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Abstract 

This paper gives an overview of Refractance Window® (RW) drying method with 
particular reference to the drying of various vegetables (asparagus and squash), fruits 
(berries), herbs (aloe vera), and marine algae. This technology is specifically suited for 
drying pureed tropical fruits or other fresh produce that are characterized by unique 
aroma and bright colors.  With this drying method, high moisture fresh fruits, vegetables 
or herbs typically dry in 3-5 minutes, with excellent retention of color, vitamin, and 
antioxidant contents. The systems operate at atmospheric pressure and are used for 
commercial production of scrambled egg mix, avocado powder, high carotenoid-
containing algae, herbal extracts, human nutrition supplements and food ingredients, as 
well as dried fruits and vegetables. Compared to freeze drying, a well established 
technology for high value products, RW drying is simple and relatively inexpensive. 
Drying results for some of the mentioned products will be discussed including a highlight 
of areas that need further research and improvement. 
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Introduction 
 
Drying and evaporation are two unit operations that are critical for extending the shelf life and 
adding value to fruits, vegetables, herbs, and aquatic biological resources. Evaporation of liquid 
foods is usually done using steam-heated kettles or vacuum-type rising/falling film evaporators, 
either of which have quality and/or cost constraints. Drying of puree, juice or other similar 
biological materials can be achieved by drum, spray, and freeze drying, each with certain 
limitations. Drum drying frequently cause severe quality loss in products because of high drying 
temperatures, usually between 120-170oC.  The drums can be enclosed in a vacuum chamber 
to achieve drying at lower temperatures, but high capital cost limits the use of this approach to 
only special applications.  Spray drying also requires high capital investment and moisture 
content of raw material needs to be very high to ensure that the feed can be atomized.  The 
atomization and air temperatures as high as 150 to 300oC encountered in spray drying usually 
cause high volatile losses, although the temperature of most particles may remain at the wet 
bulb temperature of the air.  High shear action during atomization may also make spray drying 
unsuitable for products that are sensitive to mechanical damage.  Freeze drying is a commercial 
process that can produce high quality dehydrated products with good retention of shape, flavor, 
color, vitamins and rehydration ability.  However, freeze-drying is still very expensive: 4-8 times 
higher than air drying (Ratti, 2001), and at least one-order-of magnitude higher than spray drying 
(Chou and Chua, 2001). Moreover, freeze-dried products tend to be porous and need careful 
packaging to avoid rapid rehydration when exposed to a humid environment (Nijhuis et al, 1996; 
Abascal et al, 2005). Continuing investigations on Refractance Window® drying has shown that 
the system has the potential to be utilized in diverse situations to produce dehydrated fruits, 
vegetables, herbs, supplements, and other biological products with high value for nutraceutical 
uses. 
 
Refractance Window® (RW)‡ drying and evaporation system was developed by MCD 
Technologies Inc (Tacoma, WA) based upon two decades of R&D in novel water removing 
techniques. It is designed to convert fruits, vegetables, herbs, and other related products into 
high quality concentrates and powders with extended shelf life. Contact drying methods that 
typically involve much higher temperatures, such as drum drying, are probably the closest to RW 
method. The RW drying technology is currently used for drying a diverse range of products, 
including scrambled egg mix, avocado fruits for dips, high carotenoid-containing algae for 
treating macular degeneration and cancer, herbal extracts and nutritional supplements for 
human use, a variety of food ingredients (e.g. herbs, spices, and vegetables), and nutritional 
supplements for shrimp farming (Bolland, 2005). Carrots, mangoes, strawberries, avocadoes, 
asparagus, squash, and many other fruits and vegetables have been dried successfully using 
the RW and very good retention of quality attributes has been observed 

The Refractance Window® Drying System‡ 
The RW drying system utilizes circulating water, usually at 95-98°C and at atmospheric 
pressure, to carry thermal energy to material to be dehydrated (Fig. 1). Thermal energy from 
circulating hot water is transferred to the wet product via a transparent plastic interface. For most 
drying conditions, the actual product temperature is usually below 70ºC. Products, which include 
purees, juice, and small piece materials, are spread on the transparent plastic conveyor belt that 

                                             
‡ RW™ is a trademark used exclusively for Refractance Window® drying and evaporation. Their mention 
is this paper solely for correctness and does not imply endorsement of the technology over other systems 
performing similar function. Unless otherwise stated, RW will refer to Refractance Window® or RW™. 



moves while its underside is in contact with the hot water on a shallow trough. The heated water 
is continuously reheated thereby improving the thermal efficiency of the system. The use of hot 
water as the heat transfer medium and at temperatures just below boiling is unique to RW drying 
system. For effective RW drying, it is important to have purees or juice extracts with the right 
consistency for ease of application and uniform spreading on the conveyor belt. Abonyi et al 
(2002) and Nindo et al (2003a) have provided more details about the performance of this 
system. 
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Figure 1.  Schematic of a pilot scale Refractance Window® drying system  
(adapted from Abonyi et al., 2002) 

 
The circulating hot water is heated by a specially designed direct steam injection system. Latent 
heat from steam condensing in water is transferred by convection to the bottom surface of the 
plastic sheet and because the plastic sheet is very thin it almost immediately reaches the 
temperature of circulating hot water. The plastic sheet transmits the net energy reaching it from 
the hot water through conduction and radiation. The proportions of energy conducted or radiated 
depend on the relative resistances provided by the plastic to these two modes of heat transfer. 
The small thickness of the Mylar® (DuPont Plastics, Wilmington DE) plastic conveyor coupled 
with its high transparency to infrared radiation allows most of the radiation to be transmitted to 
the liquid product. A thicker plastic material with low thermal conductivity, on the other hand, 
would provide higher resistance to transfer of thermal energy. When a pureed product with high 
moisture content is spread on the plastic sheet, multiple reflections at the plastic-puree interface 
is minimized so that more of the thermal energy is transmitted and absorbed by the product, 
resulting in intense moisture evaporation. At the puree-air interface, this evaporation of water 
from the product constitutes a major part of energy consumption for drying. Since the intense 
mass transfer from product creates high vapor saturation at the product-ambient air interface, 
the interaction between product and oxygen is limited, thus helping to maintain the quality of 
product. Since the thermal energy supplied from steam to heat the circulating water is 
recovered, RW drying system demonstrates very good thermal efficiency when compared with 
other conventional dryers (Table 1). 
 



Table 1: Comparison of energy consumption of RW with other selected dryers* 

Dryer Type Typical capacity (kg 
H2O/h) per m3 or m2 

Typical product 
temperature (˚C) 

Thermal 
Efficiency 

Rotary dryer** 30 – 80 m-3 About 175 50 – 25 
Spray dryer   1 – 30 m-3   80 – 120 51 – 20% 
Drum dryer (for pastes) 10 – 80 m-2 120 – 130 78 – 35% 
Refractance Window® 
- pilot scale dryer 10 m-2   70 – 90 48 – 28% 
- full-scale dryer 4.6 m-2   90 – 95 77 – 52% 
* Mujumdar and Menon (1995); ** Barr and Baker (1997) 
 

Refractance Window Drying Case Studies 
1. Asparagus, squash, algae, and carrots 
Asparagus, squash, algae, and carrots were selected for drying studies because they contain 
bioactive compounds that are heat sensitive and changes in may be apparent. The residence 
time for RW drying of pureed asparagus from about 98% to 4% moisture content (wet basis) was 
4.5 minutes, as opposed to freeze drying of sliced asparagus that took between 18 to 24 hours. 
This fast drying is attributed to high heat and mass transfer facilitated by the thin layer of 
material on the belt. The continuous circulation of hot water below the thin conveyor belt (~0.2 
mm), the thin spreading of puree on a large surface coupled with forced draft above the heated 
puree facilitated the observed fast drying. It has been observed that because of evaporative 
cooling, the product temperature does not reach the heating water temperature. Figure 2 shows 
some products with excellent color retention after RW drying These included fruits, vegetables, 
and marine algae. 
 
Table 2 shows color of green asparagus (Asparagus officinalis, L.) after tray (TD), Refractance 
Window (RW), and freeze drying (FD). The greenness (*a) of asparagus after FD and RW drying 
are little different, even though FD material showed more yellowness (*b=20.7). The hue angle 
(H) of both freeze and RW dried asparagus was very close to the freshly blanched asparagus.  
However, the chroma value, which is a measure of color saturation of materials that have similar 
hue and lightness, indicates that RW-dried asparagus is closer to the fresh material. 
 
Table 3 shows the influence of RW, FD, and drum drying on color of carrots. The drum-dried 
carrot was darker (higher hue) compared to that obtained by RW and freeze-drying.  Other than 
color, the three drying methods also caused loss of vitamins in carrots. Significant difference 
was observed when carotene loss in RW-dried carrots was compared with losses under drum 
and freeze-drying (Table 4). Freeze-drying contributed to 5.4% loss of β-carotene, followed by 
RW drying (9.9%), and drum drying (57.1%). 
 

Table 2.  Color parameters of asparagus dried by five different methods. 
Drying method Temp (oC) L a* b* H C 
Tray drying 50 24.8±2.1 -2.6±0.7 20.6±1.4  92.7 20.8 
 60 14.4±1.7 -0.6±0.1 12.2±1.0  92.6 12.2 
RW 95** 18.3±3.4 -4.5±0.4 15.6±1.6 106.0 16.2 
Freeze drying 20*** 37.7±4.5 -4.9±0.7 20.7±1.4 103.4 21.3 
Fresh asparagus - 40.2±2.9 -3.1±0.7 11.7±2.6 104.7 12.1 
** Water temperature; *** Freeze dryer plate temperature (Source: Nindo et al. 2003b) 

 



Table 3. Color measurement results in L, a*, b*; chroma and hue values for carrot puree. 
Treatment L  a*  b*  H C 
Fresh puree 54.3±0.8d 28.7±0.2b 44.0±1.0a 56.8b 52.5c 
Drum dried 67.5±0.6c 20.8±0.4d 39.4±1.7b 62.1c 44.6a 
RW dried 72.0±0.3b 34.1±0.5a 45.1±0.8a 52.8a 56.5d 
Freeze dried 77.6±0.4a 27.1±1.2c 44.1±0.4a 58.5b 51.8b 
L: lightness, a*: redness, b*: blueness, Chroma, C=(a*2 + b*2)1/2, H: tan-1(b*/a*).  
abcd different letters in the same column indicate significant difference (p ≤  0.05)  
 
Table 4:  Carotene losses in carrots after drum, freeze, and RW drying 
 Total carotene α carotene β carotene 
Sample g/g solid Loss (%) g/g solid Loss (%) g/g solid Loss (%) 
Control 1.77±0.0a  0.85±0.04a  0.92±0.0a  
Drum dried 0.78±0.1b 56.0±1.2 0.38±0.09b 55.0±1.1 0.39±0.0b 57.1±1.3 
RW dried 1.62±0.3a   8.7±2.0 0.79±0.16a   7.4±2.2 0.83±0.1a   9.9±1.8 
Freeze dried 1.70±0.0a   4.0±3.6 0.83±0.03a   2.4±3.7 0.87±0.0a   5.4±3.5 

The results are average of three replicates. abDifferent letters in the same column indicate  
a significant difference (p≤0.05). (Source: Abonyi et al., 2002). 
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Figure 2. Refractance Window drying of various food and aquatic products: (a) asparagus, (b) 

squash, (c) blue-green marine algae (H. Pluvialis), and (d) carrot puree 

2. Drying of Herbal Products (Aloe Vera) 
There is growing interest in aloe vera (Aloe barbadensis L.), a plant from the lily family, because 
its therapeutic properties (it has been as a topical treatment of skin injuries, including wounds 
and irritations) and antioxidant properties (Hu et al, 2003). The parenchymatic tissue of aloe vera 
leaves contains over 98% water, and more than 60% of its dry matter is made up of high 
molecular weight polysaccharides (Femenia et al., 1999). The large amount of water must be 



removed with very little disruption to the high molecular weight polysaccharides (HMWP) that 
contribute to the plant’s immunomodulating properties. A study by Qui et al. (2000) showed that 
aloe polysaccharides with molecular weight between 50 to 200 kDa possess significant 
immunoregulatory activity. Extracts or gels from aloe vera are widely used in skin care products, 
and lately, as supplement. Femenia et al. (2003) showed that antioxidative properties of aloe 
vera polysaccharides may be lost when they are subjected to heat during drying. The suitability 
of the RW method for dewatering of heat sensitive herbal products such as aloe vera was 
attempted and comparisons made with freeze and spray drying. The resulting dried materials 
were examined for color, antioxidant activity and molecular weight distribution of 
polysaccharides. 

 (a) Color of dried aloe 
Both the RW- and freeze-dried (FD) aloe vera had a light cream color compared to the whiter 
(higher lightness value) spray dried powder (Fig. 3). The yellowness (b*) and redness (a*) of 
both RW- and freeze-dried aloe increased slightly and proportionately during 7 weeks of storage 
at 35°C, exhibiting an overall hue (b*/a*) between 6 and 4 (Fig. 4). The hue of spray-dried aloe 
increased slightly during the first 3 weeks of storage then stabilized around 12 for the remaining 
period of storage. These data indicate that freeze-dried and RW dried aloe powder remain 
essentially the same under accelerated storage conditions. 
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Figure 3.  Color of RW-dried ( ), freeze-dried (∆), and spray-dried ( ) aloe during 7 weeks of 

storage at 35°C 
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Figure 4.  Change in hue of spray (∆), freeze ( ), and Refractance Window ( ) dried aloe 

powder during 7 weeks of storage at 35°C 



 (b) Antioxidant activity 
The percent inhibition of DPPH radical versus amount of tocopherol (Vitamin E analog) was 
plotted to obtain a regression equation below for evaluating the antioxidant activity of aloe vera.  
 

999.0R             4558.0mg) l,(Tocophero385.13(%) 2 =+×=Inhibition  
 
Figure 5 represents the absorbance of the free radical compound DPPH as a function of reaction 
time with the DPPH reagent. The absorbance data were transformed into antioxidant activity in 
terms of tocopherols (Vitamin E).  The antioxidant activity of aloe, expressed as percent 
inhibition of DPPH radical, was 29.6, 27.0 and 54.1 under RW, freeze, and spray drying, 
respectively.  Although antioxidant activity of RW-dried aloe was slightly higher than that of 
freeze-dried aloe, the high value obtained for spray-dried material was surprising given that aloe 
gel was subjected to high temperatures of about 150°C in the latter process. This might have 
been due to solubilization of spray-dried aloe, which was much better than either RW or freeze-
dried aloe. 
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Figure 5.  Typical absorbance curves at 515 nm showing influence of freeze ( ), RW ( ), and 

spray ( ) drying methods on antioxidant activity of aloe vera. 
 
Despite the low temperature conditions in freeze-drying, the long drying times can contribute to 
loss of antioxidants in aloe vera. It took 2 days on average to dry 6kg of aloe juice from 87% to 
about 5% water content (wet basis). Studies are continuing to confirm whether the apparently 
anomalous result of spray drying was due to extraction, solubility or both. 

(c) Molecular weight distribution of aloe polysaccharides 
Application of heat over time may cause polysaccharide depolymerization, especially in the 
presence H+ or enzymes (BeMiller and Whistler, 1996). It is possible for such breakdown to 
affect the product shelf life and activity.  
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Figure 6.  Molecular weight distribution of freeze-dried (■) and RW-dried (□) aloe  

 

Figure 6 show the molecular weight distribution (MWD) of polysaccharides in aloe after RW and 
freeze-drying. It is evident that MWD was not greatly affected by the two drying methods 
investigated. However, molecular weights of aloe polysaccharides in the ranges >2000kD, 2000-
1000kD, 1000-500kD and 500-200kD were higher for RW than for freeze-dried aloe. The 
percentage composition of aloe polysaccharides having molecular weight in the range of 200-
50kD that is considered to possess more functional properties (Qui et al., 2000), was nearly the 
same for freeze- and RW drying methods. The freeze-drying process retained higher percentage 
of polysaccharides with MW less than 50kD. 

Conclusion 
Studies conducted on the Refractance Window drying system so far show that it demonstrates 
high retention of product quality (color, vitamins, antioxidants, and structure) when compared 
other drying methods. Only 9.9% loss of beta-carotene in carrots occurred with RW drying 
compared to 5.4% and 57% in freeze- and drum drying, respectively. Both freeze-dried and RW-
dried asparagus showed color hues not much different from the fresh material. The hue value 
was between 4 and 6 over a 7 week period in a 35°C storage environment. RW drying produces 
high quality dried foods and maintains most of their nutritional and sensory attributes. The quality 
of the dried products is comparable to those obtained by freeze drying yet the cost of the 
equipment and production is several times smaller than freeze drying, thus making it an 
attractive alternative. Some foods that are difficult to spray dry without the addition of carrier 
materials have been handled successfully in the RW drying system. Results show that 
antioxidants and other bioactive components in fruits, vegetables, herbs, and aquatic resources 
investigated were retained after RW drying. There is scope for further research to improve 
throughput and expand its usage to process biofuels from marine resources. 
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