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Abstract: The aim of the study was initially to estimate the price of red wines produced by 

immobilized cells on dried raisin berries and subsequently to investigate whether the estimated 

price was sufficient to counterbalance the increased investment and operational costs required for 

industrial application of the novel biotechnological process. Price estimation of the experimental 

wines was based on the correlation of sensory quality, determined by a group of trained tasters, 

and the price of commercial wines available in a certain market. Application of principal compo-

nent analysis (PCA) provided improved results over simple and exponential regression analysis, 

as only a part of the relationship between the two variables was represented (68.4% and 75.3%, 

respectively). However, with PCA the total variance explained by the two components was 100%. 

Taste was more important than aroma in determining sensory quality, and wine price was mainly 

affected by sensory quality rather than wine age in the Greek market. The total increase of pro-

duction cost was estimated to be €0.032/bottle, which is significantly lower than the increase 

of €2.08/bottle price estimated by PCA for the red wines produced by immobilized cells, due 

to the improved aromatic potential compared with wines produced by free cells. Hence, profit 

for the wine industry was estimated to be €1.02/bottle.

Keywords: wine market, sensory quality, regression analysis, price, PCA

Introduction
In the past few years, there has been an upsurge of interest in the use of immobilized cell 

technology for wine making, due to the attractive technical and economic advantages 

compared with the conventional free cell system1,2 and to the improved quality.3–6

Wine quality is influenced by many and varying factors such as grape variety,7 

wine-making techniques,8 proliferation of yeast microflora,9 and environmental and 

management practices.10 It is common sense that the improvement of wine quality 

is the principal aim in oenology research. Quality of experimental wines may be 

evaluated by blind comparative sensory tests from well-trained tasters based on 

objective criteria11 and further statistical analysis.12 The blind estimation is depen-

dent only on sensory evaluation and not on other factors. On the contrary, wine 

quality for consumers depends on a high number of factors, one of which is sensory 

quality. According to Verdú Jover et al,13 wine quality also depends on extrinsic 

factors such as reputation, region, “appellation d’origine”, and advertising, and on 

intrinsic factors such as age, harvest, alcohol content, variety, taste, aroma, and 

color. Wine quality even depends on price14 and awards assigned.15 Several reports 

have clearly shown that individuals seem to highly appreciate a wine when it is 

believed to be of high cost.16,17
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A relationship between wine quality and a product’s price 

is vital from the consumer’s point of view, as there is always 

a concern if the price corresponds to the product’s quality. 

According to Teil,18 the opinion of critics, who have built 

wine reputation based on a large amount of records of quality, 

is very important in creating the relationship between price 

and quality. Τhe relationship between wine price and wine 

quality appeals to hedonic pricing, where the price of a good 

is a function of its characteristics. Hedonic regression models 

using quality as a characteristic are common.19–25 However, 

the hedonic method applied to price–quality relationships 

in wine markets has been criticized by Unwin.26 Although 

many efforts have been made to apply a control method 

for assessing wine quality,27–32 correlation of sensory 

quality with chemical composition is still very difficult. 

Moreover, because economic studies usually downgrade 

the importance of sensory evaluation, they fail to explain 

such high differences in price for a product such as wine. 

Thus, oenological research is based exclusively on sensory 

evaluation, but the relationship between the quality of a wine 

and its price is still questionable.

Hence, the main objectives of the present study were 

to i) carry out a comparative study for estimation of the 

suitable price of the wines produced by immobilized 

yeast on dried raisin berries in a specific wine market by 

applying simple regression, exponential regression, and 

principal component analysis (PCA); ii) assign the main 

factors determining wine price and sensory quality; and 

iii) investigate whether the estimated price of the wines 

produced by the novel biotechnological process is adequate 

to counterbalance the increased investment and operation 

costs of the proposed technology.

Materials and methods
Experimental red wine making
Dried Saccharomyces cerevisiae strain Uvaferme 299, which 

is widely used in industrial wine making, was used for wine 

fermentation. Cell immobilization on raisin berries was 

carried out as described previously.6

For red wine making, 150 g of the immobilized biocatalyst 

along with must (≈12.8 Be density) produced from 300 g of 

red grapes of the Greek variety Agiorgitiko (≈250 mL) and 

skins obtained after crushing 300 g of grapes were introduced 

into a 1-L glass tower bioreactor.6 Two metal net constructions 

were attached to the bioreactor holding the immobilized 

biocatalysts of raising berries at the middle–bottom end of 

the bioreactor and skins immersed in the fermentation broth 

at the middle–top end of the bioreactor. Of note, the wines 

used in the present study derived from the fourth repeated 

batch fermentation.6 In parallel, batch wine fermentations 

were carried out with ≈15 g (wet weight) of free cells/L, 

so in both cases the same amount of initial yeast biomass 

was used (≈9 log cfu/mL). Fermentations were carried out 

at 25°C until all sugar was utilized (about 4 days).

Sensory evaluation
Sensory evaluation of red wines produced by free and 

immobilized cells on raisin berries and of 15 commercial 

wines was carried out by 12 well-trained tasters. All panel-

ists were students of the Department of Oenology and Bev-

erage Technology at the Technological Educational Institute 

(TEI) of Athens, Greece, and had attended a 10-week course 

on “Οrganoleptic Estimation of Wines and Beverages”. 

The panel was chosen from an initial group of 20 students 

based on their course scores.31 Panellists were unaware of the 

samples they tasted (samples were labelled with codes for 

identification). The samples were selected from commercially 

important Greek wines, including all the margins of price 

for Greek wines and representing diversity from different 

varieties and vintages. The sensory evaluation was based on 

a 0–100 scale (,60: unacceptable, 100: excellent). Sensory 

evaluation was carried out in triplicate in order to evaluate 

separately aroma, taste, and overall sensory quality. Bottles 

were stored in a special freezer (Eurocave, France) at 16°C 

prior to organoleptic testing, and the samples (50 mL) were 

presented in standardized Institut National d’Appellation 

d’Origine-type glasses.

Economic evaluation of the investment 
and operation costs
Investment and operation costs were based on the average 

commercial costs for machinery and consumables and on the 

average labor cost in the EU.

Statistical analysis
Regression analysis and PCA were used to estimate the 

price of the experimental wines and subsequently to rank 

the experimental and commercial wines that are available in 

the Greek market based on their sensory quality and price. 

Multiple regression analysis was used to determine whether 

sensory quality and wine age affected wine price. Statistical 

data were computed using the Statistical Package for the 

Social Sciences (SPSS) program, Version 11.0 (SPSS Inc., 

Chicago, IL, USA).
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Results and discussion
Because the use of immobilized cells on dried raisin berries 

resulted in improved sensory quality characteristics,6 the 

strategy adopted in the present study was to compare 

results obtained by application of simple and exponential 

regression analysis, as well as PCA, for price estimation 

of the novel wines. Additionally, the factors affecting wine 

price and sensory quality were of interest. At a second stage, 

investment and operation costs (in total defined as production 

cost) for the industrial application of the proposed technology 

were evaluated.

Price estimation of red wines produced 
by immobilized cells
In order to correlate wine sensory quality with price in a 

given market, 15 commercially important and well-known 

Greek wines and two red wines produced by free and immo-

bilized cells on raisin berries, respectively, were used in the 

present study.

The encoded wine samples, their price, and the results 

of the sensory evaluation are presented in Table 1. Linear 

regression analysis based on price as the dependent variable 

and sensory quality rating as the independent variable resulted 

in a rather low value of R2 (0.689), indicating that 68.9% of 

the variance price accounted for sensory evaluation. Linear 

regression was significant at P , 0.0001. Other factors that 

might affect wine price are extrinsic factors such as reputation, 

region, appellation d’origine, and critics’ opinions, which are 

difficult to estimate. Linear regression analysis enabled the 

creation of the following equations and prediction of prices 

for the two experimental wines based on their sensory quality 

ratings (80.0 and 77.5 for wine produced by immobilized and 

free cells, respectively):

Predicted price of wine code 16 (produced by immobilized 

cells): 

-€41.576 + €0.673 * 80 = €12.26

Predicted price of wine code 17 (produced by free cells): 

-€41.576 + €0.673 * 77.5 = €10.58

The signif icant difference (P  ,  0.05) in sensory 

quality between the two wines produced by two different 

biotechnological processes could be quantified and expressed 

as difference in their price €12.26–€10.58 = €1.68.

From the linear regression equation, it was possible to pre-

dict the prices for commercial wines and the corresponding 

value, which was the difference between predicted and true 

(commercial) price. Then, ranking of the wines that were 

tasted was based on the relation between sensory quality 

and price by placing them in order of decreasing value. The 

results are shown in Table 1 and Figure 1. The further a wine 

is located from the regression line to the right (eg, wine codes 

7, 6, 9, and 8) (Figure 1), the better the sensory quality–price 

correlation. Based on the same correlation for the two 

experimental wines (wine codes 16 and 17), it is clear that 

the difference in price should correspond to the difference 

in sensory quality.

Regression analysis based on the exponential model 

price = exp(a + b * quality) resulted in a 75.3 value of R2, 

indicating that 75.3% of the variance price accounted for 

sensory evaluation. Exponential regression analysis was 

significant at P , 0.0001. This model explained better our 

results mainly for high- and low-price wines, giving for 

sensory quality 0 about a price of €0 (€0.06). As previously 

described, it was possible to predict the corresponding value 

of the commercial wines and rank the wines based on sensory 

quality and price relationship (Table 1).

PCA is a technique that may be used to represent and 

visualize relationships among interrelated variables. Even 

if it is most frequently used to decrease data dimensionality, 

it is possible to retain all the information presented in the 

original data without this reduction. The two factors accounted 

for 100% (91.4 + 8.6) (Figure 2) of the total variance. The 

small angle between the vectors in the component plot, 

representing sensory quality and price, indicates that these 

factors are positively correlated. As shown in Figure 2, a 

ranking axis for the correlation between sensory quality and 

price was also created. This axis is actually the bisector of the 

angle between the two vectors, ie, the vector of price and the 

vector of sensory quality. It is clear that the wine that would 

follow the optimum correlation between sensory quality and 

price would be of the highest quality and lowest price. The 

projection of such a wine on the ranking axis would have 

been located at the very high point (upper part of the axis). 

For example, wine code 1 had the higher projection from 

all wines and therefore the optimum correlation between 

sensory quality and price, whereas wine code 13 had the 

lowest projection and thus the worst correlation. In order to 

estimate the commercial price in the same market for the 

two experimental wines, the prices corresponding to the 

PCA-based model were calculated so as to follow the same 

wine-ranking process (Figure 2). Considering that sensory 

quality ratings for the wines produced by immobilized yeast 

on dried raisin berries (wine code 16) and free cells (wine 

code 17) were 80.0 and 77.5, respectively, the corresponding 
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Figure 2 Wine ranking based on the correlation of sensory quality and price by principal component analysis of 15 commercial Greek wines and red wines produced by 
immobilized cells on raisin berries (wine code 16) and by free cells (wine code 17).

prices would have been €12.66 and €10.58, in order to follow 

a balanced correlation between quality and price. The prices 

of the two experimental wines have been estimated taking into 

consideration that both projections on the ranking axis (bisec-

tor line) should be near to the intersection point of the two vec-

tors (vector of price and vector of sensory quality), in order to 

be based on the wines of interim correlation between sensory 

quality and price (excluding wines of optimum and worst 

correlation). Hence, the significant difference (P  ,  0.05) 

in sensory quality between the two wines produced by two 

different biotechnological processes could be quantified 

and expressed as difference in price. The difference in price 
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was €12.66 – €10.58 = €2.08 instead of €1.68, as predicted 

from linear regression, and €11.20 – €9.50 = €1.70, as pre-

dicted from exponential regression analysis. Also observed 

was a slightly different ranking from that corresponding to 

regression analysis (Table  1). Although the use of regres-

sion analysis was easier, PCA provided improved results 

because simple regression and exponential regression analysis 

represent a part of the relationship between the two variables 

(68.4% and 75.3%, respectively), whereas with PCA the total 

variance explained by the two components was 100%.

Another approach to correlate sensory quality with price 

would have been a division of these two variables (Table 1). 

However, such a correlation would have favored low-price 

wines and would be unfair for wines of high sensory quality 

and price. The inaccuracy of the above approach is due to the 

fact that sensory quality and price follow different increment 

rates, as other factors also interfere that are not estimated by 

regression analysis. The use of PCA and regression analysis 

revealed completely different results from a simple division 

of sensory quality evaluation by price. For example, although 

wine code 15 appears as a wine with a better correlation 

between sensory quality and price compared with wine 

code 1 when simply calculating the sensory quality/price 

ratio, the opposite results were obtained when PCA analysis 

was applied (Table 1). Processing of results by PCA seemed 

more accurate because the overall sensory quality ratings 

and prices of all wines were considered, whereas comparison 

based on only sensory quality ratings divided by wine price 

took into account each sample separately.

We also tried to investigate whether sensory quality 

and wine age had a significant effect on wine price, and 

PCA revealed that wine price is mainly affected by sensory 

quality rather than wine age, as the axis corresponding to 

sensory quality is closer to the price axis than the wine 

age axis (Figure  3). Using multiple regression analysis 

and considering price as the dependent variable, with 

sensory quality and wine age as the independent variables, 

it was concluded that wine age had no effect on wine price 

(sig = 0.959) in the Greek market. At this point, it is worth 

mentioning that age of all commercial wines used in the 

present study ranged 1–4 years. Therefore, the estimated 

price of the experimental wines is not expected to change 

significantly after 3–4 years of aging.

In order to evaluate the effect of aroma and taste on overall 

sensory quality, linear regression analysis was applied based 

on overall sensory quality being the dependent variable, and 

aroma and taste being the independent variables. The analysis 

resulted in a rather high R2 (0.945), indicating that 94.5% of 

the variance of overall sensory quality was explained by the 

two predictor variables (aroma and taste). Linear regression 

analysis was significant at P , 0.0001. Other factors that 

might have affected overall sensory quality were color and 

appearance. Linear regression analysis enabled the creation 

of the following regression equation:

Overall sensory quality = 1.733 + 0.421 * aroma 

+ 0.571 * taste

Thus, it can be concluded that, for red wines, taste was 

more important than aroma. By this method, an estimation of 

the importance in score for the wine sensory quality evaluation 

was possible, which previously was based on empiric 

methods. Although red wines produced by immobilized cells 

on raisin berries and by free cells did not significantly differ 

in taste (Table 1), the aroma of the former was significantly 

improved according to the sensory evaluation.

Estimation of the investment  
and operation costs of red wines 
produced by immobilized cells
For industrial application of the proposed technology, the 

additional necessary equipment consists of i) a stainless steel 

net located at the fermentor for separating the skins from the 

immobilized cells and ii) an additional door at the upper part 

of the fermentor for the addition and removal of the skins.6

The increase of the investment cost was estimated to 

be €3,500 (the cost for a 20,000-L fermentor is raised 

from €13,000 to €16,500). Considering at least three wine 

fermentations annually, each producing 10,000-L of wine 
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Figure 3 Correlation of sensory quality, price, and age by principal component 
analysis of 15 commercial Greek wines and red wines produced by immobilized cells 
on raisin berries (wine code 16) and by free cells (wine code 17).
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and having an investment period of 5 years, the increased 

investment cost was estimated to be (€16,500 – €13,000)/

(3 * 5 * 10,000) ≈ €0.023/L.

The increase of the operation cost, which is the immobili-

zation support, is due to the cost of the dried raisin berries and 

is estimated to be €600. Therefore, the annual increased oper-

ation cost was estimated to be €600/(3 * 10,000) = €0.02/L, 

as the same immobilized biocatalyst could be used in the 

three repeated batch fermentations. Of note, neglible costs 

associated with disposal of spent berries, preparation of 

immobilized biocatalysts, and changes in the industrial 

process were not taken into consideration.

The total increase of the production cost (including 

both investment and operation costs) was estimated to be 

€0.023 + €0.020 = €0.043/L or €0.043 * €0.75 = €0.032/bottle, 

which is significantly lower than the increased price (€2.08) 

estimated per bottle. Taking into account that the price of wine 

sold by the manufacturer is almost half the retail commercial 

price, the profit for the wine industry is estimated to be 

(€2.08 - €0.032)/2 = €1.02/bottle.

Conclusions
Using the appropriate statistical tool, it was possible to 

estimate the price of red wines produced by immobilized 

cells on dried raisin berries by correlating sensory quality and 

price in a given market. Although no significant differences 

were observed in taste, the aroma of red wines produced by 

the immobilized cells was improved compared with wine 

produced by free cells. However, it seemed that taste was 

more important than aroma in determining sensory quality, 

and wine price was mainly affected by sensory quality rather 

than wine age in the Greek market. The estimated higher 

price of wine produced by immobilized cells compared 

with wine produced by free cells corresponded to improved 

sensory quality and was sufficient to counterbalance the 

increased investment and operation costs owing to industrial 

application of the immobilized cell technology. The proposed 

approach might also be expanded to other products.
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