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Abstract 
Skyr is a protein-rich Icelandic dairy food product, which is often used as a health product, but also 

as a desert, or as an ingredient to health products. The product is popular among Icelanders as well 

as foreigners. Exportation of the product has limitations because of refrigeration required during 

transport, the water in the skyr makes it a relatively heavy product and therefore expensive for 

exportation. In addition to that, fresh skyr has a short shelf-life. Several freeze-dried products are well 

known, and the markets for freeze-dried products, such as instant coffee and tea are increasing. 

Freeze-drying is a method used to dry food products that are heat sensitive. When a food product 

is freeze-dried, it goes through sublimation. Freeze-dried products achieve more stable quality, are 

easily stored (often no refrigeration is needed), the shelf-life is long, and the cost of exportation lower, 

due to the removal of excess water in the product. The objectives of the study were to assess the 

process ability of skyr during freeze-drying, and to perform a shelf-life test on two types of freeze-dried 

skyr. The sub-objective of the study was to assess whether freeze-dried skyr could be used to develop 

new protein rich products for consumers, which require a stable quality at harsh storage conditions, 

such as for hitch-hikers, students and travellers in space. This was done by setting up a shelf-life 

study where the quality and stability of the product was analysed both at chilled and room temperature 

storage conditions. 

Results of the study indicated that freeze-drying was an effective way to prolong the shelf-life of 

skyr for at least 5 months, especially when stored at refrigerated conditions. No yeasts or moulds were 

observed in the samples during the study period at neither storage temperature (0 and 20°C), but 

survival of lactic acid bacteria decreased in the samples stored at 20°C after 4 months of storage. 

Overall, the blueberry skyr showed better storage stability than the neutral skyr, which was likely 

caused by the compositional differences, especially in water and carbohydrate content, as well as the 

water distribution and behaviour of the samples.  
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Ágrip 
Skyr er próteinrík íslensk mjólkurafurð sem er oft notuð sem heilsuvara, en líka sem eftirréttur eða 

hráefni í aðrar heilsuvörur. Skyr er vinsælt meðal Íslendinga sem og erlendra ferðamanna. Útflutningur 

á matvælinu hefur ýmsar takmarkanir vegna nauðsynjar á kælingu á meðan á flutningi stendur. Skyrið 

er þungt vegna vökvamagnsins og því dýrt í útflutningi, auk þess er geymsluþol fersks skyrs rétt um 

einn mánuður. Frostþurrkuð matvæli eru vinsæl og vel þekkt, og á vörum eins og instant kaffi og te 

hefur framboð á frostþurrkuðum matvælum verið að aukast. 

Frostþurrkun er aðferð sem notuð er til þess að þurrka matvæli sem eru viðkvæm gagnvart hita. 

Þegar matvæli er frostþurrkað, verður það fyrir þurrgufun. Frostþurrkaðar vörur öðlast stöðugri gæði, 

eru auðveldlega geymd (oft er ekki þörf á kælingu), geymsluþol er langt og kostnaður við útflutning er 

lægri, þar sem vatnið úr vörunni hefur verið fjarlægt. Markmið rannsóknarinnar var að meta áhrif 

frostþurrkunarferlis á tvær tegundir af skyri og rannsaka geymsluþol afurðanna eftir ferlið.  

Undirmarkmið rannsóknarinnar var að meta hvort frostþurrkað skyr gæti verið notað sem hráefni í 

nýjar próteinríkar afurðir, sem ná að viðhalda gæðum sínum við erfiðar geymsluaðstæður. Þetta var 

framkvæmt með því að setja upp geymsluþolspróf þar sem gæði og stöðugleiki afurðanna voru 

metnar, eftir að hafa verið geymdar ýmist við 0°C eða 20°C. 

Niðurstöður úr rannsókninni gáfu til kynna að frostþurrkun er áhrifarík aðferð til að lengja 

geymsluþol skyrs upp í allt að 5 mánuði, einkum þegar það er geymt við 0°C. Ger- og/eða fundust ekki 

í sýnunum á meðan á geymsluprófi stóð, hvorki við 0°C né 20°C. Þó virtist virkni mjólkursýrubaktería 

minnka við geymslu eftir 4 mánuði við 20°C. Bláberjaskyrið var almennt stöðugra með tilliti til geymslu 

en hreina skyrið, en það má líklega skýra út frá mismunandi samsetningu hráefnis hvað varðar vatns- 

og kolvetnainnihald, auk þess var dreifing og hegðun vatnsins öðruvísi í bláberjaskyrinu en í hreina 

skyrinu.  
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1    Introduction 
Skyr is a traditional Icelandic dairy product that has been made in Iceland since the settlement 

(Valsdóttir & Sveinsson, 2011). The making of skyr was very common in Icelandic country homes for 

their private use. Therefore, the processing of skyr was very different and unique for each home. At 

first, skyr was more sour and thinner than it is today. The main reason for the changes of the skyr is 

because of changes in processing techniques through the years. This protein-rich dairy product is thus 

an important part of the food culture in Iceland (Valsdóttir & Sveinsson, 2011), which makes it 

appropriate to provide more knowledge about the product. However, little research on traditional skyr 

and its uniqueness has been performed up to date (Valsdóttir & Sveinsson, 2011).  

Skyr has mainly been produced for consuming as it comes from the package, without any further 

preparation. Nonetheless, it has potentials to be used in other ways. With modern food techniques, it 

might be possible to process the skyr further, after the traditional processing. Developing a wider 

range of products from the raw material may result in new consumption methods and increase the 

potentials of skyr. 

Freeze-drying is a method used to dry heat sensitive food products. When a food product is freeze-

dried, it goes through sublimation (Garcia-Amezquita, Welti-Chanes, Vergara-Balderas, & Bermúdez-

Aguirre, 2016). Sublimation happens when a compound or mixture goes from being at solid state (ice) 

to a gaseous state (vapour), bypassing the liquid state of the compound. This requires lowering of the 

processing pressure and temperature so the phase change can occur below the triple point of water. 

Because of the sublimation, freeze-drying is an expensive operation. However, freeze-drying is 

particularly beneficial for heat-sensitive compounds since the process occurs at a low temperature 

compared to traditional evaporation, which reduces the risk of heat-induced denaturation of proteins 

and other nutrients. Freeze-dried heat-sensitive compounds can, therefore, hold on to nutrients and 

sensory qualities better than food treated with other processing methods and/or storage conditions 

(Garcia-Amezquita et al., 2016). 

Icelandic yoghurt and skyr products are always stored at refrigerating conditions within the 

temperature range of 0-4°C, requiring much energy, most often with electricity, resulting in a rather 

expensive storage method, to keep a long and stable shelf life.   

Studies have shown that freeze-drying of yoghurt can prolong shelf-life in some cases if stored at 

dry conditions and at relatively low temperatures (Chutrtong, 2015) as in refrigerating. However, 

information about the effects of freeze-drying on the lactic acid bacteria and nutrients of skyr are 

lacking in literature. Furthermore, skyr has a higher dry matter than yoghurt, which could make skyr 

more likely to withstand the process of freeze-drying. With optimized treatment and technology, any 

negative effects of the freeze-drying on yoghurt and skyr can be minimized. Alternative storage 

options of skyr would make it possible to expand the use of skyr and implement it on other levels in 

food production. Freeze-dried skyr could be used as an additive to other food productions, or for use 

at conditions where refrigerated storage is not an option, such as during hiking, space travels etc. 

Freeze-drying of skyr might also ease export of this kind of a food product, and thus ease the 

introduction of skyr to new markets. The dried product would be much lighter than the original product 
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and smaller in volume, which leads to a decrease in storage space needed for exportation. That 

makes the export less expensive, although it is important to keep in mind that freeze-drying is 

considered to be a technique that is high in cost. Freeze-dried skyr powders could be used as an 

ingredient in other food products, processed in new ways with better nutrition overall and hopefully 

other positive features. 

 

2    Objectives 
The objectives of the study were to assess the process ability of skyr during freeze-drying, and to 

perform a shelf-life test on two different types of freeze-dried skyr products, i.e. neutral skyr without 

any taste additives, and blueberry skyr. The sub-objective of the study was to assess whether freeze-

dried skyr could be used to develop new protein rich products for hikers, or other consumers, which 

require a stable quality at harsh storage conditions, such as travellers in space. Even students and 

athletes could use a product like freeze-dried skyr. Confectionary or health product producers could 

furthermore use the freeze-dried skyr as an ingredient for fillings of chocolate or boosts. Therefore, a 

shelf-life study was set up where the quality and stability of the product was analysed both at chilled 

and room temperature storage conditions.  
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3 Review of the literature 

3.1 Nutrition of dairy 
Dairy products are considered to be a good source of nutrients because of their high calcium levels 

and a relatively high absorption rate of nutrients in the gut (Rozenberg et al., 2015). Additionally, dairy 

products are rich in protein, potassium, magnesium, phosphorus and zinc (Rozenberg et al., 2015).    

The intake of calcium is estimated to be too low in several countries and communities in the world 

(Rozenberg et al., 2015). The World Health Organization (WHO) and the Food and Agriculture 

Organization of the United States (FAO) recommend that adults should reach a calcium intake of 1000 

mg/day (Rozenberg et al., 2015). The Icelandic Directorate of Health recommends adults to reach a 

minimum calcium intake of 800 mg/day (The Icelandic Directorate of Health, 2013). In addition, they 

recommend adults to consume dairy products low in fat, and without or low in sugar (The Icelandic 

Directorate of Health, 2015). A suitable choice of dairy servings per day, is recommended to be 

approximately two glasses, dishes or cans of milk, or other dairy products (about 500 ml) (The 

Icelandic Directorate of Health, 2015).  

Even though Table 1 and Table 2 show that milk provides a higher ratio of micronutrients than skyr, 

skyr provides more micronutrients for every gram of protein. There are 12 g of protein in 100 g of skyr, 

while there are only 3.4 g of protein in 100 g of skimmed milk. Thus, skyr provides 3.5 times more 

protein than the same amount of milk. Regular skyr without flavouring ingredients is very low in fat and 

without added sugar, which makes the skyr a good option according to the recommendations from the 

Icelandic Directorate of Health.  

 

Table 1. Nutrients and recommended daily intake (RDI) in 100 g of skimmed milk. 

Nutrient	   RDI*	  	   100	  g	  skimmed	  milk	  (léttmjólk)	   %	  RDI	  
B12-‐vitamin	   2.0	  μg	   0.37	  μg	   19%	  
B2-‐vitamin	   1.3	  mg	   0.16	  mg	   12%	  
Phosphorus	   600	  mg	   95	  mg	   16%	  
Iodine	   150	  μg	   11.2	  μg	   7%	  
Calcium	   800	  mg	   114	  mg	   14%	  

 

Table 2. Nutrients and RDI in 100 g of skyr without additives. 

Nutrient	   RDI*	   100	  g	  skyr	   %	  RDI	  
B12-‐vitamin	   2.0	  μg	   0.36	  μg	   18%	  
B2-‐vitamin	   1.3	  mg	   0.2	  mg	   15%	  
Phosphorus	   600	  mg	   192	  mg	   32%	  
Iodine	   150	  μg	   21.6	  μg	   14%	  
Calcium	   800	  mg	   100	  mg	   13%	  

 

*Recommended Daily Intake 
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3.1.1 Dairy in Iceland 
The cattle breed in Iceland originates mostly from Norway, and were brought to Iceland during the 

ninth century (Adalsteinsson, 1981). Since then, other breeds have not been imported (Kantanen et 

al., 2000). This means that today, the dairy cattle in Iceland all come from the original Icelandic breed, 

which has been fully isolated from other cattle breeds for more than 1100 years (Reykdal, Rabieh, 

Steingrimsdottir, & Gunnlaugsdottir, 2011). That makes the breed very unique for its genetics, history, 

and culture (Kantanen et al., 2000). This has also effected the composition of the milk, which has for 

example been shown to contain a higher A2 β-casein fraction, and a lower n-6/n-3 fatty acid ratio 

compared to milk from the other Nordic countries (Iggman, 2003). 

3.2 Skyr 
Skyr plays a big role in the dairy consuming history in Iceland. It is quite popular as a health product, 

but can also be used as a desert. Between the years 1995-2004, the overall sales of skyr doubled in 

Iceland, resulting in a consumption of 10.7 kg/person/year (Guðmundsson & Kristbergsson, 2006). A 

few years later, the Icelandic dietetic national survey 2010-2011, showed that overall dairy 

consumption had lowered in the previous years (Þorgeirsdóttir et al., 2011). This indicates that further 

product development is needed to increase the consumption of dairy products again. 

Skyr without taste additives contains only 0.2 g of fat, 3.7 g of carbohydrates and 11.5 g of protein 

in 100 g (Mjólkursamsalan, 2015). The nutritional composition of skyr shows that about 75% of the dry 

matter is protein. As can be seen in Tables 1 and 2, there are other valuable nutrients in skyr, like 

B12-vitamin (0.36 µg/100 g), B2-vitamin (0.20 µg/100 g), phosphor (192 mg/100 g), and calcium (100 

mg/100 g). In skyr with taste additives these proportions can vary because of the sugar amount 

added.  

The taste and texture of the skyr is mainly depending on the microbial flora that starts to develop 

when the milk is becoming sour and coagulates (Valsdóttir & Sveinsson, 2011). At first, skyr was only 

produced without taste additives. In the sixties, skyr with fruits or berries as taste additives was 

produced (Guðmundsson & Kristbergsson, 2006), resulting in a wider range of skyr products on the 

market. At the same time, packaging of skyr in to cans was put into the producing process, instead of 

wax paper. 

In recent years, skyr products with added sugar are more consumed like desserts or in the making 

of desserts, while skyr without sweeteners or with artificial sweeteners, are more used as health 

products and is considered a satisfying supplement to a healthy lifestyle. 

3.2.1 Traditional processing of skyr 
The modern processing of skyr can vary between companies, but the process described in Figure 1, 

and the following description describes the traditional method of producing skyr.  

Skimmed milk was pasteurized at 85-90°C for 15-30 minutes, then chilled down to 38-45°C and 

finally the rennin enzyme was added. When the whey had coagulated, the lactic acid bacteria were 

added and the mixture was left to stand for 4-6 hours. When the product started to look like skyr, it 

was cooled down to room temperature and left to stand overnight. The following day, the skyr whey 
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was filtered and removed. Removing the skyr whey lowers the pH of the skyr. The last step was 

packaging of the skyr (Figure 1). 

 

Figure 1. A flowchart showing the traditional process of making neutral skyr without any taste 
additives. 

3.2.2 Modern processes of skyr 
Pasteurized skimmed milk is cooled down to 40°C and blended with the enzyme rennet. The milk-

blend is left to cool down to 18°C. When stirring, the milk-blend cools even more, down to about 13°C. 

There after the blend goes through pasteurization at 68°C for 15 seconds. The last step before 

packaging is centrifugation, where the whey runs of from the skyr, and is thus separated from other 

product streams. At last, the skyr is packaged and has a total dry matter of 17.5% in the final product. 
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Figure 2. A flowchart showing the modern process of making neutral skyr without any taste 
additives. 

3.2.3 The microbiology of skyr 
The bacteria Streptococcus. thermophiles and Lactobacillus bulgaricus have shown to be the most 

important bacteria in the process of making skyr (Magnússon, 1967; Pétursson, 1938). The study 

performed by Pétursson (1938) also showed marks of Eshericia coli bacteria, and even a little amount 

of rotting bacteria and mould. Lactobacillus jugurt were also found in the skyr (Pétursson, 1938). 

According to Péturssons study in 1938, S. thermophiles seemed to make rough and dry skyr, while L. 

bulgaricus and L. jugurt resulted in skyr with a softer texture. Yeast was found in all of the skyr 

samples, but they did not make the skyr better in any way. It was even harmful in one sample 

(Pétursson, 1938).  

The mean effect of S. thermophiles in the skyr making was that it made the milk ferment faster, 

which made it more tolerant against spoilage microorganisms. The Lactobacillus bacteria, on the other 

hand, degraded the proteins and were, therefore, responsible of the most important quality features in 

the skyr, namely changes in taste and texture (Valsdóttir & Sveinsson, 2011). 

To achieve a fitting microbial flora, good hygiene is very important, inhibiting bad flora that could 

result in bad taste and/or spoiling factors in the skyr (Valsdóttir & Sveinsson, 2011). 

3.2.3.1 Spoiling factors in dairy products 
In yogurt, yeasts are one of the main factors that cause spoilage of the product (Fleet, 1990). Yogurt 

should contain less than 10 yeast cells/g, preferably less than 1 cell/g. If the product is refrigerated at 

<5°C, it should not get spoiled by yeasts, and should have a shelf-life of 4 weeks or more. After that 

time, other factors than yeasts are limiting the shelf-life of the product, even though, the product can 

be contaminated by yeast while being processed. If number of yeast cells/g is exceeds 100, the yogurt 

is likely to be spoiled. Signs of yeast spoiled yogurt is swelling of the package caused by gas 

production. The package can rupture and a yeasty, fermentative smell follows (Fleet, 1990). 

Similar spoiling factors can probably be seen in skyr, as the products are similar to each other. 

 



19 

3.3 Freeze-drying 
Freeze-drying, also known as lyophilisation, is a well-known procedure that is often used to ensure the 

quality of a product, while being exported between countries, or for prolonging shelf-life (Peters, 

Leskinen, Molnár, & Ketolainen, 2015). The technique used when freeze-drying, is very useful for 

drying thermo-sensitive substances that are often less stable in their aqueous solutions (Mumenthaler 

& Leuenberger, 1991). In the solid state of a freeze-dried product, the reactions of chemical and 

physical degradation are inhibited or reduced enough to avoid degradation processes in the product 

(Kasper & Friess, 2011). The main disadvantage of freeze-dried products is the high cost of 

processing the food, and possibly a loss of nutrients (Jenkins, 1968). On the other hand, the 

advantages are more consistency of the quality, easy storage (often no refrigeration required), longer 

shelf-life, and the cost of transportation is reduced, due to the removal of excess water from the 

products (Jenkins, 1968). 

A typical freeze-drying process is divided into three different steps or phases (Tang & Pikal, 2004). 

The first phase is freezing, then a primary drying, or ice sublimation step, and the process is finished 

with a secondary drying step. A typical freeze-drying process is described in Figure 3. 

 

Figure 3. Flowchart for the process of freeze-drying (Tang & Pikal, 2004). 

 

The first stage of a freeze-drying procedure is the freezing process (Tang & Pikal, 2004). When 

freezing a compound, in our research; skyr, most of the water is immobilized due to the formation of 

solid ice. The skyr separates into multiple phases of skyr and ice crystals (Tang & Pikal, 2004).  The 

freezing process often boosts destabilizing stress forces, especially when freezing proteins. This 

makes the freezing step very complex, and at the same time, very critical in the freeze-drying process 

(Kasper & Friess, 2011). Skyr is a product that is rich in proteins, and therefore, the freezing process is 

important to assure an appropriate quality of the final product. Thus, a well-controlled and understood 
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freezing step is likely to lead to an optimized, and more efficient freeze-drying cycle, leading to the 

production of products with improved quality and stability (Kasper & Friess, 2011). 

The ice sublimation starts when the pressure in the chamber is reduced and the temperature is 

adjusted to supply the heat that is removed in the primary drying (Tang & Pikal, 2004). While the 

primary drying is on-going, the pressure in the chamber drops below the vapour pressure of ice. The 

ice then forms vapour through sublimation, and is thus removed from the product. This vapour is then 

collected in the condenser of the freeze-drying unit. The ice sublimation stage in the process is usually 

the longest in the freeze-drying process.  

In the secondary drying step the water is absorbed from the frozen concentrate, at low pressure but 

at an elevated temperature (Tang & Pikal, 2004). In some cases the secondary drying occurs partly at 

the beginning of the primary drying, while ice is still being removed. However, most of the secondary 

drying happens after the ice sublimation is done and the temperature of the product has been 

increased. Typically, the secondary drying only takes a few hours. Therefore, time reduction at this 

stage is not recommended (Barley, 2012). 

The heating included in the freeze-drying process may be performed by either heat radiation or 

heat conduction (Barley, 2012). When freeze-drying a product, the energy must be moved to the 

surface, where the sublimation is on-going (Earle, 2003). That demands a slow rate that prevents the 

temperature of the drying surface to overcome the freezing point. Heat transfer by conduction is a 

common technique used when freeze-drying. The properties of the conduction change during the 

drying process. The dry surface layers transfer less heat compared to the deeper layers, so the 

sublimation therefore happens in these dry surface layers. The main reason for that is because of their 

poor potentials to transfer heat. That results in a slow and progressive transfer of heat to the drying 

region (Earle, 2003). Radiation is another way of heat transfer that is commonly used when freeze-

drying, that is when heat energy is transferred by electromagnetic radiation. As radiation depends 

upon relative temperatures, geometric arrangements and surface structures of the materials that are 

absorbing heat, it is considered independent of the medium. In freeze-drying, radiation can be 

significant with small temperature differences (Earle, 2003). 

 

3.5 Markets and Consumers 

3.5.1 Food for hikers and students 
A wide range of freeze-dried meals exists for hikers on the market (Jenkins, 1968). However, not 

many choices of freeze-dried dairy products appear to be available. The most common freeze-dried 

dairy products are regular milk powders and yoghurt droplets, which both pertain a source of protein.  

Most of the freeze-dried products are meals that are to be eaten warm, so hikers need hot water or 

cooking equipment to prepare the meal. However, only cold water and some stirring would be needed 

to prepare freeze-dried skyr for consumption. At the same time, the hiker would achieve a good, tasty 

and nutritious portion of protein (Mjólkursamsalan, 2015). 
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This kind of a product could even be popular among students, who often bring their own food to 

school, but usually, students do not have access to refrigerators while at school. However, freeze-

dried skyr can possibly be stored at room temperature and, the students would only need access to 

cold water during the day to prepare their freeze-dried skyr before consumption. This product could 

therefore be a great, protein-rich nutritious and good option for anyone who likes to eat fresh and cold 

dairy products.   

3.5.2 Space food 
In the recent decades, several studies have been performed to develop food which can be eaten in 

space by astronauts (Perchonok & Bourland, 2002). The first products that were consumed in space 

met high requirements set by the spacecraft design teams, and were mostly made for short travel in 

space. In the recent years, when space travels have become longer there has come a need for better 

nutrition, foods that is easy to consume, and have more variety (Perchonok & Bourland, 2002). Food 

products that are developed for longer missions in space must maintain their safety, sensory factors 

and nutrients for up to 3-5 years (Cooper, Douglas, & Perchonok, 2011). One important feature to 

have in mind when developing space food is to limit the mass of the product as much as possible, in 

addition to keeping waste at a minimum of the product after consumption. That is, the packaging and 

mass of the product should not take much space while stored in the space vehicle (Perchonok & 

Bourland, 2002). 

Freeze-dried skyr could come as an alternative nutritious and protein-rich product for those who 

travel in space for longer periods.  In 2007, Venir et al. did a study on freeze-dried yogurt as a space 

food (Venir et al., 2007). Results showed that the rheological properties of the yoghurt were not much 

affected by the freezing step, although the drying step showed that the structure of the yoghurt was 

weakened. However, by adding 70% of the original water to the freeze-dried yoghurt-powder upon 

rehydration, they reached the earlier viscoelastic properties and the original strength of the yoghurt 

(Venir et al., 2007).  

3.5.3 As an ingredient for the dietary supplement market 
Protein-rich products are often popular among athletes. Protein powders are commonly used for 

making nutritious and healthy shakes or boosts. As the freeze-dried skyr is a dairy powder, it could be 

used in shake-drinks; it is easy to use and rich in proteins. In addition to that, it can be used as a 

classic protein powder health dietary supplement.  

Food producers could use the freeze-dried skyr as an ingredient in making tasty protein bars. Even 

confectionery producers could develop exciting sweets as chocolate with fillings made out of freeze-

dried skyr with flavouring ingredients like blueberries, strawberries or vanilla. Skyr-droplets made out 

of the skyr-powder could be used as healthy snacks or an exciting candy-like option for children with 

the same taste additives as mentioned. 
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3.6 Exportation 
Exportation of Icelandic dairy products has mostly been in the form of milk powder and butter 

through the years (Íslandsstofa, 2015). However, the interest in Iceland and the culture of the country 

has increased in the recent years and thereby also in the Icelandic food culture. In Scandinavia, there 

are no dairy products similar to skyr, apart from the German dairy product called kvarg that is 

commonly produced in Mid- and Eastern Europe (Guðmundsson & Kristbergsson, 2006).   

The exportation of milk powder and butter has been decreasing. On the other hand, exportation of 

skyr has been increasing, probably due to an increased international interest in Icelandic food 

products, including skyr. This trend may also be affected by a new interest within Icelanders in 

consuming dairy products that contain more fat. Therefore, overall dairy production in Iceland has 

increased because of a higher demand for fat from the milk, which lead to a redundancy of protein 

from milk in Iceland. The protein-part of the dairy products was therefore exported to other countries 

(Íslandsstofa, 2015). In Figure 4 the exportation of dairy products from Iceland in years 2005-2014 can 

be seen. 

Freeze-drying techniques could increase the export of Icelandic skyr, because it becomes 

considerably lighter and smaller in volume, when the water content in skyr is removed. This would also 

make the export of the skyr less expensive. 

 

Figure 4. Exportation amount and value of dairy products from Iceland in 2005-2014. Data 
accessed from (Íslandsstofa, 2015). 

Even though, export of Icelandic skyr is currently applicable, it does not fulfil the market demand for 

the product in other countries. A small country like Iceland does not have the resources to fulfil the 

demand of this popular Icelandic dairy product. Therefore, some food companies like Thise mejerier, 

Arla and Kavli have been authorized to produce the Icelandic product with their own local raw material. 
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4 Material and Methods 
The experiment was divided into a pre-trial and a main-trial, where the objective of the pre-trial was to 

assess the effect of fast and slow freezing of skyr on the properties of freeze-dried skyr, while the 

objective of the main trial was to assess the storage stability of freeze-dried skyr products based on 

the results from the pre-trial. The two trials are described in greater detail in the following chapters.  

4.1 Pre-trial  

4.1.1 Pre-trial: Preparation of samples 
The skyr used in the study was obtained from Mjólkursamsalan ehf. (MS). Two different types of skyr 

were used throughout the project, i.e. Skyr.is without flavouring ingredients added, and Skyr.is with 

blueberries. Both of the skyr types were processed with ultrafiltration. In the pre-trial, skyr was placed 

in 16 aluminium trays, 8 of each product, and about 250 g of skyr in each tray. Then half of the skyr 

(four trays of each product) was left to freeze at -25°C overnight to assess the effect of slow freezing. 

The other half of the skyr was put into a fast freezer (ABV4043, ILSA Refrigeration, Castello 

Roganzuolo di San Fior, Italy) for 4.5 hours and then put into a frozen storage room held at -25°C until 

freeze-dried the day after, to assess the effect of fast freezing.  

4.1.2 Pre-trial: Freeze-drying of skyr samples 
The frozen skyr was put in a radiation freeze drier (LKB Autovac® Gauge, type 3294 B, Atlas, 

Denmark) and left to dry for three days. After the freeze-drying process, the skyr was vacuum packed 

in a Packman XL vacuum packaging machine (ATM Machinery, Haaksbergen, The Netherlands), 

using plastic vacuum bags (250x350 mm x 80 µm, PMT, Reykjavik, Iceland), and stored at either 0°C, 

or at room temperature (approx. 20°C) until they were analysed. 

4.1.3 Pre-trial: Experimental Setup 
After the freeze-drying process, two samples of each product were analysed, a total of 8 samples. 

Four of the samples were used to analyse the microbiological composition of the freeze-dried skyr, by 

assessing mould and yeast formation, as well as lactic acid bacteria survival rates. The other half of 

the samples was used for analysis of water activity (Aw), as well as near infrared spectroscopy (NIR) 

and colorimetric analysis. Thereafter, the samples were rehydrated up to 90% of the original amount 

of water. 

The following measurements were done after rehydration; NIR spectroscopy, nuclear magnetic 

resonance (NMR), pH analysis, along with viscosity and colorimetric analysis. The samples were then 

sent to the chemical laboratory at Matís, where the water, protein, fat, and ash content were 

measured, along with the water holding capacity (WHC) of the samples.    
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Table 3. Analyses performed in the pre-trial. 

Pre-‐trial	  analyses	  
	  Performed	  in	  dry	  skyr:	   NIR	  

	  
aw	  

	  

Lactic	  acid	  bacteria,	  
mould	  and	  yeast	  

	  
Colorimetric	  analysis	  

Performed	  in	  rehydrated	  dried	  skyr:	   WHC	  

	  
Water	  	  

	  
Ash	  

	  
NMR	  

	  
Viscosity	  

	  
pH	  

	  
Fat	  

	  
Protein	  

	  

	   	  
 

Table 4 shows abbreviations that were used for the samples throughout the pre-trial. 

Table 4. Abbreviations for samples in the pre-trial. 

Sample Abbreviation 

Fast frozen blueberry skyr FFB 

Fast frozen neutral skyr FFS 

Slowly frozen blueberry skyr SFB 

Slowly frozen neutral skyr SFS 

 

4.2 Main trial 

4.2.1 Main trial: Preparation of samples 
The skyr used in the main trial was obtained from Mjólkursamsalan ehf. (MS) like in the pre-trial, and 

the same products, i.e. Skyr.is without flavouring ingredients, and Skyr.is with blueberries. Both of the 

skyr types were processed with ultrafiltration. In the main trial, skyr was added into 96 aluminium 

trays, 48 of each type, and about 250 g of skyr in each tray. Then the skyr was frozen in a fast freezer 

(ABV4043, ILSA Refrigeration, Castello Roganzuolo di San Fior, Italy) for 4.5 hours followed by 

storage in a -25°C freezer until processed further in the freeze-drier.  

4.2.2 Main trial: Freeze-drying of skyr samples 
The frozen skyr was now put into a conduction freeze-drier (Virtis, Generesis, 25EL), and left to dry for 

three days. After the freeze-drying process, the skyr was vacuum packed as in the pre-trial, using the 

same equipment and type of plastic bags (250x350 mm x 80 µm, PMT, Reykjavik, Iceland). The 

samples were then stored at either 0°C, or at room temperature (approx. 20 °C), until analysed, in a 

similar manner as in the pre-trial. 
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4.2.3 Main trial: Experimental setup 
Freeze-dried samples of blueberry skyr, and skyr without taste additives were measured directly after 

freeze-drying, and after 2, 4 and 5 months of storage.  

Samples of each skyr type were analysed in duplicates, both before and after freeze-drying, giving 

a total of 8 samples for each occasion. Sixteen samples were analysed at 2, 4 and 5 months of 

storage, respectively, since half of them were stored at 0°C, and the other half at room temperature. 

Like in the pre-trial, two trays of each sample were used for microbiological analysis, while the two 

trays for each sample were used for physicochemical analysis at each sampling point.  

Because of the high hygroscopic nature of the freeze-dried samples, the analysis of the water 

activity was performed first, directly upon opening each vacuum-packed sample. Thereafter, NIR and 

colorimetric analyses were performed, in a similar manner as in the pre-trial.   

Based on mass balance calculations of the freeze-drying yield, and experience obtained from the 

pre-trial, 85% of the water amount absorbed in the freeze-drier was now added to the samples during 

rehydration instead of 90%. The samples were then analysed again by NIR, NMR, pH and colorimetric 

analysis. As in the pre-trial, all samples were then sent to the chemical laboratory at Matís, for water 

content and water holding capacity (WHC) analysis. Protein, ash and fat was only analysed in the raw 

material. An overview of the analysis performed in the main trial can be seen in Table 5. 

Table 5. Analyses performed in the main trial. 

Main	  trial	  analyses	  
	   	   	  In	  raw	  material:	   Protein	   Performed	  in	  dry	  skyr:	   NIR	  

	  
Ash	  

	  
aw	  

	  
Fat	  

	  

Lactic	  acid	  bacteria,	  yeast	  
and	  mould	  

	  

Water	  

	   	  

	  
WHC	  

Performed	  in	  rehydrated	  
dried	  skyr:	   Water	  

	  
NMR	  

	  
WHC	  

	  
NIR	  

	  
NMR	  

	  

pH	  

	  

NIR	  

	  
Colorimetric	  analyses	  

	  
pH	  

	  

Lactic	  acid	  bacteria,	  
yeast	  and	  mould	  

	  
Colorimetric	  analyses	  
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Table 6 shows abbreviations that were used for the samples throughout the main trial. 

Table 6. Abbreviations for samples in the main trial. 

Type of skyr T(°C) storage Abbreviation 

Blueberry skyr 0-4 BS_0C 

Blueberry skyr 20-24 BS_20C 

Neutral skyr 0-4 NS_0C 

Neutral skyr 20-24 NS_20C 

 

4.3 Physicochemical analysis 

4.3.1 Water content 
Approximately 5 g per skyr sample were weighed in ceramic bowls with sand. Each sample was put 

into a heated oven with the temperature of 103+/-2°C, and left there to dry for four hours. To 

determine the amount of water in the samples, each sample was weighed after the drying process 

(ISO-6496, 1999).  

4.3.2 Water holding capacity (WHC) 
For determination of the WHC, 20 g of each skyr sample was centrifuged at the speed of 500 rpm for 

five minutes, where after the supernatant was weighed (Panesar & Shinde, 2012). When calculating 

the % syneresis and WHC, the following calculations were used:   

 

WHC = 100 - % syneresis 

4.3.3 Fat, ash and protein analyses 
The sample was dried at 103+/-2°C before the analysis as described in the water content analysis. 

The fat content of the freeze-dried and rehydrated skyr samples was extracted with petroleum ether, 

with a boiling point range of 40-60°C. When the ether had been removed, the extraction was weighed, 

as described by the AOCS Official Method (Ba 3-38, 1997), with minor changes according to 

application note Tecator no AN 301. 

The ash amount was assessed by weighing the amount that was left after the calcination and 

heating of a 2 g sample in an oven at 550°C, as described by the ISO 5984 (2002) method. 

The protein content was assessed by the ISO 5983 (2005) method, where the proteins are broken 

down and digested in concentrated H2SO4 with an added oxidation catalyst (CuSO4), and blended with 

K2SO4, which increases the boiling point. The carbon and hydrogen of the protein partly oxidises in to 

CO2 and water. Sulphuric acid redox into SO2, but amines into NH3. After digestion, the nitrogen of the 

protein is in the form of NH4
+ ions. With addition of NaOH it transforms into NH3, which is steamed 
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over to a boracic acid solution, which is at last titrated back with 0.2 N H2SO4.  At last, by multiplying 

the amount of nitrogen with the conversion factor 6.25, the crude protein was obtained. 

4.4 Water activity 
Two water activity meters (Dew Point Water Activity Meter 4TE, AquaLab, Pullman - WA, USA) were 

used to analyse the water activity (aw) in the samples. Directly upon opening of the vacuum-sealed 

bags, the freeze-dried samples were placed in small plastic cups, which were placed and analysed in 

the water activity meter. Two replicates were analysed simultaneously from each sample.   

4.5 pH analysis 
A Knick pH meter (Portamess 913, Knick, Germany) was used to measure the pH in the rehydrated 

skyr. The pH meter had previously been calibrated with buffer solutions with pH 4 and 7, respectively. 

The electrode of the pH meter was inserted into each sample three times at different locations, and 

the pH-value is presented in the results as the average value, with standard deviation from each 

sample. 

4.6 Colorimetric analysis 
A Minolta colorimeter (Chroma meter CR-300, Konica Minolta, Tokyo, Japan), in the L*a*b* mode, 

was used for colorimetric analysis of the skyr. The L*-value describes the lightness of the sample, 

ranging from white to black, while the a*-value gives the range of colour from green to red, and the b*-

value indicates colour changes within the blue to yellow spectrum. Each sample was analysed three 

times in different places, and the results of each sample were presented as their mean values with 

standard deviations. 

4.7 Microbiological analysis 
Analysis of yeast, mould and lactic acid bacteria (LAB) was performed in the raw material, as well as 

in the freeze-dried skyr right after the freeze-drying process, as well as throughout the storage period. 

The analyses were done in the neutral skyr at the starting point, and after 2, 4 and 5 months of 

storage, while the initial point in the blueberry skyr was analysed after two weeks, as well as after 2, 4 

and 5 months of storage. 

4.7.1 Mould and yeast 
The colony forming unit (cfu) levels of mould and yeasts were determined by preparing dilution series 

of the sample material according to general microbiological principles, followed by spread plating onto 

specified agar medium in Petri dishes. The samples were incubated at 22.0± 1.0 °C for 5 days. 

Moulds and yeasts were counted separately, and the number of colonies per gram of sample was 

calculated from counted colonies on selected plates, and by multiplying the number of colonies 

obtained by the dilution factor. The media that was used was Dichloran Rose-Bengal Chloramphenicol 

Agar (DRCB-Agar). 
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4.7.2 Lactic acid bacteria  
The LAB count was determined by preparing a dilution series of the sample according to general 

microbiological principles, followed by surface spreading with spiral plating on de Man, Rogosa and 

Sharpe (MRS) agar. The plates were incubated in anaerobic jars. The incubation time was 72 hours at 

30°C. 

4.8 Nuclear Magnetic Resonance (NMR) analysis 
A Bruker Minispec mg 20 (Bruker Optics GmgH, Am Silberstreifen D-76287 Rheinstetten, Germany) 

was used to measure the proton distribution and characteristics in the rehydrated samples. Three 

sample replicates were taken from each product tray and put in NMR tubes. The tubes were then 

placed in the NMR instrument one by one and measured at room temperature. The Carr-Purcell-

Meiboom-Gill (CPMG) pulse sequence (Carr, 1954; Meiboom, 1958) was used for the transverse 

relaxation time analysis, using an interpulse time of 100 µs, 8 repetitive scans, with a recycle delay of 

10 s. 8400 echoes were collected in each scan, and no dummy shots were used. The obtained 

relaxation data was maximum normalized, and fitted to a discrete exponential model with the Low field 

NMR Toolbox for Matlab (The Mathworks Inc., Natick, Mass., USA), as described by Pedersen et al 

(Pedersen HT, 2002). Residual analysis was then used to assess the number of proton components in 

the samples.  

 

4.9 Near InfraRed (NIR) analysis 
NIR reflectance analysis was performed with a fibre probe using a Bruker Multi Purpose Analyzer 

(MPA) (Bruker Optics, Rheinstetten, Germany). Each sample was measured in duplicate both before 

and after rehydration, and five scans were used to build each spectrum. The spectra were baseline 

corrected in the OPUS software (Bruker Optics, Rheinstetten, Germany) prior to further analysis.  

 

4.10 Data analysis 
Analysis of all data and results were performed using Microsoft Office Excel 2011. Multivariate 

principal component analysis (PCA) of the NIR spectral data was performed using the Unscrambler X 

(Camo Software, Oslo, Norway). The obtained PCA models were randomly validated, with 2 samples 

in 20 segments and an uncertainty test was used to find the optimal number of components. 
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5 Results and discussions 

5.1 Pre-trial 

5.1.1. Visual assessment of products 
In the pre-trial, results showed that fast freezing of the skyr made a great difference in the visual 

freezing characters of the samples. The fast frozen skyr was frozen into a fastened mass, while the 

slowly frozen skyr had frozen into flakes. After the freeze-drying process this was even clearer. The 

fast frozen skyr was still like a solid mass, but now with a dry appearance and texture. However, the 

slowly frozen skyr was more flaked, and was really easily broken into big skyr flakes when minor 

pressure was applied by pushing a spoon onto the sample surface. However, the fast frozen skyr 

turned into a mixture of fine powder and small flakes when a similar pressure treatment was applied. 

(Figures 5-7). The blueberry skyr seemed to break into bigger flakes than the neutral skyr.  

 

 

Figure 5. Slowly frozen blueberry (top) and neutral (bottom) skyr to the left, fast frozen skyr to 
the right. 
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Figure 6. Fast frozen and freeze-dried blueberry skyr (FFB) to the left, slowly frozen and freeze-
dried blueberry skyr (SFB) to the right after minor pressure application. 

 

Figure 7. Fast frozen and freeze-dried neutral skyr (FFS) to the left, slowly frozen and freeze-
dried neutral skyr (SFS) to the right after minor pressure application. 
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5.1.2 Properties of freeze-dried skyr 

5.1.2.1 Colorimetric analysis 
Figures 8-10 show the colorimetric analysis results of the freeze-dried skyr samples. The analysis 

indicated that there was no significant difference in the results from the colorimetric analyses, when 

comparing fast frozen and slowly frozen skyr products. However, the neutral skyr products showed 

higher L*-values, indicating a lighter appearance of the neutral skyr samples. The neutral skyr 

samples also showed a slightly negative a*-value, indicating a slight green nuance to the samples, 

while the blueberry skyr samples showed a fairly high positive a*-value in agreement with its 

pink/reddish appearance. Furthermore, analysis of the b*-value indicated that the neutral skyr samples 

were slightly yellow in appearance. 

 

Figure 8. L*-value of freeze-dried skyr. FFB relates to fast frozen blueberry skyr, FFS to fast 
frozen neutral skyr, SFB to slowly frozen blueberry skyr and SFS to slowly neutral 
skyr, n=2. 

 

Figure 9. a*-value of freeze-dried skyr. FFB relates to fast frozen blueberry skyr, FFS to fast 
frozen neutral skyr, SFB to slowly frozen blueberry skyr and SFS to slowly frozen 
neutral skyr, n=2. 
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Figure 10. b*-value of freeze-dried skyr. FFB relates to fast frozen blueberry skyr, FFS to fast 
frozen neutral skyr, SFB to slowly frozen blueberry skyr and SFS to slowly frozen 
neutral skyr, n=2. 

5.1.2.2 Microbiological analysis 
Microbiological analysis of lactic acid bacteria (Figure 11) showed generally higher counts in the fast 

frozen skyr than in the slowly frozen skyr. This incidated that the lactic acid bacteria was more likely to 

survive when the fast freezing technique was used, compared to the skyr that was frozen slowly. 

These results encourage the decision to only use the fast freezing technique in the main trial. 

 

Figure 11. The amount of lactic acid bacteria (log(CFU/g)) in freeze-dried skyr, n=2. 
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5.1.2.3 NIR spectroscopy 
A near infrared spectroscopy analysis was performed on the freeze-dried samples. The NIR 

absorbance spectra can be seen in Figure 12. A clear difference was observed in the freeze-dried 

samples compared to the rehydrated samples, and these differences were primarily due to the 

different amount of water in the samples.  

 

Figure 12. Baseline corrected NIR spectra of the freeze-dried, and rehydrated samples in the 
pre-trial. 

The spectra of the freeze-dried samples were then analysed separately with principal component 

analysis (PCA) to highlight differences and similarities between the treatments after freeze-drying 

(Figure 13). The effects of slow or fast freezing on the spectral characteristics was very clear in both 

skyr types, but almost no overlap of the sample groups due to fast or slow freezing appeared in the 

PCA score plot. This difference between fast and slowly frozen skyr also represented the majority of 

the variation seen in PC1, which described 71% of the variation between the samples. PC2, however, 

described 26% of the variation between samples and reflected first and furthermost the spectral 

differences between the neutral and blueberry skyr types after freeze-drying. PCA loadings analysis 

indicated that both water (as presented in the major OH- stretch peak at approximately 1900 nm) and 

the carbohydrates content (represented in the peak at approximately 2100 nm) were major 

contributors to the spectral differences observed between the freeze-dried samples.  
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Figure 13. PCA score plot of NIR spectral data of freeze-dried samples in the pre-trial. 

However, when the rehydrated samples were analysed separately the spectral differences between 

the two types of skyr could still be observed, but the spectral differences between the fast and slow 

frozen skyr decreased for both skyr products (Figure 14). PCA loadings analysis indicated that the 

major differences in the spectra were due to different protein and/or carbohydrate content (as 

represented by the carbohydrate peak at approximately 2100 nm) between the two types of skyr being 

processed.  

 

Figure 14. PCA score plot of NIR spectral data of rehydrated samples in the pre-trial. 



35 

 

5.1.3. Physicochemical properties of rehydrated skyr 

5.1.3.1 Chemical composition analysis 
Figure 15 shows the water content of the fast and slowly frozen neutral and blueberry skyr samples 

used in the pre-trial. According to the figure, it seems like no significant difference was observed in the 

water content in the skyr in terms of the freezing technique that was used. However, the water content 

of the neutral freeze-dried skyr was significantly higher than in the freeze-dried blueberry skyr for both 

freezing techniques.  

 

Figure 15. Water content in freeze-dried skyr after freeze-drying and rehydration. FFB relates to 
fast frozen blueberry skyr, FFS to fast frozen neutral skyr, SFB to slowly frozen 
blueberry skyr and SFS to slowly frozen neutral skyr, n=2. 

As seen in Figure 16 no significant differences were observed in the protein content of the skyr, in 

terms of the freezing technique used. Interestingly, the protein content of the freeze-dried neutral skyr 

was also higher than the protein content of the freeze-dried blueberry skyr.  
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Figure 16. Protein content in freeze-dried skyr after freeze-drying and rehydration. FFB relates 
to fast frozen blueberry skyr, FFS to fast frozen neutral skyr, SFB to slowly frozen 
blueberry skyr and SFS to slowly frozen neutral skyr, n=2. 

Figure 17 shows that there was not any difference in ash content of the skyr, in terms of the 

freezing technique used. However, the ash content of the freeze dried neutral skyr was significantly 

higher than in the blueberry skyr, showing ash content values of 0.7% and 0.6%, respectively. This 

indicated that the neutral skyr contained a higher amount of minerals and/or vitamins than the 

blueberry skyr.  

 

Figure 17. Ash content in freeze-dried skyr after freeze-drying and rehydration. FFB relates to 
fast frozen blueberry skyr, FFS to fast frozen neutral skyr, SFB to slowly frozen 
blueberry skyr and SFS to slowly frozen neutral skyr, n=2. 

No significant difference was observed in the fat content between the samples. However, there was 

an outlier in the data of FFS which was removed, and therefore there is no calculated standard 

deviation for that sample (Figure 18). 
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Figure 18. Fat content in freeze-dried skyr after freeze-drying and rehydration. FFB relates to 
fast frozen blueberry skyr, FFS to fast frozen neutral skyr, SFB to slowly frozen 
blueberry skyr and SFS to slowly frozen neutral skyr, n=2. 

A difference upon the carbohydrate content was observed in the skyr samples (Figure 19). This 

can mostly be explained by the higher sugar content in the blueberry skyr, that comes from added 

sugar, but also from the blueberries themselves. The neutral skyr had no added sugar and no taste 

additives, and thus only brings the natural milk sugars to the product. The carbohydrate content was 

calculated by subtracting the amounts of fat, protein, water and ash from 100 gramms.   

 

Figure 19. Carbohydrates content in freeze-dried skyr after freeze-drying and rehydration. FFB 
relates to fast frozen blueberry skyr, FFS to fast frozen neutral skyr, SFB to slowly 
frozen blueberry skyr and SFS to slowly frozen neutral skyr, n=2. 

Significantly lower water holding capacity (WHC) was observed in the blueberry skyr than in the 

neutral skyr (Figure 20). Additionally there was a significant difference in WHC of the blueberry skyr, in 

terms of the freezing technique used. The fast frozen blueberry skyr (FFB) had a lower WHC than the 

other samples. The difference can partly be explained by lower water and protein contents of the 

blueberry skyr than in the neutral skyr.  
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Figure 20. Water holding capacity (WHC) in freeze-dried skyr after freeze-drying and 
rehydration. FFB relates to fast frozen blueberry skyr, FFS to fast frozen neutral 
skyr, SFB to slowly frozen blueberry skyr and SFS to slowly frozen neutral skyr, 
n=2. 

5.1.3.2 pH analysis 
The blueberry skyr had a lower pH than the neutral skyr. This difference may be caused by the 

blueberries present, which have a pH of about 3.0 (Giovanelli & Buratti, 2009). However, Figure 21 

showed that there is no significant difference between the two freezing techniques. 

 

Figure 21. pH in rehydrated freeze-dried skyr after freeze-drying. FFB relates to fast frozen 
blueberry skyr, FFS to fast frozen neutral skyr, SFB to slowly frozen blueberry 
skyr and SFS to slowly frozen neutral skyr, n=2. 
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5.1.3.3 NMR  
Low field NMR transversal relaxation time analysis of the rehydrated samples in the pre-trial indicated 

the presence of two water populations, i.e. a fast relaxing component T21 with relaxation time in the 

range from 27 to 42 ms, was assigned to immobilized water and lipid protons, while a slower relaxing 

component T22 with relaxation times in the range from 104 to 135 ms, corresponding to more freely 

moving and dominating (86-98% of the protons) water population (Figure 22). No significant 

differences were observed in the faster relaxation time T21 or the water distribution (A21 and A22) 

between samples. However, significantly longer T22 relaxation times were observed in the neutral skyr 

products than in the blueberry skyr, indicating less restriction of water in the neutral skyr samples.  

Large standard deviations in all parameters indicated a large individual difference within each 

group. This may be partially caused by the fact that the freeze-drier used in the pre-trial was quite old 

and may not have performed optimally any longer, or due to variation in the rehydration processes 

between samples. Due to this no significant differences could be seen in any of the NMR parameters 

due to the freezing methods.  
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Figure 22. NMR transverse relaxation time parameters in samples in the pre-trial, n=2. 

 

5.1.3.4 Pre-trial summary 
The visual differences in the products, due to the fast and slow freezing were quite clear, where the 

slow freezing led to the formation of flakes, while a more solid and powdery product was produced 

with the fast freezing of both skyr products. NIR results indicated differences in the effects of slow or 

fast freezing. The spectral characteristics in the neutral skyr were very clear in the spectra. Microbial 

analysis of lactic acid bacteria furthermore indicated that the lactic acid bacteria was more likely to 

survive when the fast freezing technique was used, compared to the skyr that was frozen slowly. 
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These results led to the decision to only use the fast freezing technique in the main trial. Furthermore, 

rehydration with 90% of the water removed during freeze-drying resulted in products with a very 

watery or runny texture. Therefore, to obtain a thicker consistancy of the rehydrated skyr products, the 

decision was taken, that rehydration of the samples in the main trial should only use up to 85% of the 

water removed.  

5.2 Main trial 

5.2.1 Chemical composition analysis of the raw material 
The most abundant component of fresh skyr is water, both for the blueberry and neutral skyr, as 

expected. The protein amount was around 10% in fresh skyr for both types. The main difference 

between the blueberry and the neutral skyr was observed in the amount of carbohydrates. Blueberry 

skyr contained a small amount of blueberries (4%) and elderberry juice, but the major part of the 

carbohydrates in the blueberry skyr is added sugar. This also contributed to the overall relatively lower 

water content in the blueberry skyr than in the neutral skyr (Table 7).  The yield of the blueberry skyr 

during freeze-drying was therefore also a bit higher than for the neutral skyr, or between 23-29% while 

the freeze-drying yield of the neutral skyr reached about 16-17 %. 

Table 7. Nutritional content of the raw material of neutral and blueberry skyr before freeze-
drying. n=2. 

	  
Water	  (%)	   Protein	  (%)	   Ash	  (%)	   Fat	  (%)	  

Carbohydrates	  
(%)	   WHC	  (%)	  

Neutral	  skyr	   82.9	  ±	  0.1	   11.3	  ±	  0.3	   0.8	  ±	  0.0	   0.30	  ±	  0.07	   4.7	  ±	  0.2	   93.3	  ±	  0.5	  

Blueberry	  skyr	   76.8	  ±	  0.4	   9.0	  ±	  0.2	   0.7	  ±	  0.0	   0.7	  ±	  0.2	   12.9	  ±	  0.0	   89.8	  ±	  0.2	  
 

5.2.2. Physicochemical properties of freeze-dried skyr 

5.2.2.1 Water activity analysis 
A large difference was observed in the water activity after storing the freeze-dried samples for a few 

months, based on whether the samples were stored at 0°C or 20°C (Figure 23). It is possible that 

some of the samples had leached air while stored. The vacuum bag did not maintain their vacuum 

effect for one of the neutral skyr samples that where stored at 0°C, analysed after 4 months of 

storage. It is therefore likely that the sample had resorbed some water from the air that got into the 

bag itself. In addition, no significant difference was observed in the freeze-dried neutral skyr at the 

end-point of the shelf-life test, with regards to the storage temperature (0°C or 20°C). 

The results in the blueberry skyr were expectedly similar to the neutral skyr. However, the results 

show that freeze-dried blueberry skyr kept at 0°C had a lower water activity than the freeze-dried skyr 

kept at 20°C. The blueberry skyr was more stable during the storage duration than the neutral skyr in 

terms of the water activity, when stored at 0°C, but no significant difference was observed between the 

two types of skyr when stored at 20°C for several months.  

However, both types seemed to absorb water from the air, through the vacuum bags. Refrigerated 

freeze-dried blueberry skyr is however more likely to have a longer shelf-life than the other samples. 
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Figure 23. Water activity (Aw) in freeze-dried blueberry and neutral skyr stored at both 0°C and 
20°C at different storage times, n=2. 

5.2.5 Microbiological analysis 
Freeze-drying is a common method for the storage of lactic acid bacteria. If the water activity is 

reduced down to 0.2, lactic acid bacteria can be stored for long periods at low temperatures, without 

losing viability or functionality (Fonseca, Cenard, & Passot, 2015). 

As recognised in the water activity results (Figures 23), the water activity in both the blueberry and 

the neutral skyr reached 0.2 after approximately 4 months of storage. From the microbiological 

analysis, a minor decrease in lactic acid bacteria counts were observed after freeze-drying, compared 

to the raw material, indicating a good survival rate of the bacteria during the freeze-drying process. 

However, a general decrease was observed in the lactic acid bacteria counts with storage time. This 

was especially evident in the skyr stored at 20°C (Figure 24). Therefore, it seems like the survival of 

LAB is challenged with storage (Zamora, Carretero, & Parés, 2006), especially at room temperature. 

This might be due to a combined effect of the storage temperature and the increased water activity 

observed during storage. Significantly lower survival counts of LAB in the neutral skyr compared to the 

blueberry skyr indicated that the composition of the samples affected the LAB survival conditions.  

However, no significiant changes were observed in the counts of yeasts and molds, which 

remained below the detection limit of <20 cfu/g for all samples during the whole experiment. This 

indicated that any spoilage due to to yeasts and molds were prevented with the freeze-drying, when 

producing skyr products, which are then safe for consumption for at least 5 months, according to the 

results of the study. 
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Figure 24. Lactic acid bacteria in freeze-dried and neutral skyr, both at 0°C and 20°C, at 
different storage times, n=2. 

5.2.3. Physicochemical properties of rehydrated skyr 
As mentioned earlier the skyr in the main trial was rehydrated using only 85% of the water amount 

removed during freeze-drying. This resulted in slightly lower analysed water content in the rehydrated 

samples than in the raw material, as expected (Figure 25).  However, the water content then remained 

stable in all skyr samples during storage, independent of storage temperature, as well as the type of 

skyr assessed.  

 

Figure 25. Water content in blueberry skyr and neutral skyr at different processing and storage 
times (stored at either 0°C or at 20°C), after freeze-drying and rehydration, as well 
as in the raw material, n=2. 
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The water holding capacity (WHC) was lower in the raw material than in the freeze-dried and 

rehydrated samples (Figure 26). This may partly be because only 85% of the initial water amount was 

added to the freeze-dried samples during rehydration, or the lowering in WHC might also indicate 

some degradation of the proteins in the skyr during processing and storage, affecting their water 

holding capacity (Kalapathy, Hettiarachchy, & Rhee, 1997). However, a slight decreasing trend in 

WHC was observed in the blueberry skyr with storage time, especially when stored at 20°C. 

Furthermore, the neutral skyr samples kept for 2 months obtained a lower WHC than the samples kept 

for 4 and 5 months. 

It is of interest that the WHC seem to lower at the beginning and then jumps up again after 5 

months, apart of the blueberry skyr kept at 0°C, which has a lowering WHC in every analyse 

performed.  

 

Figure 26. Water holding capacity (WHC) in blueberry skyr and neutral skyr at different 
processing and storage times (either at 0°C or 20°C), after freeze-drying and 
rehydration, compared to the raw material, n=2. 

 

5.2.3.1 Colorimetric analysis 
Colorimetric analysis was performed both in the freeze-dried samples and in the raw materials (Figure 

27-29). The L*-values indicated a lighter appearance of the neutral skyr samples compared to the 

blueberry skyr. The neutral skyr samples showed a slightly negative a*-value, indicating a slight green 

nuance to the samples. Furthermore, analysis of the b*-value indicated that the neutral skyr samples 

were slightly yellow in appearance.  

Results from the neutral skyr show clearly that there is very little or no change of the colour through 

the shelf-life test. Although some analyses are missing from the blueberry skyr, there can be seen 

similar results from the analyses present. Therefore, it can be assessed that no colour changes are 

likely to be present when freeze-dried skyr is stored for a few months, either at 0°C or 20°C. 
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Figure 27. L-value in freeze-dried neutral skyr and blueberry skyr at both 0°C and 20°C at 
different storage times, as well as in the raw material, n=2. 

 

 

Figure 28. a-value in freeze-dried neutral skyr and blueberry skyr at both 0°C and 20°C at 
different storage times, as well as in the raw material, n=2. 
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Figure 29. b-value in freeze-dried neutral skyr and blueberry skyr at both 0°C and 20°C at 
different storage times, as well as in the raw material, n=2. 

5.2.3 pH analysis 
The pH analysis of the rehydrated skyr samples mainly indicated a difference of pH between the two 

types of skyr (Figure 30). The blueberry skyr had a relatively lower pH than the neutral skyr, probably 

because of the blueberries and elderberry juice present, the added sugar may have influenced the pH 

as well.  

A relatively low pH is one of the main limiting effects for spoiling factors and, thus prolongs the 

shelf-life of a product and increases product stability (Gueimonde, de Los Reyes-Gavilán, & Sánchez, 

2011). Because of a lower pH value, the blueberry skyr might have stronger potentials to withstand 

longer storage periods than the neutral skyr.   

 

 

Figure 30. pH in blueberry and neutral skyr at both 0°C and 20°C, at different storage times, as 
well as in the raw material, n=2. 
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5.2.4. Visual comparison of samples 
Visual comparison of rehydrated freeze-dried neutral skyr that had been stored for 4 months at either 

0°C or 20°C, showed that the rehydrated neutral skyr that was kept at 0°C had a thick and creamy 

texture, like skyr is supposed to have (Figure 31). On the other hand, the freeze-dried skyr that was 

kept at 20°C was runny and much thinner than the sample kept at 0°C, indicating some form of 

denaturation of the proteins or other components, influencing the consistency of the skyr. However, 

the pH and visual analysis are not enough to describe the reason for this difference in consistency, 

especially since no significant difference was observed in the pH of the neutral samples stored at 0°C 

or at 20 °C. Further investigations are therefore needed to shed light on this difference in the samples.  

 

 

Figure 31. Freeze-dried and rehydrated neutral skyr after 4 months of storage, at 0°C to the left 
and the 20°C to the right. 

5.2.5 NMR analysis 
Low field NMR transversal relaxation time analysis revealed the presence of two water populations in 

the raw material as well as in the rehydrated samples. A fast relaxing component T21 with relaxation 

time in the range from 9 to 63 ms, was assigned to water restrained by the proteins and other 

macromolecules present in the skyr, while a slower relaxing component T22 with relaxation times in the 

range from 76 to 128 ms, corresponds to more freely moving water, or „bulk“ water. The faster 

relaxing component T21, increased for all samples during the freeze-drying process, indicating less 

restriction and binding of the water to the proteins in the freeze-dried samples, compared to the raw 

material. A very small amount of restrained water (A21) was observed in the raw material of both types 

of skyr, and in the neutral skyr this water distribution was maintained through freeze-drying and 
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storage. However, in the blueberry skyr the amount of restrained water increased drastically during 

freeze-drying from 10±6% to 55±13%, indicating that a higher ratio of water was binding to the protein 

matrix, even though the total water content was reduced during the freeze-drying and rehydration 

process. This is in good agreement with the visual observations made on the consistency of the skyr, 

but the rehydrated blueberry skyr generally had a thicker consistency than the rehydrated neutral skyr. 

No significant changes were observed in the water distribution or characteristics of the rehydrated skyr 

when stored at 0°C. However, an increase in both relaxation times (T21 and T22), as well as the 

amount of restricted water (A21) was observed with storage time for samples stored at 20°C. This 

indicated, that although the skyr retained a higher amount of water, this water was less strongly bound 

or restrained by the proteins. This was especially evident in the rehydrated neutral skyr stored at 20°C, 

which might explain the runny consistency and appearance of these samples with increased storage 

duration. Figures 32-34. 
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Figure 32. Transversal relaxation times obtained in the raw material, and rehydrated neutral 

and blueberry skyr samples through storage at either 0 or 20°C, n=2. 
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Figure 33. Transversal relaxation times obtained in the raw material, and rehydrated neutral 

and blueberry skyr samples through storage at either 0 or 20°C, n=2. 
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Figure 34. LF-NMR Transversal relaxation times obtained in the raw material, and rehydrated 

neutral and blueberry skyr samples through storage at either 0 or 20°C, n=2. 

 

5.2.6 NIR analysis 
Near infrared spectra for all samples were analysed, both in the freeze-dried and rehydrated state 

(Figure 35). The spectra were baseline corrected to allow better comparison, but no other spectral 

processing was applied. The spectra revealed spectral differences in the samples with regards to 

water, fat and protein content, especially when comparing the freeze-dried samples to the raw material 

or the rehydrated skyr samples. Dominating peaks, referring to the stretching of the O-H bonds of 

water, were observed at approximately 1500 and 1950 nm, respectively, as well as a smaller peak at 

approximately 1000 nm. Smaller peaks, due to the stretching of C-H in the lipids present, were also 

observed at approximately 1200 and 1800 nm. This assignation of peaks is in good agreement with 

the observations of Andersen et al. (2010), who used a combination of spectral methods, including 

NIR, to assess the characteristics of cream cheeses. According to Figure 36 NIR absorption could also 

be observed, due to the first overtones and combination bands of the nitrogen bonds in the present 

proteins, around 1900-2200 nm, while any absorption at higher wavelengths can be assigned to the 

combination bands from CH, CH2 and CH3 bonds of the present fatty acids. In the same spectral 

region (2100-2400 nm), an effect of the carbohydrates present in the blueberry skyr could also be 

observed, relating to the overtones of the CC, CHO and CC bonds in the sugar/carbohydrate 

molecules present.  
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Figure 35. Baseline corrected near infrared (NIR) spectra of all samples. 

 

 

Figure 36. Spectral regions showing the major analytical bands and their relative peak 
positions for near-infrared absorptions (Metrohm, 2013). 

When a principal component analysis was applied to all samples, a clear distinction was observed 

in the spectral characteristics of the freeze-dried samples compared to the raw material, as well as the 

rehydrated samples, as expected (Figure 37). This called for more detailed inspection of the freeze-

dried products and the rehydrated products separately. 
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Figure 37. PCA of all NIR spectra showing a clear distinction between freeze-dried samples (on 
the left) and rehydrated samples and raw material (on the right). PC1 explained 
97% of the variation between samples in the main trial, while PC2 explained 1% of 
the variation. 

When the freeze-dried samples were analysed separately (Figure 38) a clear distinction was 

observed between the spectral characteristics between the two types of skyr. Interestingly, the large 

variation was observed in the freeze-dried blueberry samples, while a more compact formation of the 

freeze-dried neutral skyr samples, indicated more uniform characteristics. A minor effect of the length 

of storage may also be seen in the results, but this was mainly represented by the variation in PC2 

within each type of skyr. No clear distinction was observed in the NIR spectra with regards to the 

storage temperature in the freeze-dried neutral skyr, while a clear temperature effect was seen in the 

freeze-dried blueberry skyr after 5 months of storage at 0°C, compared to the other blueberry 

samples. 
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Figure 38. PCA of NIR spectra of freeze-dried skyr with sample names (above) and samples 
marked according to length of storage time (below). Freeze-dried blueberry 
samples are marked with a blue ellipse, while the neutral skyr samples are marked 
with a red circle. PC1 explained 62% of the variation between the freeze-dried 
samples, while PC2 explained 31% of the variation. 

 

When the rehydrated samples were then analysed separately extensive overlapping of groups was 

observed, between both the different types of skyr, storage duration, and storage temperature, with 

the exception of samples stored for 4 months. Within these samples stored for 4 months a clear 

distinction was seen between the before-mentioned parameters. A reason for this distinction of the 

samples after 4 months of storage is not fully clear from the NIR analysis alone, but might be caused 

by variation within the products or that something went wrong during the analysis. It is, however, clear 
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that differences, observed between sample types, storage length and temperature in the freeze-dried 

samples, were softened by the rehydration process.  
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6 Conclusions 
One of the potentials of the study was the pre-trial performed, where comparing of fast freezing 

technique and regular freezing was performed. The pre-trial helped with optimizing the study, showing 

that lactic acid bacteria had a better chance of surviving the freeze-drying process if it was fast frozen 

before the process. Comparing two different types of skyr instead of only analysing one type, gave a 

clear picture of what is happening in skyr after the freeze-drying process and storing for a few months. 

In addition to that, the two different storage temperatures strengthened the study overall. 

Based on the microbial results of this study, skyr can be effectively freeze-dried and safely stored 

at both refrigerated (0°C) and room temperature (20°C) conditions for at least 5 months, and that no 

yeasts or moulds were produced in the samples during the study period. However, after 4 months 

storage time the survival of lactic acid bacteria decreased in the samples stored at room temperature, 

while they stayed stable at 0°C. 

The results indicated that freeze-drying of skyr is a good option to increase the shelf-life of an 

otherwise quite unstable product. This was especially effective in combination with refrigerated 

storage. However, several quality indicators in the freeze-dried neutral skyr stored at 20°C started to 

decay after about 4 months or less of storage. The texture became runny and grainy, while the freeze-

dried neutral skyr stored at 0°C withheld a creamy texture when rehydrated up to 85% of the initial 

water amount.  

Overall the blueberry skyr had a better outcome in terms of storage stability, including texture, 

when stored at 20°C, compared to the neutral skyr stored at the same temperature. The product 

managed to withhold a preferably thick and creamy texture through the 5 months of storage. It is 

believed that the composition, especially the water and carbohydrate content, as well as the water 

distribution and characteristics in the samples, may affect the storage stability.  

Hypothetically, if freeze-dried skyr is vacuum-packed and stored at 0°C in the stores and in the 

homes of consumers, it can withhold it´s quality for at least 5 months.  

7 Future perspectives 
Initially, the shelf-life test was supposed to reach the length of 6-9 or even 12 months. Because of 

equipment failure at some stages at the preparation of samples, the beginning of the analyses was 

postponed a couple of times, resulting in reaching only 5 months of a shelf-life test. As the skyr still 

had good potentials after a 5 months long shelf-life test, it would be interesting to follow through with 

this project and analyse the skyr further, when stored at 0°C, and fully estimate the shelf-life of the 

product in more complex environments.  
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