

					
							
							12

						
							
							Brazil

						
							
							Vegetables (onion)

						
							
							Better product quality and energy saving of the order of 30% was obtained with HPD

						
					

					
							
							13

						
							
							Australia

						
							
							Macadamia nuts

						
							
							A high quality of dried nuts was observed

						
					

					
							
							14

						
							
							Norway

						
							
							Marine products (fish)

						
							
							The high quality of the dried products was highlighted as the major advantage of HPD

						
					

					
							
							15

						
							
							Thailand

						
							
							Agricultural food drying (bananas)

						
							
							HPD is economically feasible and particularly appropriate for drying materials with a high moisture content 

						
					

					
							
							16

						
							
							New Zealand

						
							
							Apple

						
							
							A modified atmosphere heat produces products with a high level of open pore structure, contributing to the unique physical properties

						
					

					
							
							17 

						
							
							Thailand

						
							
							Garlic and white mulberry

						
							
							Computer simulation model of the heat pump dehumidified drying was shown to be in good agreement with experimental results

						
					

					
							
							18

						
							
							Iran

						
							
							Plums

						
							
							The optimum temperature of drying for plums is about 70–80 ºC; the SMER of the designed dryer was notably more than conventional types of dryers with respect to saving energy

						
					

					
							
							19

						
							
							Singapore

						
							
							Apple, guava and potato

						
							
							A modified atmosphere heat pump dryer produced better physical properties

						
					

					
							
							20

						
							
							Brazil

						
							
							Mango

						
							
							The energy efficiency was better compared with an electrical resistance dryer

						
					

					
							
							21

						
							
							Thailand

						
							
							Fruits 
(papaya and mango glacé)

						
							
							Mathematical models of fruits drying using HPD were developed and validated experimentally. The optimum criterion is minimum annual total cost per unit of evaporating water. The effects of initial moisture content, cubic size and effective diffusion coefficient of products on the optimum conditions of HPD were also investigated. Exergy and energy analyses were performed.

						
					

					
							
							22

						
							
							Turkey

						
							
							Wool

						
							
							The SMER was 0.65–1.75 kg/kWh. The COP was 2.47–3.95.

						
					

					
							
							23

						
							
							New Zealand

						
							
							Peas

						
							
							The thin layer drying kinetics model of peas was developed. The model can be used to accurately predict the drying time in a heat pump, thus bringing about energy and cost savings.

						
					

					
							
							24

						
							
							Turkey

						
							
							Tropical fruits 
(kiwi, avocado and banana)

						
							
							Mathematical models of the drying characteristics of tropical fruits were developed. The results were in good agreement with experimental results.

						
					

					
							
							25

						
							
							Indonesia

						
							
							Red chillies

						
							
							The high quality of the dried chilli was highlighted as the major advantage of HPD compared to sun drying

						
					

				
			

			

			Meyer and Greyvenstein4 performed an economic analysis of drying grain using heat pumps and other methods such as direct electrical heating and diesel engine burning. They discovered that using heat pumps was more economical than using direct electrical heaters, provided that the apparatus was used for 3 months or longer. They also reported that for a working period of less than 3 months, open heat pumps were cheaper than closed heat pumps and vice versa for an active period of 3 months or longer. However, they did not elaborate on the coefficient of performance (COP) of the designed heat pump or the specific moisture extraction rate (SMER) – the main factors which describe the efficiency of the heat pumps when compared to direct electrical dyers.3

			In South Africa, 80% of farmers use diesel burners to heat the air to dry biological materials such as grains.4 Most of these diesel burners were installed when diesel was relatively cheap. However, the price of diesel has increased considerably over the past few years and diesel heating is no longer the first choice for drying. South Africa also has experienced an increase in the number and types of drying processes for various industrial, commercial and residential applications, which has resulted in increased energy consumption. It is important to develop the market for HPD systems in South Africa, as the technology is still in its infancy. Most research in this area has been conducted in Europe and Asia (see Table 1). Therefore, the results are based on European and Asian environmental and climatic conditions, and cannot be directly applied to another region with different conditions, like South Africa. With the high consumption of energy in South Africa and pressure from the government and concerned bodies, it is important that such technologies (HPD systems) are investigated for local applications.4 The objective of this review was to provide an overview of heat pump dryers and a comparison with traditional drying methods in South Africa. 

		

	
		
			 

			South African Journal of Science (Research Article)

			Heat pump drying systems in South Africa

			Historical development of heat pump drying

			Traditional methods for drying biological material have been widely employed around the world. As stated before, the most common methods employ direct or indirect sunlight and wood burning. Although these methods are cheap, there are problems associated with them, such as poor-quality dried products, no control over the drying process, possible contamination of the product by dirt, possible interference by rodents and other animals, infestation by insects or mould and exposure of the product to rain and wind, which causes repeated wetting and re-drying. HPD has been found to be more economical than these traditional drying methods.26 

			Heat pumps are heat-generating devices that transfer heat in the opposite direction of spontaneous heat flow by absorbing heat from an area of low temperature and releasing it to a warmer area. Heat pumps are widely used in water and space heating applications. They generally work via vapour-compression cycles or absorption-compression cycles. Although vapour-compression cycles date to 1834, the first commercialised machine was produced in 1850; heat pumps were not originally very popular because of their high installation costs.27 Heat pumps were first commercially produced in the USA in the 1930s, but only became popular in the 1970s because of reduced operating costs. Approximately one-third of all single-family homes built in the USA were heated by heat pumps in 1984.27 Recently, progress has been made in alternative industrial applications of heat pumps, especially in the dehumidification and drying of agricultural products.4,28,29 

			Hodgett’s30 and Geeraert’s31 studies reported on the first heat pump dehumidifier in 1973. Hodgett reported that the energy consumption of HPDs was lower than that of conventional steam-heated dryers, and the results concurred with those of Geeraert31 who studied the application of HPD in timber drying. Tai et al.32 reported advantages of HPDs such as high energy savings and a wide range of drying conditions with respect to temperature and humidity. Zylla et al.33 concluded that the SMER increased as the relative humidity of the dryer outlet air increased. Cunney and Williams34 reported that a well-designed engine-driven heat pump could achieve a reduction of about 30–50% in drying energy cost. Newbert35 showed that energy consumption could be reduced by 40% when drying malt with a coupled gas engine heat pump dryer. In 1988, about 7% of industrial heat pumps were used for drying. These heat pumps represented an installed capacity of 60 MW.14 In 1992, Meyer and Greyvenstein4 analysed the life-cycle cost of HPD applications for grain drying in South Africa. 

			Principle of HPD

			A HPD system consists mainly of two subsystems: a heat pump (refrigeration system) and a drying chamber. Heat pumps can transfer heat from natural heat sources in the surroundings (such as the air, ground or water), or from industrial or domestic waste, or from a chemical reaction or dryer exhaust air. The drying chamber can be a tray, fluid bed, rotary or band conveyor. A basic heat pump dryer consists of a heat pump (including a compressor, a condenser, an expansion valve and an evaporator), a dryer and air cycling circuits, which connect the heat pump and the dryer (Figure 1). The working principle of closed HPDs (as shown in Figure 1) is that the exhausted air from the dryer enters the evaporator of the heat pump, where it is cooled and the moisture in the air is condensed and removed. The cool and dry air from the evaporator then goes into the condenser of the heat pump and is heated. The hot and dry air then enters the dryer and absorbs the moisture in the materials being dried in the dryer and becomes exhausted air at the outlet of the dryer, and the cycle repeats. Because the heat pump retrieves the heat in the exhausted air to heat the air entering the dryer while it removes the moisture in the exhausted air, it achieves a high energy efficiency in the drying of biological materials which are thermally and oxygen sensitive. In an open cycle, exhausted air is not re-circulated and the HPD uses ambient air as the heating source.

			[image: fig%201.tif] 

			Figure 1: 	Schematic diagram of a heat pump dryer.

			The energy efficiency of the HPD is strongly influenced by the relative humidity of the exhausted air from the dryer in the closed-cycle HPDs depicted in Figures 1 and 2. When the relative humidity of the exhausted air is low, a low evaporating temperature in the heat pump evaporator is needed to remove the moisture in the exhausted air, which leads to a large temperature difference between the evaporator and the condenser, resulting in low energy efficiency in the heat pump and the heat pump dryer. The way to remedy this situation is to let some of the exhausted air flow through the evaporator and condenser, and the remaining air bypass the evaporator, and then the two portions mix before the dryer or use a damper as shown in Figure 2 (air mix). This process may raise the relative humidity of the exhausted air and reduces the energy consumption of the heat pump dryer, but it needs a careful capacity control of the heat pump.

			[image: fig%202.tif] 

			Figure 2: 	A closed-cycle heat pump dryer.45

			Another way to solve the problem of low relative humidity of the exhausted air is by adding a desiccant unit which is parallel with the evaporator to share part of the moisture-removing load, as depicted in Figure 3. There are two parallel air ducts in this system. One is the heat pump air duct which includes air valve 1, the evaporator and condenser. The other is the desiccant duct which includes air valve 2 and the desiccant unit. The desiccant unit is a moisture storage container and is filled with steam adsorbents. The heat pump and the desiccant unit work alternately. The heat pump in this system is different from that in the basic heat pump dryer (Figure 1) in that there are two parallel refrigerant circuits. The first circuit consists of the compressor, valve 1, the heat sink, condenser, expansion valve and evaporator, and the second circuit consists of the compressor, valve 2, heating tubes, expansion valve and the heat sink. The heat pump refrigerant cycles through different circuits in different drying stages. A working period is divided into three stages for the batch drying of biological materials. In the first stage, there is more water in the material and the heat and mass transfer between the hot air and material is extensive, so the relative humidity of the exhausted air is high. In this stage, the heat pump works with valve 1 open and valve 2 closed, and the heat pump refrigerant flows in the first circuit. At the same time, air valve 1 is open and air valve 2 is closed. The exhausted air flows through the heat pump duct, the moisture in the exhausted air is condensed and removed in the evaporator, and then heated in the condenser. After most moisture in the materials has been removed, the hot air cannot get enough water from the materials in the dryer, and so the relative humidity of the exhausted air becomes low, and the drying process enters the second stage. 

			[image: fig%203.tif] 

			Figure 3: 	The desiccant-assisted heat pump dryer.

			In the second stage, the heat pump stops, air valve 1 is closed and air valve 2 is open, the exhausted air flows through the desiccant duct, and the desiccant unit begins to work. The moisture in the exhausted air is absorbed by the desiccant, and the dry air is heated simultaneously by the heat of adsorption. When the water content in the materials reduces to the required level, the second stage ends and the drying process of the materials is also over. After the dried materials have been taken out of the dryer, the third stage begins. In this stage, the heat pump works to regenerate the desiccant. As valve 1 is closed and valve 2 is open, the heat pump refrigerant flows in the second circuit, and the heat pump gets heat from the heat sink and heats the desiccant in the desiccant unit. At the same time, air valves 1 and 2 and the dryer door are all open. As fresh air flows in the desiccant unit, it is heated and carries water vapour discharged by the desiccant out of the desiccant unit. When the water content in the desiccant has been reduced to the required level, the third stage ends and the process is complete. The desiccant assisted heat pump dryer has great potential for energy saving for batch drying of thermally sensitive biological materials. The energy consumed by this heat pump can be 30–50% lower than that of a basic heat pump dryer (Figure 1).36 However, its energy efficiency is mainly affected by steam capacity and the regeneration temperature of the desiccant. The low regeneration temperature can help achieve a high COP of the heat pump (COPHP) and a high SMER.

			The performance of HPD is indicated by the COP. The COP is not an efficiency but an energy characteristic. It describes what you get over what you spend. The theoretical and the actual COP can be calculated with the following equation, by either inserting theoretical or real measured values:

			[image: eq%201.tif]	Equation 1

			where QH is the heat rejected at the condenser and Wc is the work input to the compressor and 

			QH = Qsubcooling + Qcondensation	 Equation 2

			The integration of a heat pump system into a dryer requires an additional energy consuming unit: a blower. In order to be precise, the energy input for this device must also be included in the calculations. So the overall COP of a heat pump dryer is defined as:

			[image: eq%203.tif]	 Equation 3

			where Wf is the work input to the fan or blower (kJ).

			The performance of the dryer is determined by exergy efficiency (η).37 Recently, the exergy efficiency has been used rather than the energy efficiency in the performance analysis of food processes.38,39 In drying processes, the driving force behind heat losses is the temperature difference between the drying chamber and the environment.38 Increasing heat losses and irreversibility decrease the exergy efficiency. The exergetic efficiency of the drying chamber (η) is the ratio of the total exergy gained by the air stream to the total exergy that enters the system. Thus, the general form of exergy efficiency is written as38,40:

			[image: eq%204.tif]	 Equation 4

			Therefore, the exergy (Ex) values (J/s) at the dryer can be calculated using the general form of the exergy equation applicable for steady-flow systems reported in the literature by Midilli and Kucuk41 as most applicable for a batch dryer:

			[image: eq%205.tif]	 Equation 5

			where ṁa is the air mass flow rate (kg/s), Cpais the thermal capacity of air (J/kg.K), T is the temperature (K) and Tref is the reference (ambient) temperature (K).

			The SMER is used to evaluate the performance of a whole heat pump dryer system. The SMER is the only performance measure that considers both the dryer and heat pump system. The SMER reflects directly on how efficient the energy usage is. It is defined as the ratio of the mass of water removed from the product (condensed water in the evaporator in kg) to the required energy for this (kWh).

			[image: eq%206.tif]	Equation 6

			where Δx is the amount of water removed (kg) and Δh is the amount of energy consumed (kJ).
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			Types of heat pump dryers

			There are different types of HPD systems available on the market. Air, chemical, ground source and hybrid systems are discussed in detail here.

			Air source heat pump drying systems

			Air source heat pumps are the most widely used heat pumps.42 An air source heat pump (ASHP) is a heating and cooling system that uses outside air as its heat source and heat sink. An ASHP uses a refrigerant system consisting of a compressor and a condenser to absorb heat at one place and release it at another. ASHPs usually are called reverse-cycle air conditioners’ when used as space heaters. In domestic use, an ASHP absorbs heat from the outside air and releases it inside during winter, and can often do the converse in summer. When appropriately set up, an ASHP can offer a full central heating solution and domestic hot water with an efficiency of up to 80%.43,44 However, in the past few years, ASHPs have also become applicable for the drying of biological materials. Xanthopoulos et al.45 designed a closed-cycle ASHP for drying whole figs. In their study, they presented a mathematical single-layer drying model to predict the drying rate of whole figs. They concluded that, among the models tested, the best model in terms of fit was the logarithmic model. The ASHP is shown schematically in Figure 2. Chua and Chou46 designed, fabricated and tested a two-stage prototype evaporator heat pump assisted mechanical drying system for enhancing heat recovery, which performed efficiently when compared with other traditional drying methods. More studies on ASHP are outlined in Table 1. 

			Chemical heat pump drying system

			Chemical heat pumps (CHPs) are those systems that utilise a reversible chemical reaction to change the temperature of the thermal energy stored by chemical substances.47 These chemical substances play an important role in absorbing and releasing heat.48 The advantages of thermochemical energy storage – high storage capacity, long-term storage of both reactants and products, lower heat loss, etc. – make CHPs a good option for energy upgrading of low temperature heat as well as storage. Sources of low temperature heat are industrial heat waste, solar energy, dryer exhaust, geothermal energy, etc.49 The working principle of CHP comprises adsorption/synthesis/production and desorption/regeneration/decomposition. The synthesis stage is the cold production stage, which is followed by the regeneration stage, during which decomposition takes place. This regeneration stage can take place in the same or different reactors depending on the system design. Figure 4 depicts a simple CHP with its main components. 

			[image: fig%204.tif] 

			Figure 4: 	A simple chemical heat pump.29

			In summary, CHP systems are a potentially significant technology for effective energy utilisation in drying. CHPs are designed in a way that they can store energy in the form of chemical energy via endothermic reactions in a suitably designed reactor. Energy is released at various temperatures during the heat-demand period by exo- or endothermic reactions.42 Several researchers have recommended CHP. Ogura and Mujumdar50 reported that the calcium oxide hydration/dehydration system was found to be the most feasible for CHP dryer systems from the perspective of temperature level, safety, corrosion and cost. Ogura et al.51 undertook an experimental study focusing on the heat and mass transfer performance in batch drying using a CHP and found the performance to be highly efficient. Rolf and Corp52 developed a CHP dryer for the drying of bulky materials such as bark and lumber and recommended this method of drying as it is easy to adapt to any industrial drying process, specifically the drying processes in the pulp and paper industries.

			Ground source heat pump drying systems

			There is limited information on ground heat pump drying systems, despite the many studies that have been undertaken. Figure 5 is a schematic illustration of a ground source HPD system.47 This system consists of three subsystems: a ground source heat exchanger, a heat pump system and a drying chamber. The main components of the heat pump system are an evaporator, a condenser, a compressor and an expansion valve. In this system, heat is extracted from the ground by the ground source heat exchanger, which contains a circulating water–antifreeze solution. The heat is transferred to the refrigerant in the evaporator, added to the heat pump cycle, and supplied to the drying chamber. In here, heat is transferred to the drying air and this heated air enters the drying chamber.42,47

			[image: fig%205.tif] 

			Figure 5: 	Schematic diagram of a ground source heat pump dryer.47

			Hybrid heat pump drying systems

			The hybrid heat pump drying system includes a solar-assisted heat pump drying system, microwave and infrared or convectional energy.42 To date, few studies have been conducted on hybrid drying because of its higher initial costs, although this technology has great energy-saving potential compared with other technologies because of its multipurposeful applications. For example, Hawlader and Jahangeer5 investigated a hybrid solar-assisted heat pump drying system which also functioned as a water heater. Hybrid concepts are likely to make rapid inroads into industrial drying in the coming decades. These concepts consist of intelligent combinations of well-established drying technologies and hence involve less risk. Hybrid HPD systems combine the advantages as well as the limitations of each individual technology. Hence, care must be exercised in their design.7 
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			Types of dryers

			The two most commonly used dryers in the market are batch dryers and conveyor dryers, which will be discussed further here. However, there are other dryers which are used and reported on in the literature, such as fluidised beds and rotary dryers.42

			Batch dryers 

			Batch dryers are more widely reported on than other dryers. Batch drying systems allow total recirculation with a very low air leakage rate, giving rise to high thermal efficiencies.42 They are also good for low capacity applications, such as laboratory experiments.28

			Conveyor dryers

			Continuous bed drying or /conveyor dryers show promising results compared with batch dryers and are potentially a better option for drying specialty crops. However, very few studies have been done on these types of dryers, possibly because they are suitable for high capacity needs.42,53 
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			Advantages and limitations of heat pump dryers

			The main advantages of HPD are:

			
					•	High energy efficiency (reduced energy consumption) – up to 60% reduction in energy costs compared with traditional drying technologies.

					•	Controlled temperature profile to meet product requirements – sensors and advanced controllers are used to adjust the temperatures of the condenser and evaporator to obtain suitable drying temperatures, which is not possible with traditional drying methods. It is also possible to control the speed of the fans to achieve optimal air flow.

					•	More environmentally friendly – 80–100% reduction in emissions of chemicals released as a result of drying some products and up to 60% reduction in CO2 emissions.

					•	Consistent output of products – heat pumps can operate 24 hours per day, so the production potential is higher than for traditional drying.

					•	A wide range of drying conditions (from -20 °C to 80 °C) – because of the moderate climate in South Africa, heat pumps can operate under ambient conditions, which saves energy compared to Asian and European countries.

					•	Better product quality – HPD conditions such as temperature and air flow rates are controlled to meet specific requirements.

					•	Business opportunities for both farmers and industry.

			

			The limitations of HPD are:

			
					•	Higher initial costs – the initial costs of HPD may be higher than those for traditional drying methods. Most of the initial costs pertain to equipment such as the controllers, compressor, heat exchangers. However, if the period of use is longer than 1 year, the return on investment is received within a short period.

					•	Refrigerant leakage – refrigerant system pressure can cause cracks in the pipes and valves, resulting in the leakage of refrigerant, which pollutes the environment. Once a leakage occurs, the pressure drops and performance is reduced. In order to reduce gas emissions that harm the environment, the use of green refrigerants such as carbon dioxide and nitrogen oxides has been encouraged.54,55

					•	Maintenance – the compressor, heat exchangers (condensers and evaporator) and refrigerant filters need regular maintenance to keep the dryers operating optimally. Charging of the refrigerant is required when any leak is detected.
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			Mechanism of drying

			The mechanism of drying is a complex phenomenon involving combined heat and mass transfer, which, in most cases, results in products with modified properties. Depending on the drying conditions, food products may undergo various degrees of browning, shrinkage, loss of nutrients, and so on. According to Chou and Chua1, the degradation of food occurs mainly in three areas: chemical, physical and nutritional (Table 2). It should also be noted that when the product loses moisture during drying, the concentration of nutrients in the remaining mass is increased. Hence, proteins, fats and carbohydrates are present in larger amounts per unit weight in dried food than in fresh food. Foods like fruits and vegetables consist of water, carbohydrates, proteins and fractions of lipids. These compounds are easily modified by high temperatures which results in degraded food quality.56 Thus, the use of appropriate temperatures is important during drying.

			Table 2: 	Factors that influence food quality during drying

			
				
					
					
					
				
				
					
							
							Chemical 

						
							
							Physical 

						
							
							Nutritional

						
					

					
							
							Browning reaction

						
							
							Rehydration

						
							
							Vitamin loss

						
					

					
							
							Lipid oxidation

						
							
							Solubility

						
							
							Protein loss

						
					

					
							
							Colour loss

						
							
							Texture

						
							
							Microbial survival

						
					

					
							
							Gelatinisation

						
							
							Aroma loss

						
							
							 

						
					

				
			

			

			The drying of biological materials follows a falling rate profile, and the falling rate period is controlled by the mechanism of liquid and/or vapour diffusion. Thin-layer drying models that describe the drying of these materials fall mainly fall into three categories – theoretical, semi-theoretical and empirical – which are generally based in mass transfer, neglecting the effect of heat transfer. Assuming that the resistance to moisture flow is uniformly distributed throughout the material, the diffusion coefficient is constant and the volume shrinkage is negligible, Fick’s second law of diffusion can be stated as57:

			[image: eq%207.tif]	Equation 7

			where M is the local moisture content (kg water/kg dry solids), r is the diffusion path (m), t is the time (s) and D is the moisture dependent diffusivity (m2/s).

			The analytical solution of Equation 7 was given by Crank57 for various regularly shaped bodies, such as rectangular, cylindrical and spherical. The drying of many foodstuffs such as tomatoes58, carrots59, pine nut seeds60 and pineapple61 has been predicted using the analytical solution of Equation 7. It should be noted that most cereals, such as rice, corn and wheat, change little in volume during the drying process. Therefore, the analytical solution of Equation 7 applies satisfactorily to the study of these materials. However, for foods with a high moisture content, such as fruits and vegetables, the analytical solution of Equation 7 obtained for constant diffusivity and volume is not always applicable, because shrinkage and diffusivity as functions of moisture content often need to be taken into account. In these cases, simpler models should be a wiser option.62 

			The Lewis model is analogous to Newton’s law of cooling and assumes that the internal resistance to moisture movement, and thus the moisture gradients within the material, is negligible.23 The model considers only the surface resistance and is given by:

			[image: eq%208.tif]	 Equation 8

			where MO and ME are the initial and equilibrium moisture contents, respectively, and kL is the Lewis drying coefficient. This model was used primarily because it is simple. The only drawback of this model is that it tends to overpredict the early stages of the drying curve.63 The Page model was introduced as a modification of Equation 8 to overcome this shortcoming. This model has produced good fits in predicting drying times of food and agricultural materials.

			[image: eq%209.tif]	 Equation 9

			where kp and n are the Page drying coefficients which determine the precise shape of the drying curve. While neither of them has a direct physical significance, empirical regression equations have been developed which relate both parameters to drying conditions.64-66 Therefore, the drying rate for the Page equation is given by:

			[image: eq%2010.tif]	 Equation 10

			A modified Page drying coefficient can be defined as:

			k* = kpntn–1	 Equation 11

			If n<1, k* decreases during the drying process. Thus higher values of kp can be used to more closely approximate the diffusion equation in the initial stages of drying without overpredicting drying in the later stages. If n=1, Equations 9 and 10 reduce to the Lewis model, approaching the solution of diffusivity equation. Several authors have compared different drying models and have obtained better results for the Page equation than for other existing drying models.64-67
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			Comparison of HPD with South African traditional drying methods

			Currently, the market for heat pump systems for water heating and space cooling/heating is well developed in South Africa. However, many developed and other developing countries are interested in applications of heat pumps for energy saving and they have invested much money and time on HPD research. However, the development of heat pumps for industrial and agricultural drying in South Africa is still in its infancy, possibly because: 

			
					•	The concept of HPDs is not well known in South Africa and is less understood than that of traditional drying methods

					•	The prices of electricity and fossil fuels have rapidly increased only recently 

					•	There is a lack of techno-economical information regarding HPDs

					•	Products of HPD have become known in South Africa only recently because the market has increased in the past few years.

			

			A comparison of HPD with the most common South African traditional drying methods for biological materials is given in Table 3. It is clear that the advantages of HPD far outweigh those of traditional South African methods for drying biological materials. South Africa currently is experiencing an increased need for drying processes for various industrial, commercial and residential applications. Therefore, development of HPD systems in South Africa is imperative. The development of HPD systems will not only reduce energy consumption – by 6% if utilised effectively – and be more environmentally friendly, but will also increase business opportunities for both farmers and industrialists.4 

			Table 3: 	Comparison of heat pump drying with traditional South African drying methods4,26,28

			
				
					
					
					
					
					
					
				
				
					
							
							Item

						
							
							Direct/indirect sunlight 

						
							
							Wood burning

						
							
							Electrical heating

						
							
							Diesel engine heating

						
							
							Heat pump dryers

						
					

					
							
							Efficiency

						
							
							Very low

						
							
							Low

						
							
							Low

						
							
							Low

						
							
							High

						
					

					
							
							Temperature range (°C)

						
							
							≤40

						
							
							10–100

						
							
							0–100

						
							
							10–100

						
							
							10–65

						
					

					
							
							Operation time

						
							
							During the day

						
							
							Anytime

						
							
							Anytime

						
							
							Anytime

						
							
							Anytime

						
					

					
							
							Drying air flow

						
							
							Depends on wind

						
							
							N/A

						
							
							Controlled by fan speed

						
							
							N/A

						
							
							Controlled by fan speed

						
					

					
							
							Moisture extraction

						
							
							Depends on weather

						
							
							Low

						
							
							Accurate

						
							
							Low

						
							
							Accurate

						
					

					
							
							Temperature control

						
							
							N/A

						
							
							Fair

						
							
							Accurate

						
							
							OK

						
							
							Accurate

						
					

					
							
							Product quality

						
							
							Depends on weather

						
							
							Bad, because of smoke

						
							
							Good

						
							
							Bad, because of smoke

						
							
							Very good

						
					

					
							
							Environmentally friendly

						
							
							Yes

						
							
							No

						
							
							Yes

						
							
							No, because of CO2 emissions

						
							
							Yes

						
					

					
							
							Weather effect

						
							
							Yes

						
							
							No, if operation is indoors

						
							
							No, if operation is indoors

						
							
							No, if operation is indoors

						
							
							No, if operation is indoors

						
					

					
							
							Initial capital cost

						
							
							Low

						
							
							High

						
							
							High

						
							
							High

						
							
							Very high

						
					

					
							
							Payback period

						
							
							N/A

						
							
							N/A

						
							
							Long

						
							
							Long

						
							
							Short

						
					

					
							
							Maintenance costs

						
							
							Very low

						
							
							Low

						
							
							High

						
							
							High

						
							
							High

						
					

					
							
							Application range

						
							
							Limited

						
							
							Limited

						
							
							Wide

						
							
							Limited

						
							
							Wide

						
					

					
							
							Operational control

						
							
							N/A

						
							
							Limited

						
							
							Available

						
							
							Available

						
							
							Available

						
					

					
							
							Noise level

						
							
							None

						
							
							Low 

						
							
							Moderate

						
							
							High

						
							
							Moderate

						
					

					
							
							Energy-waste level

						
							
							N/A

						
							
							High 

						
							
							High

						
							
							High

						
							
							Low

						
					

				
			

			

			N/A, not applicable

			Comparison of different drying methods

			A comparison of the efficiencies and advantages of heat pump dryers, vacuum and hot air dryers is shown in Table 4. Heat pump dryers have a higher SMER range (1.0–4.0 kg H20/kWh) than other drying methods. HPD is therefore an efficient and energy-saving alternative for drying industries.

			Table 4: 	Comparison of heat pump drying with vacuum and hot air drying28

			
				
					
					
					
					
				
				
					
							
							Item

						
							
							Hot air drying

						
							
							Vacuum drying

						
							
							Heat pump drying

						
					

					
							
							Specific moisture extraction rate 
(kg H20/kWh)

						
							
							0.12–1.28

						
							
							0.72–1.2

						
							
							1.0–4.0

						
					

					
							
							Drying efficiency (%)

						
							
							35–40

						
							
							≤70

						
							
							95

						
					

					
							
							Operating temperature range (°C)

						
							
							40–90

						
							
							30–60

						
							
							10–65

						
					

					
							
							Operating % relative humidity range

						
							
							Variable

						
							
							Low

						
							
							10–65

						
					

					
							
							Capital cost

						
							
							Low

						
							
							High

						
							
							Moderate

						
					

					
							
							Running cost

						
							
							High

						
							
							Very high

						
							
							Low
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			Economic analysis

			Limited studies have been conducted comparing the economics of HPD and other convection electrical dryers.2,68,69 Meyer and Greyvenstein4 carried out a techno-economic analysis of grain drying using HPDs in South Africa. They found that the life-cycle cost of an electrical heater and diesel engine were three and four times higher, respectively, than that of HPD systems. Teeboonma et al.21 reported on the optimisation of heat pump fruit dryers and analysed the annual total cost per unit of evaporating water and found that this cost was linearly proportional to both interest rate and electricity price, and decreased with increasing lifetime. In general, heat pumps have enormous potential for saving energy simply because they are the only heat-recovery systems which enable the temperature of the waste heat to be raised to a more useful level.68
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			Conclusion

			Different types of heat pump drying systems are appropriate for the drying of many products, especially heat-sensitive products. Many researchers have concluded that HPDs use energy more efficiently than electrical dryers. Also, the quality of heat pump dried products is better than those of conventional drying systems. The widely reported measures for determining efficiency of a HPD system are SMER and COP. Moreover, it has been found that the desiccant-assisted heat pump dryer has a greater energy-saving potential than basic heat pump dryers for batch drying of thermally sensitive biological materials. In comparison with different South African traditional drying methods, the advantages of a HPD are outstanding. Now is the time to develop and expand the applications of HPD systems in South Africa, especially in industrial and agricultural drying. The market for HPDs will benefit South Africa in many sectors and will help to reduce the high energy consumption that South Africa has been experiencing recently.
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