
Inclusion of the variability of model parameters on  shelf-life estimations for 1 

low and intermediate moisture vegetables 2 

 3 

Zamantha Escobedo-Avellaneda 1, Gonzalo Velazquez 2; J. Antonio Torres 3 4 

and Jorge Welti-Chanes 1 5 

  6 
(1) Escuela de Biotecnología y Alimentos, Instituto Tecnológico y de Estudios 7 
Superiores de Monterrey, Av. Eugenio Garza Sada 2501 Sur, Col. Tecnológico, 8 
64849, Monterrey, NL, México; (2) Centro de Investigación en Ciencia Aplicada y 9 
Tecnología Avanzada (CICATA), Instituto Politécnico Nacional (IPN), Querétaro, 10 
México; (3) Food Process Engineering Group, Department of Food Science & 11 
Technology, Oregon State University, Corvallis, OR 97331, USA 12 
 13 

Corresponding Author: J. Antonio Torres, Food Process Engineering Group, 14 
Department of Food Science & Technology, Oregon State University, 100 15 

Wiegand Hall, Corvallis, OR 97331, USA, +1-541-737-4757, Fax +1-541-737-16 
1877, Email: J_Antonio.Torres@OregonState.edu  17 

 18 
 19 
 20 

Choice of journal:  LWT- Food Science and Technology 21 

Running head: Shelf-life uncertainty … 22 
23 



Abstract 24 

Shelf-life is the time period during which products retain market-acceptable 25 

quality while meeting legal and safety requirements. Deterministic models yield 26 

single value estimations of shelf-life typically based on average or worst-case 27 

values for input parameters. In deterministic calculations, considering the input 28 

parameter variability can be challenging. In this study, a Monte Carlo procedure 29 

and the G.A.B. model for moisture sorption isotherms were used to predict shelf-30 

life frequency distributions for intermediate moisture (IM) tomato slices, and low 31 

moisture (LM) onion flakes and sliced green beans. End of shelf-life for IM 32 

tomato slices (initial aw = 0.8) was assumed to occur for a 10% moisture loss, 33 

and when aw changed from 0.25 to 0.4 for LM onion flakes and LM sliced green 34 

beans. The estimated shelf-life for tomato slices, LM onion flakes, and LM sliced 35 

green beans based on the deterministic approach was 243, 86, and 79 days, 36 

respectively. The Monte Carlo procedures yielded shelf-life frequency 37 

distributions with values ranging 181-366, 76-95, and 71-90 days, respectively. 38 

Products would fail before the deterministic shelf-life value with an unacceptably 39 

high probability of 51.6, 48.6, and 53.0 %, respectively. If 5 % is an acceptable 40 

probability that the actual shelf-life is shorter than specified, the estimated values 41 

would be 211, 81, and 73 days, respectively. Xm and K were the most influential 42 

G.A.B parameters on the shelf-life of the three products. The package area, 43 

product amount, and water vapor transmission rate were high contributors and 44 

had the expected effect on shelf-life as demonstrated by deterministic 45 

estimations. 46 
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1. Introduction  51 

Low (LMFs) and intermediate moisture foods (IMFs) represent important market 52 

opportunities for food processors. LMFs are obtained by drying foods below 0.6 53 

aw, i.e., to moisture levels not allowing microbial growth (Chieh, 2006; Labuza & 54 

Altunakar, 2007b). IMFs have moisture content in the range from 10 to 40 % and 55 

aw between 0.6 and 0.9 (Taoukis & Richardson, 2007). IMFs with high moisture 56 

content are obtained by adding aw-depressing solutes such as salts, sugar, and 57 

polyols (Nayyar et al., 2002). Unlike LMFs, IMFs have soft texture and do not 58 

need rehydration before consumption. High moisture IMFs may contain 59 

fungistatic agents (e.g., K-sorbate) but have the advantage of up to several 60 

months of shelf-life without refrigeration, freezing, or thermal processing. In 61 

addition to energy savings for not requiring special storage and processing 62 

conditions, IMFs have a higher retention of nutrients and quality compared to 63 

thermally treated foods including LMFs (Taoukis & Richardson, 2007). 64 

 65 

In spite of the advantages of LMFs and IMFs, these products are complex 66 

systems in which microbial, enzymatic, and chemical reactions are continuously 67 

taking place affecting their quality and limiting their shelf-life. Shelf-life is defined 68 

as the period in which a product retains a market-specific quality and safety level 69 

defined by sensorial, microbial, chemical, and nutritional changes (Singh & 70 

Cadwallader, 2004). Shelf-life is affected by intrinsic factors such as 71 

composition, water activity (aw), pH, total acidity, redox potential, available 72 

oxygen, level of microbial contamination, and type and concentration of 73 



preservatives used. It is also influenced by extrinsic factors included processing, 74 

headspace conditions, temperature and relative humidity (RH) of storage, 75 

exposure to light, and the properties of the packaging material (Kilcast & 76 

Subramaniam, 2004). Among the intrinsic parameters, aw plays a crucial role in 77 

shelf-life comparable only to temperature. It determines microbial growth and the 78 

rate of chemical and enzymatic reactions. Thus, water activity control is an 79 

effective method to optimize food quality and to predict and control the shelf-life 80 

and safety of food products (Welti-Chanes, Pérez, Guerrero-Beltran, Alzamora, 81 

& Vergara-Balderas, 2008). Minimum aw values for the growth of several 82 

microorganisms, for the appearance of many chemical reactions, and physical 83 

changes have been established and these values are used to predict shelf-life 84 

for a given storage condition and packaging material (Singh & Cadwallader, 85 

2004). In the case of packaged intermediate (IM) and low moisture (LM) fruits 86 

and vegetables, changes in moisture content reflecting the permeability of the 87 

package to water vapor is the most important property to consider when 88 

controlling and predicting shelf-life. The barrier property of the packaging 89 

material is considered when establishing the legal net weight to be declared on 90 

the product label. In addition, loss of water will affect the ready-to-eat nature of 91 

IMFs, and gain of water by LMFs will result in textural changes including 92 

agglomeration and loss of crispness (Singh & Cadwallader, 2004). Values 93 

between 0.35 and 0.45 correspond to the aw range where the loss of crispness 94 

and other physical state changes begin in LMFs (Labuza & Altunakar, 2007a). 95 

 96 



When aw is used to predict shelf-life, it is necessary to know the water sorption 97 

isotherm for the product, establishing the relationship between aw and the 98 

equilibrium moisture content (X) at constant temperature and pressure. Besides 99 

predicting the shelf-life for products using a specific packaging material, sorption 100 

isotherms can be used also when specifying the packaging material property 101 

required to achieve a desirable shelf-life (Escobedo-Avellaneda, Pérez-Pérez, 102 

Bárcenas-Pozos, & Welti-Chanes, 2011). Because the adsorption and 103 

desorption process are not equivalent processes due to the hysteresis 104 

phenomenon (Caurie, 2007), it is important to use the correct isotherm when 105 

predicting shelf-life. Assuming a typical storage RH (e.g., 65% RH), adsorption 106 

isotherms should be used for LMFs while desorption isotherms would be 107 

required for fresh foods and IMFs. 108 

 109 

Several equations have been developed to predict the moisture sorption 110 

behavior of biological systems. These equations can be divided into several 111 

categories such as theoretical (e.g., B.E.T. and G.A.B. models), semi-empirical 112 

(e.g., Halsey and Peleg models), and empirical models (e.g., Oswin model) 113 

(Goula, Karapantsios, Achilias, & Adamopoulos, 2008; Labuza & Altunakar, 114 

2007a). The choice of the model is crucial to obtain accurate shelf-life 115 

predictions. Equation [1] is the G.A.B. model, one of the most useful models to 116 

predict sorption isotherms, where Xm is the monolayer moisture content 117 

(g water/g solids), C and K are constants related to the sorption energy 118 

difference between the upper layers and the monolayer, and between the pure 119 



liquid state of water and the upper layers, respectively. K must be close to but 120 

less than 1, and when K = 1, the G.A.B. model becomes the B.E.T. model 121 

(Blahovec, 2004). 122 

 123 
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In cases where shelf-life depends only on the uptake or loss of a certain amount 125 

of moisture into the package (Figure 1), its value is estimated from moisture 126 

sorption isotherms using equation [2] where X (g water/g solids) is the food 127 

moisture content with subindexes i, c, and e to the initial, critical (i.e., the 128 

moisture content level at which the product becomes unacceptable), and the 129 

equilibrium moisture content (i.e., the moisture content level when the product 130 

would be in equilibrium with the external RH), respectively; k/x 131 

(g m-2 days-1 mm Hg-1) is the packaging film moisture permeance; A (m2) is the 132 

packaging film area, Ws (g solids) is the amount of dry food solids; p°v (mm Hg) 133 

is the water vapor pressure at the storage temperature; m is the slope of the 134 

linearized isotherm portion in the range of interest (i.e., from Xi to Xc); and, tsl 135 

(days) is the estimated shelf-life (Labuza & Altunakar, 2007a). The critical 136 

moisture content and the moisture content when the food is in equilibrium with 137 

an environment at a given RH can be established from the product sorption 138 

isotherm. 139 

 140 
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In Equations [1] and [2], the effect of the parameter variability on the shelf-life 142 

estimate can be considered by using the Monte Carlo procedure, a statistical 143 

method that generates a frequency distribution of all possible outcomes from a 144 

predictive model (Chotyakul, Pérez Lamela, & Torres, 2011a; Chotyakul, 145 

Velazquez, & Torres, 2011b; Salgado, Torres, Welti-Chanes, & Velazquez, 2011; 146 

Serment-Moreno, Ma, Su, Torres, & Welti-Chanes, 2012; Torres, Chotyakul, 147 

Velazquez, Saraiva, & Pérez Lamela, 2010). The development of a Monte Carlo 148 

calculation strategy requires first a brief description of this method. A Monte 149 

Carlo procedure (Cassin, Paoli, & Lammerding, 1998) uses a vector 150 

corresponding to a set of measurements, or data summarized as statistical 151 

probability distributions (Salgado, et al., 2011). Calculations are repeated many 152 

times, using each time a randomly selected value for the input parameters, and 153 

thus yielding each time a slightly different outcome depending on the variability 154 

of the input parameters. The output from a Monte Carlo procedure is 155 

represented as probability distributions or histograms reflecting the input data 156 

variability. Conclusions are reported typically as predicted outcomes with a 157 

confidence level (Schmidheiny, 2008; Serment-Moreno, et al., 2012; Wittwer, 158 

2004). Model parameters summarized as statistical distribution functions can be 159 

approximated using random number generators. Based on the statistical 160 

distribution, random number generator functions are used to obtain 300-1,000 161 



values for each parameter. The 300-1,000 calculated values, and the same 162 

number of generated values for additional model parameters, can be used in the 163 

next step of the calculation procedure. This is repeated for all steps until 164 

generating 300-1,000 values of the calculations objective value (Torres, et al., 165 

2010). 166 

 167 

In this study, a Monte Carlo procedure was developed to predict the probability 168 

that IM tomato slices, LM onion flakes, and LM sliced green beans may fail 169 

before their stated shelf-life, specified as the time needed for losing 10% 170 

moisture content for IM tomato slices, and for aw changing from 0.25 to 0.4 for 171 

LM onion flakes and LM sliced green beans. All three products were assumed to 172 

be stored at 30 °C in a 65% RH environment. The cen tral aim of this Monte 173 

Carlo-based methodology was a procedure to determine a shelf-life with a 174 

probability specified by the food processor that the product will fail before this 175 

value. Finally, the sensitivity of shelf-life as affected by G.A.B. parameters, 176 

package area, product amount, and moisture water vapor transmission rate 177 

(WVTR) was obtained by deterministic estimations. 178 

 179 

2. Materials and methods 180 

2.1. G.A.B. model parameters and random number generation 181 

G.A.B. moisture isotherm parameters (Xm, C, and K) used for IM tomato slices 182 

(Timmermann, Chirife, & Iglesias, 2001), LM onion flakes, and LM sliced green 183 

beans (Samaniego-Esguerra, Boag, & Robertson, 1991) are presented in Table 184 



1 including the range of aw for which these values are valid. Values of aw for each 185 

saturated salt in the estimation of G.A.B. parameters are summarized in Table 2. 186 

The mean and standard deviation (SD) of G.A.B. parameters (Table 1) and aw 187 

values for saturated salt solutions (Table 2) were used to generate 500 moisture 188 

sorption isotherms in the corresponding range for each product. This was done 189 

using the MS ExcelTM “random number generation” option from the data analysis 190 

add-in tools assuming a normal distribution for each parameter. Next, the 191 

equilibrium moisture content for each product was estimated using Equation [1]. 192 

The initial product condition, aw,i, for onions and green beans was 0.25 while the 193 

value for tomato was 0.80. These values and a linearized form of the moisture 194 

isotherm in the region of interest, with intercept I and slope m, were used to 195 

determine the initial moisture content value Xi. In the case of onion and green 196 

beans, the critical aw,c was defined as 0.40 and again the linearized form of the 197 

moisture content was used to obtain Xc. For tomato, the Xc value was defined as 198 

a 10% moisture content loss (i.e., Xc = 0.9Xi). Finally, a 65% RH storage 199 

condition was assumed to estimate Xe, again using the linearized form of the 200 

isotherm.  201 

 202 

The packaging material assumed in this study was polyethylene 0.92 (PE) with a 203 

1.222 g m-2 days-1 water vapor transfer rate (WVTR) determined with a 90 – 0 % 204 

RH gradient at 25 °C (Dominighaus, 1993), closest t emperature to the 30 °C 205 

storage temperature assumed in this study and used also in the determination of 206 

the G.A.B. parameters and the determination of aw for saturated solutions. This 207 



WVTR value was used to estimate the permeance k/x (g m-2 days-1 mm Hg-1) as 208 

follows (Labuza & Altunakar, 2007b): 209 
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 211 

where ∆pv is the water vapor pressure difference for the 0 – 90 % RH gradient 212 

used by Dominighaus (1993) to determine the film WVTR, and p°v = 23.78 mm 213 

Hg at 25 °C (Felder & Rousseau, 1999). The package design was a 0.2 by 0.15 214 

m pouch (A = 0.06 m2) for 100 g product. Since the storage temperature used in 215 

this work was 30 °C, p°v = 31.8 mm Hg (Felder & Rousseau, 1999) was the value 216 

used in Equation [2]. 217 

 218 

2.2. Sensitivity of shelf-life as affected by G.A.B. parameters, package area, 219 

product amount, and moisture water vapor transmission rate (WVTR) 220 

The G.A.B. parameters having the most influence on shelf life were determined 221 

by a sensitivity analysis, i.e., varying one variable while using their average value 222 

for all others. The impact of Xm, C, and K was studied by calculating the 223 

sensitivity index (SI) determined as follows (Hamby, 1994):  224 

 225 
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 226 

where tsl-max and tsl-min are the shelf lives (days) for the maximum and minimum 227 

value of each G.A.B. parameter estimated by adding and subtracting the SD 228 

from the average value, respectively. The influence on shelf-life of package area, 229 

product amount and WVTR was evaluated using a SI value calculated by adding 230 

(tsl-max) and subtracting (tsl-min) 10% of the original value of the variable. 231 

 232 

3. Results and discussion 233 

3.1. Determination of moisture isotherms 234 

Five hundred random aw values for saturated LiCl, CH3COOK, MgCl2, K2CO3, 235 

Mg(NO3)2, NaBr, SrCl2, NaCl, NH4Cl, (NH4)2SO4, KCl, BaCl2, and KNO3 solutions 236 

assuming normal distributions with the mean and SD values at 30 °C reported by 237 

López-Malo and others (1994) are summarized in Table 3 showing no 238 

differences between reported and generated mean and SD values. Also, five 239 

hundred random values were generated for the G.A.B. parameters Xm, C, and K 240 

following normal distributions with the mean and SD values reported by 241 

Timmermann and others (2001) for tomato (Table 4), and by Samaniego-242 

Esguerra and others (1991) for onion and green beans (data not shown). Again, 243 

no differences were observed between reported and generated mean and SD 244 

values. Also, all 500 generated G.A.B. parameters complied with restrictions of 245 

this mathematical model, i.e., positive values and K<1 (Blahovec, 2004). 246 

 247 



The 500 G.A.B. parameter sets and aw values generated by the Monte Carlo 248 

procedure were then used with Equation [1] to obtain 500 predicted moisture 249 

content values to generate moisture isotherms (Figure 2) for tomato (desorption), 250 

onion (adsorption) and green beans (adsorption). The type of sorption isotherms 251 

chosen represented the moisture transfer process affecting shelf-life as required 252 

because of the hysteresis phenomenon (Caurie, 2007). Figure 2 shows four 253 

types of moisture isotherm data for each product: (1) experimental data as 254 

reported by Timmermann and others (2001) for tomato and by Samaniego-255 

Esguerra and others (1991) for onion and green beans; (2) predicted values 256 

using the G.A.B. parameters reported by these authors without considering 257 

variability; (3) mean values of aw and X obtained from the 500 data pairs 258 

generated by the Monte Carlo procedure; and, (4) the 500 aw and X data pairs 259 

generated by the Monte Carlo procedure. For all products, the 500 isotherms 260 

generated by the Monte Carlo procedure show a larger dispersion in X values as 261 

compared to the dispersion in aw reflecting the difference in σ values reported for 262 

aw (Table 2) and G.A.B. parameters (Table 1). Differences in the dispersion of X 263 

and aw values may also reflect the natural variation in foods as compared to that 264 

of salts used to establish constant RH environments. The dispersion in X values 265 

increased with aw, particularly for onion and green beans at aw > 0.6. Some 266 

authors have reported that the SD are greater at aw higher than 0.85 because 267 

more different sorption sites are exposed to the water vapor (e.g., Samaniego-268 

Esguerra, et al., 1991) although it may also reflect prediction problems when 269 

using the G.A.B. model beyond the recommended range for its application (< 270 



0.8; Goula, et al., 2008; Labuza & Altunakar, 2007a). Figure 2a shows what 271 

appear to be outliers or biased moisture content (X) values at aw<0.6. They are 272 

not observed in Figures 2b and 2c, reflecting the larger standard deviation and 273 

coefficient of variation for the C and K parameters for tomato slices as compared 274 

with values for onion and green beans (Table 1). 275 

 276 

3.2. Determination of product shelf-life 277 

Determinations of shelf life, without considering the experimental variability in the 278 

aw of the saturated salts and experimental or G.A.B predicted X values, yielded 279 

the following shelf-life estimates for product stored at 30 °C and 65% RH in PE 280 

bags (0.20 x 0.15 m): 243, 86, and 79 days for IM tomato slices, LM onion 281 

flakes, and green beans slices, respectively. The shelf-life for the IM tomato 282 

slices, defined as the time for 10% moisture content loss for a product with initial 283 

0.8 aw, could represent the time when the weight loss would have legal labeling 284 

implications. For LM onion flakes and LM sliced green beans, shelf-life was 285 

defined as the time for a aw increase from 0.25 to 0.4 that could change textural 286 

properties including agglomeration and loss of crispness (Labuza & Altunakar, 287 

2007b). The longer shelf-lives obtained for IM tomato slices as compared to LM 288 

onion flakes and LM sliced green beans reflect two factors (Table 6): (1) a lower 289 

driving force for moisture exchange, i.e., products exposed to the same 65% RH 290 

storage environment while aw changed from 0.80 to 0.74 (value for 10% moisture 291 

loss obtained from the isotherm without considering variability) for IM the tomato 292 

slices as compared to 0.25 to 0.40 for LM onion flakes and LM sliced green 293 



beans; and, (2) the difference in the extent of the moisture content change 294 

causing the end of shelf-life, i.e., a change from Xi to Xc equal to 48.3 to 43.5 = 295 

4.8 g/g solids, 4 to 7.1 = 3.1 g/g solids, and 3.6 to 6.7 = 3.1 g/g solids for IM 296 

tomato slices, LM onion flakes, and LM sliced green beans, respectively. The 297 

limitation of these deterministic shelf-life estimates is that they do not include a 298 

statistical distribution to determine the probability that a product may fail before 299 

these stated shelf-life values. 300 

 301 

The Monte Carlo procedure used in this study generated 500 isotherms and 302 

therefore 500 values of the parameters required to determine the shelf-life for IM 303 

tomato slices (Table 5), LM onion flakes, and green beans slices (data not 304 

shown), reflecting the variability of the experimental data. The 500 estimates of 305 

shelf-life for IM tomato slices (Table 5) were summarized as a histogram (Figure 306 

3) highlighting the variability of this value (248 ± 29 days, range = 181 to 366 307 

days). A recommended shelf-life was defined as a time equal or shorter than 308 

95% of the values in this histogram following the suggestion by Chotyakul and 309 

others (2011a). This yielded 211 days as a shelf-life ensuring that the product 310 

will meet it with a 95% certainty; however, this percentage is a decision that can 311 

be adjusted to reflect consumer expectations of quality and the probability that a 312 

product may be consumed on its expiration date. On the other hand, stating 243 313 

days as the product shelf-life, a value estimated without considering the 314 

variability of the input parameters in the prediction model, the Monte Carlo 315 

frequency analysis showed that the probability that the IM tomato slices could fail 316 



before this time would be an unacceptable 51.6% (Figure 3). The determination 317 

of shelf-life for LM onion flakes (86 ± 3.2 days, range = 76 to 95 days, Figure 4) 318 

and green beans slices (79 ± 3.3 days, range = 71 to 90 days, Figure 5) has 319 

been summarized in Table 7, showing a predicted 48.6 and 53.0 % probability 320 

that onion and green beans, respectively, would fail before the shelf-life values of 321 

86 and 79 days, respectively, estimated without considering the variability of the 322 

experimental data. 323 

 324 

3.3. Sensitivity of shelf-life as affected by G.A.B. parameters, package area, 325 

product amount, and moisture water vapor transmission rate (WVTR)  326 

A test of sensitivity without considering data variability was performed to 327 

determine which G.A.B. parameter has the most influence on shelf-life. Table 8 328 

shows shelf-life estimates and SI values obtained when assigning to each G.A.B. 329 

parameter its average, minimum, and maximum value, showing that in this study, 330 

Xm and K were the most and C the least influential parameter even though the C 331 

parameter for tomato slices had a high coefficient of variation (Table 1). 332 

Additional tests of sensitivity were performed to determine the effect of different 333 

product packaging variables on shelf-life. Tables 9-11 show shelf-life and SI 334 

values obtained when adding or subtracting 10% from each packaging variable 335 

value. For all products it can be observed that all variables have a significant 336 

change on shelf-life in accordance with their expected effect (e.g., longer shelf-337 

life for a smaller packaging area).  338 

 339 



4. Conclusions  340 

The specification of a shelf-life is one of the most challenging tasks for a food 341 

processor since determining this value will often decide if a product should be 342 

produced or not. This assessment should include a systematic approach to 343 

consider variability in the parameters for the shelf-life models used by food 344 

process engineers. The Monte Carlo procedure is here presented as a tool to 345 

facilitate this task while specifying an acceptable risk that a product consumed 346 

before the end of its shelf-life will fail to meet the quality expectations of the 347 

consumer. This procedure was used to predict shelf-life frequency distributions 348 

for three vegetable products based on their moisture sorption isotherms and a 349 

given storage condition. This allowed determinations of the probability that these 350 

products would fail before their specified shelf-life. The incorporation of variability 351 

in the predictions from shelf life, and in any other model used by the food 352 

industry to predict an outcome, is essential to determine the probability that a 353 

product or process will meet quality and safety requirements. In this work, it was 354 

shown that if experimental variability is not taken into account in shelf-life 355 

estimations, the probability that a product fails before these estimated values 356 

would be unacceptably high. Knowing the variability of predicted shelf-life values 357 

will be useful in the design of experiments confirming these values resulting in 358 

major savings in product development costs.  359 

360 
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Table 1. G.A.B. moisture isotherm model parameters at 30 °C for three vegetable products 

Product aw range Type 
Xm (g water/100 g 

solids) 
C K 

Tomato
a
 0.05-0.8 

Desorptio

n 
16.6 ± 0.6 (3.6%) 

31.4 ± 

9.3(29.6%) 

0.83 ± 

0.06(7.2%) 

Onion
b
 

0.22-

0.92 
Adsorption 7.42 ± 0.23(3.1%) 

2.21 ± 

0.14(6.3%) 

0.97 ± 

0.01(1.0%) 

Green beans
b
 

0.22-

0.92 
Adsorption 7.00 ± 0.24(3.4%) 

2.32 ± 

0.16(6.9%) 

0.95 ± 

0.01(1.1%) 

(a) Timmermann and others (2001); (b) Samaniego-Esguerra and others (1991). Values in parentheses are 

coefficients of variation. 
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Table 2. Water activity values of 

saturated salt solutions at 30 °C used 

in experimental determinations of 

sorption isotherms. 

Salt aw 

LiCl 0.113 ± 0.001 

CH3COOK 0.238 ± 0.003 

MgCl2 0.322 ± 0.001 

K2CO3 0.432 ± 0.001 

Mg(NO3)2 0.510 ± 0.001 

NaBr 0.558 ± 0.001 

SrCl2 0.691 ± 0.001 

NaCl 0.753 ± 0.001 

 NH4Cl  0.763 ± 0.002 

(NH4)2SO4 0.801 ± 0.001 

KCl 0.835 ± 0.001 

BaCl2 0.901 ± 0.001 

KNO3 
0.917 ± 0.002 

 López-Malo and others (1994) 
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Table 3. Monte Carlo generation of water activity (aw) values for saturated salt solution 

Item LiCl CH3COOK MgCl2 K2CO3 Mg(NO3)2 NaBr SrCl2 NaCl NH4Cl (NH4)2SO4 KCl BaCl2 KNO3 

Reported values
a
 

Mean 0.113 0.238 0.322 0.432 0.51 0.558 0.691 0.753 0.763 0.801 0.835 0.901 0.917 

SD
b
 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.002 

Monte Carlo generated values 

Mean 0.113 0.238 0.322 0.432 0.510 0.558 0.691 0.753 0.763 0.801 0.835 0.901 0.917 

SD 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.002 

Maximum 0.116 0.248 0.325 0.435 0.513 0.561 0.694 0.758 0.769 0.804 0.838 0.904 0.924 

Minimum 0.110 0.230 0.319 0.429 0.508 0.555 0.688 0.750 0.756 0.797 0.832 0.898 0.911 

              

Run #              

1 0.113 0.246 0.322 0.431 0.513 0.555 0.691 0.751 0.762 0.802 0.835 0.901 0.916 

2 0.114 0.242 0.322 0.432 0.508 0.558 0.691 0.751 0.762 0.800 0.834 0.900 0.918 

3 0.111 0.241 0.322 0.433 0.509 0.558 0.692 0.753 0.758 0.801 0.833 0.902 0.918 

…              

500 0.113 0.232 0.321 0.431 0.511 0.559 0.691 0.753 0.761 0.803 0.836 0.902 0.917 

(a) López-Malo and others (1994); (b) SD = standard deviation 
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Table 4. Monte Carlo generation of G.A.B. model parameters and calculation of equilibrium moisture content values for tomato slices at 30 °C 

    X (g water/100 g solids) 

Item Xm C K 
LiCl 

0.113 

CH3COOK 

0.238 

MgCl2 

0.322 

K2CO3 

0.432 

Mg(NO3)2 

0.510 

NaBr 

0.558 

SrCl2 

0.691 

NaCl 

0.753 

NH4Cl 

0.763 

(NH4)2SO4 

0.801 

Reported values
a
 

Mean 16.6 31.4 0.83           

SD
b
 0.6 9.3 0.060           

Monte Carlo generated values 

Mean 16.7 31.8 0.830 13.82 18.19 20.75 24.46 27.63 29.91 38.40 44.10 45.18 49.82 

SD 0.6 9.5 0.058 1.464 1.361 1.412 1.662 2.027 2.369 4.159 5.782 6.128 7.783 

Maximum 18.4 59.2 0.987 16.72 21.02 23.93 28.91 33.52 37.13 53.11 65.83 66.40 81.02 

Minimum 14.7 1.0 0.619 1.95 4.40 6.82 10.52 13.90 16.42 25.82 31.54 31.97 33.56 

              

Run #              

1 17.365 42.429 0.761 15.193 19.385 21.434 24.648 27.465 29.143 35.843 39.841 40.639 43.909 

2 17.065 23.110 0.797 13.077 17.889 20.415 24.040 26.979 29.148 36.658 41.345 42.284 45.933 

3 16.268 22.788 0.808 12.363 17.107 19.546 23.127 25.990 28.105 35.634 40.365 40.865 44.958 

…              

500 15.959 23.876 0.783 12.222 16.414 18.949 22.257 25.034 26.910 33.576 37.757 38.412 41.907 

(a) Timmermann and others (2001);  (b) SD = standard deviation 
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Table 5. Monte Carlo determination of shelf-life for intermediate moisture tomato 

slices (initial water activity, aw = 0.8) stored in an environment at 30 °C and 65 % RH 

based on moisture isotherm data in the range of interest (aw = 0.65 to 0.80) from 

tables 1 and 2
a
. 

 m I Xi Xc Xe 
tsl 

days 

tsl 

months 

Values calculated without considering experimental variability 

 
0.963 -0.288 0.483 0.435 0.338 243.0 8.1 

        

Monte Carlo generated values 

Mean 1.026 -0.328 0.493 0.444 0.339 247.8 8.3 

SD
b
 0.334 0.194 0.075 0.068 0.028 29.1 0.97 

Maximum 2.503 0.026 0.789 0.710 0.414 366.4 12.2 

Minimum 0.401 -1.213 0.335 0.302 0.208 180.8 6.0 

        

Run #        

1 0.718 -0.139 0.435 0.392 0.328 230.7 7.7 

2 0.841 -0.216 0.457 0.411 0.331 234.5 7.8 

3 0.849 -0.233 0.446 0.402 0.319 227.2 7.6 

…        

500 0.740 -0.177 0.415 0.373 0.304 214.7 7.2 

(a) Parameters m (g/g solids) and I [(g/g solids) correspond to the slope and intercept of the 

linearized isotherm in the region of interest. The parameters Xi, Xc, and Xe are food moisture 

content (g/g solids) values initially, when the product becomes unacceptable, and when in 

equilibrium with the storage RH, respectively. Finally tsl is the shelf-life predicted using 

Equation [1]. (b) SD = standard deviation 
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Table 6. Data used to predict the shelf-life of three vegetable products 

stored at 65% RH and 30 °C
a
 

Product aw,i Xi
b
 aw,c Xc

c
 Xe

b
 Ws

d
 

Tomato 0.8 48.3 - 43.5 33.8 67.6 

Onion 0.25 4 0.4 7.1 12.3 96.2 

Green beans 0.25 3.6 0.4 6.7 11.4 96.2 

(a) The parameter pairs (aw,i, Xi), (aw,c, Xc), and (aw,e, Xe) are the aw and food 

moisture content (g/g solids) values initially, when the product becomes 

unacceptable, and when in equilibrium with the storage RH, respectively, 

while Ws is the amount of solids in the packaged product; (b) Calculated from 

the linearized isotherm; (c) For tomato estimated as 0.9Xi and for onion and 

green beans calculated from the linearized isotherm; (d) calculated from the 

corresponding isotherm and the aw,I value. 
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Table 7. Shelf-life at 65% RH and 30 °C by deterministic and Monte Carlo estimations 

 Deterministic Monte Carlo 

Product tsl (days) % failure tsl (days) Range (days) tsl 95% confidence 

Tomato 243 51.6 248±29 181-366 211 

Onion 86 51.0 86±3.2 76-95 81 

Green beans 79 53.0 79±3.3 71-90 73 
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Table 8. Estimated shelf-life (days) by deterministic estimations, using mean, maximum and minimum value of each G.A.B. parameter 

remaining the others fixed in their average value, and sensitivity index for each parameter for three vegetable products. 

  Xm C K 

Vegetable 

product 
tsl-mean tsl-max tsl-min SI (%) tsl-max tsl-min SI (%) tsl-max tsl-min SI (%) 

Tomato slices 243 252 234 7.0 244 241 1.4 274 221 19.1 

Onion 86 89 83 6.1 87 85 2.3 87 84 3.4 

Green beans 79 82 76 6.6 80 78 2.4 80 78 3.4 
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Table 9. Shelf-life by deterministic estimations for a 10% moisture content loss in IM tomato 

slices stored at 30 °C and 65% RH in bags of different WVTR and packing area. 

 

  -10% +10% -10% +10% -10% +10% 

WVTR  (g/m
2
*day) 1.222 1.222 1.222 1.222 1.222 1.010 1.344 

Ws  (g solids) 100 100 100 90 110 100 100 

A (m
2
)  0.06 0.054 0.066 0.06 0.06 0.06 0.06 

tsl (days) 243 270 221 219 267 270 221 

SI (%)  22.2 18.0 22.2 
 538 

539 



 540 
Table 10. Shelf-life by deterministic estimations for aw change from 0.25 to 0.4 in LM onion 

flakes stored at 30 °C and 65% RH in bags of different WVTR and packing area. 

 

  -10% +10% -10% +10% -10% +10% 

WVTR  (g/m
2
*day) 1.222 1.222 1.222 1.222 1.222 1.010 1.344 

Ws  (g solids) 100 100 100 90 110 100 100 

A (m
2
)  0.06 0.054 0.066 0.06 0.06 0.06 0.06 

tsl (days) 86 95 78 77 94 95 78 

SI (%)  21.8 18.1 21.8 
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Table 11. Shelf-life  by deterministic estimations for aw change from 0.25 to 0.4 in LM sliced 

green beans stored at 30 °C and 65% RH in bags of different WVTR and packing area. 

 

  -10% +10% -10% +10% -10% +10% 

WVTR  (g/m
2
*day) 1.222 1.222 1.222 1.222 1.222 1.010 1.344 

Ws  (g solids) 100 100 100 90 110 100 100 

A (m
2
)  0.06 0.054 0.066 0.06 0.06 0.06 0.06 

tsl (days) 79 88 72 71 87 88 72 

SI (%)  22.2 18.4 22.2 



 561 

 562 

Figure 1 Moisture sorption isotherm describing the shelf-life model parameters. 563 
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Figure 2a Experimental and predicted isotherms at 30 °C for moisture desorption by IM tomato slices (Kiranoudis and others 577 

1993; Timmermann and others 2001).  •  Experimental data, - - - Predicted data without variability, − Mean predicted data with 578 

variability, • Generated data considering variability 579 
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Figure 2b Experimental and predicted isotherms at 30 °C for moisture adsorption by LM onion flakes (Samaniego-Esguerra and 594 

others 1991). •  Experimental data, - - - Predicted data without variability, − Mean predicted data with variability, • Generated data 595 

considering variability 596 
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Figure 2c Experimental and predicted isotherms at 30 °C for moisture adsorption by LM sliced green beans (Samaniego-Esguerra 609 

and others 1991). •  Experimental data, - - - Predicted data without variability, − Mean predicted data with variability, • Generated 610 

data considering variability 611 
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 613 

Figure 3. Shelf-life frequency distribution for a 10% moisture content loss in IM tomato slices stored in PE bags at 30 °C and 65% RH 614 

showing that the non-deterministic value of 243 days has a 51.6% failure probability which when reduced to 5% yields a 211 days 615 

shelf-life.         Frequency,  −•− Cumulative % 616 
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 617 

Figure 4. Shelf-life frequency distribution for aw change from 0.25 to 0.4 in LM onion flakes stored in PE bags at 30 °C and 65% RH.  618 
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Figure 5. Shelf-life frequency distribution for aw change from 0.25 to 0.4 in LM sliced green beans stored in PE bags at 30 °C and 621 

65% RH.         Frequency,  −•− Cumulative % 622 


