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a b s t r a c t 

In extra virgin olive oil production, the time between olive harvesting and milling is a critical period 

that must be carefully controlled to preserve oil quality. Particularly, several detrimental phenomena can 

emerge during storage. Hence, a key issue for producers is to optimize conditions to preserve the quality 

of fruit before milling. With this requirement in mind, we tested the effect of olive cooling and short-term 

cold storage on olive oil quality in two experiments. The first, baseline trial was run in the laboratory, 

and involved storing small batches of olives at 6 °C and at 25 °C for 16 h. Here, the aim was to simulate a 

situation with a high temperature difference. The second experiment was conducted at industrial scale, 

using a refrigerated storage cell. One batch of fruit was stored at 6.5 °C for 16–18 h, while a control 

batch was stored at ambient temperature (13.5 ± 1 °C). Finally, the effect of the surface/volume ratio 

(SVR) of the storage container was evaluated in a full factorial experiment. Although an effect of SVR on 

olive temperature was found, no significant differences were registered in oil quality. Short-term storage 

after cooling slowed metabolic processes, reducing hydrolysis of phenols and slowing the development 

of undesirable compounds. Furthermore, it supported oxidation, evidenced by higher concentrations of 

the oxidized form of polyphenols and higher production of lipoxygenase pathway compounds. The latter 

result suggests that this system could be successfully used to modulate the aroma profile of the produced 

olive oil. 

© 2021 Elsevier Ltd and IIR. All rights reserved. 

Utilisation de cellules frigorifiques pour le refroidissement et le stockage à court 

terme des olives: effets sur la qualité de l’huile d’olive vierge extra 

Mots-clés: Arômes volatiles; Perte de saveur; Température après récolte; Froid [artificiel] 
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. Introduction 

In extra virgin olive oil production (EVOO), the period be- 

ween harvesting and milling – storage – is a critical element 

n product quality. After harvesting, ripening continues, and mi- 

robiota remain active, degrading oil quality ( Fakas et al., 2010 ; 

arcia et al., 1995 ; Vichi et al., 2009 ), while degradation is accel- 

rated by unhealthy or mechanically-damaged fruit ( Yousfi et al., 

012 ). In this context, storage temperature is an important pa- 

ameter, as it affects fruit metabolism ( Angerosa et al., 2004 ; 
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arcía et al., 1996b ; García and Yousfi, 2006 ). Many factors sup- 

ort fruit softening ( García, Gutiérrez, Barrera et al. 1996 ) and 

he release of cellular liquids that facilitate contact between the 

il, water, oxygen, olive enzymes and microbiota ( Proietti, 2014 ). 

he availability of such substrates increases acidity, lipid oxidation 

 García et al., 1996b ), and supports microbial proliferation, lead- 

ng to EVOO sensory defects such as fusty, musty, wine-vinegary , 

nd rancid ( Angerosa et al., 1996 , 1990 ; Di Giovacchino, 2010 ;

angstaff, 2014 ). 

Thus, current best practice recommends milling olives as 

uickly as possible, to minimize the time after harvesting. How- 

ver, several technical and operative barriers make this difficult. 

ruit should be harvested in as short a timeframe as possible, 

o obtain the best technological ripeness; consequently, harvest- 

ng can exceed the working capacity of extraction plants, which 

re often undersized. However, to achieve an effective quality con- 

rol, the time factor must be linked to the temperature factor, since 

he time-temperature interaction directly affect the kinetics of re- 

ctions ( Peri, 2014 ). 

The literature reports several studies of the effects of cold 

torage on olive fruit ( Ben et al., 2012 ; García et al., 1996b ,

996a ; Hachicha Hbaieb et al., 2016 , 2015 ; Inarejos-García et al., 

010 ; Jabeur et al., 2015 ; Kalua et al., 2008 ; Luaces et al., 2005 ;

orales-Sillero et al., 2017 ; Pereira et al., 2002 ; Piscopo et al., 

018 ; Saffar Taluri et al., 2019 ; Vichi et al., 2009 ; Yousfi et al.,

012 , 2008 ), which is often combined with controlled atmo- 

pheric conditions ( Castellano et al., 1993 ; Clodoveo et al., 2007 ; 

ourtoglou et al., 2006 ; García et al., 1994 ; Gutierrez et al., 1992 ;

ader et al., 1989 ; Kiritsakis et al., 1998 ; Maestro et al., 1993 ;

inaldi et al., 2010 ; Yousfi et al., 2009 ). The available literature is 

esumed in the Table S1 (supplementary materials). Many stud- 

es indicate that storage temperatures between 5 and 10 °C are 

ptimal for delaying fruit degradation. On the other hand, cur- 

ent findings suggest there are no clear advantages due to the 

se of a controlled atmosphere (i.e. lowering the percentage of O 2 

nd/ or increasing CO 2 ). These earlier studies test very long stor- 

ge times, with extensive periods between measurements (days or 

ven weeks) and could be considered very interesting and impact- 

ng for some industrial realities. 

The olive oil sector has a high variability in terms of prices and 

roduct quality. For example, in Italy, if we consider only the best 

uality categories (i.e. extra virgin olive oil and Protected Denom- 

nations of Origin), the market price ranges from 3.80 euro/kg to 

2.00 euro/kg ( ISMEA, 2020 ). For the production of higher qual- 

ty olive oils, the time between harvest and extraction is usually 

bout a few hours, and rarely exceeds one day since very small 

hanges in oil composition could strongly decrease the product 

uality and price ( Fiorini et al., 2018 ). The processing technologies 

nd their settings can change the composition of the EVOO, es- 

ecially in terms of phenolic compounds and volatile molecules, 

irectly affecting the organoleptic quality of the product ( Di Gio- 

acchino et al., 2002 ). The process control and the modulation of 

uality characteristics can also give the producers a further pre- 

ium in term of price ( Carbone et al., 2018 ). Hence, a short cold

torage could be used to further increase the quality of the ex- 

ra virgin olive oil by improving the phase between olive harvest- 

ng and milling. Only two studies have examined the effect of fruit 

ass during the period between harvest and milling ( García et al., 

994 ; Inarejos-García et al., 2010 ). For both fruit mass and storage 

imes, previous experimental conditions were inconsistent with the 

roduction process that we examined. These observations moti- 

ated our study of the impact of cold short-term storage of fruit 

n olive oil quality. 

The aim of the present study is to find operative conditions 

hat can compensate for the lack of mill capacity at peak harvest. 

n particular, we evaluate the effect of low-temperature storage of 
60 
live fruits on EVOO quality at mill scale. Furthermore, we exam- 

ne the interaction between storage volume and storage temper- 

ture. Consequently, our trials mimic the operative context, where 

he time between harvest and processing is short, and fruit batches 

re relatively small. 

. Materials and Methods 

.1. Olive fruit 

Olive fruit ( Olea europaea , a blend of cv. Frantoio ( � 70%) and cv.

oraiolo ( � 30%)) was harvested and processed in central Italy (Fat- 

oria di Maiano, Fiesole, Florence, Italy – approx. 43 °79’ N, 11 °30’ 

) in November 2019. Specifically, olives for Trial 1 were harvested 

n 7 November 2019, while fruit for Trial 2 was harvested on 7, 

3, and 14 November 2019. Harvested olives were in good health 

assessed by visual inspection by company technicians) with a ma- 

urity index (MI) between 3 and 4. MI was determined according 

o the Uceda and Frias (1975) method. Water content (45.45 ± 1.28 

 w/w) was measured by weighing 20 g of olives before and after 

torage for 24 h at 105 °C, for each processed batch. 

Trials were carried out as follows. 

.2. Trial 1: Storage at laboratory scale 

Olive fruits were sampled immediately after their arrival at the 

ill. Then, they were transported to our laboratory (Department 

f Agriculture, Food, Environment and Forestry, University of Flo- 

ence, Florence, Italy). The distance between the olive mill and the 

aboratory is approximately 11 km, and the travel time is roughly 

0 min. At the lab, a trial was run to reproduce the following con- 

itions: i) a large temperature difference between ambient condi- 

ions and cold storage; and ii) fast heat exchange between fruit and 

he environment due to a small mass of olives. Two, homogeneous 

.5 kg batches of fruit were stored in a monolayer, in a perforated 

lastic box at 25 °C (ambient temperature), and in a chiller at 6.5 °C 

Irinox MultiFresh, MF 25.1, Irinox Spa, Treviso, Italy) for 16–18 h. 

hree replicates were run for each condition, making a total of six 

live oil micro-extractions (i.e. three at ambient temperature and 

hree at cold temperature). 

.3. Trial 2: Storage at mill scale 

The hosting company (Fattoria di Maiano, Fiesole, Florence, 

taly) was equipped with a refrigerated storage cell (ArticStore 20’, 

1 6.06 x l2 2.45 x h 2.62 m; volume = 28.8 m 

3 , Titan Containers,

aastrup, Denmark), designed to store fruit near to the mill. The 

ontainer temperature was set to 6.5 °C, and continuously moni- 

ored during trials. Harvested olives (790 kg for each trial) were 

ut into perforated plastic boxes and brought to the mill. On av- 

rage, the time between harvest and arrival at the mill was 3 h. 

pon arrival, fruits were merged into a batch and mixed to ensure 

omogeneity. Next, the batch was divided into two, homogeneous 

ub-batches that were stored at either ambient temperature (i.e. 

utdoors) or in the refrigerated storage cell (i.e. 6.5 °C). We also 

ncluded a variable to capture the type of container and its de- 

ree of filling – the surface/volume ratio (SVR). For each temper- 

ture treatment, olives were either stored in: filled, 250 kg perfo- 

ated plastic bins (113 × 113 × 58 cm) with SVR = 7 (SVR7-bin); 

alf-filled (i.e. 125 kg) perforated plastic bins (113 × 113 × 29 cm) 

ith SVR = 10 (SVR10-halfbin); or 20 kg perforated plastic boxes 

51 × 35 × 31 cm) with SVR = 16 (SVR16-box). Storage time was 

6–18 h. This simulates working conditions, where harvesting runs 

rom early morning to sunset, and fruit processing takes place on 

he following day in the laboratory. 
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A randomized block design was adopted in the trials. The har- 

est day was considered as blocking factor and treated as a repli- 

ate. Within the harvest days, 2 experimental factors (i.e. temper- 

ture and SVR) and their interaction were tested. Each day the 6 

ossible combinations between temperature and SVR were tested. 

rials were carried out in 3 different days, for a total of 18 olive oil

xtractions. 

For each storage condition, the temperature was constantly 

onitored by data-loggers located inside and outside the refrig- 

rated container (Ebro EBI 300 PDF Data Logger, Xylem Analytics 

ermany Sales GmbH & Co. KG, Weilheim, Germany), and in the 

iddle of fruit heaps (HOBO TidbiT MX Temperature 50 0 0 ′ Data 

ogger, Onset Computer Corporation, Bourne, MA, US). 

At the beginning and end of storage, metabolic activity was 

valuated by measuring O 2 , CO 2 and ethanol concentration in the 

entral part of each heap with dedicated sensors (PBI Dansen- 

or CheckPoint O 2 /CO 2 , AMETEK s.r.l., Milan, Italy; Vernier Ethanol 

ensor coupled with Vernier LabQuest2, Vernier, Beaverton, OR, 

S). This was achieved by manually introducing each probe into 

ach heap; measures were recorded after equilibrium between the 

ensor and the environment was reached. 

.4. Olive oil extraction 

At the end of storage, an aliquot of 1.5 kg of olive fruit was re-

overed from the central part of each heap and immediately trans- 

orted to the laboratory. Fruit was transported in a net (Raschel) 

ag that was filled with olives and placed in the heap. 

The oil microextraction plant consisted of a crusher, a lab-scale 

alaxator and a laboratory centrifuge (NEYA8, Neya centrifuges, 

odena, Italy). After crushing, 1.1 kg of olive paste was mixed in 

 hermetically-sealed cylindrical malaxator for 20 min at a con- 

rolled temperature of 27 °C. Then, oil was separated from vege- 

ation water and solid fractions by centrifugation for 10 min at 

500 rpm, and recovered with a separatory glass funnel. This ex- 

erimental device has been used in earlier studies, and is de- 

cribed in more detail in Masella et al. (2019) . 

.5. Olive oil analysis 

Oil samples obtained from laboratory and mill trials were an- 

lyzed for free fatty acids (% oleic acid), peroxide value (meq O 2 

er kg of oil) and UV spectroscopic indices (K 232 , K 270 and �K) 

ccording to official methods ( EC, 2008 ). 

Biophenolic fractions were extracted, identified and determined 

ollowing the International Olive Council (IOC) official method 

 International Olive Council, 2017 ). Phenolic compounds were ex- 

racted from olive oil samples through methanol:water 80:20 (v/v) 

olution. The HPLC analysis were performed using a HP 1100 cou- 

led with both DAD and MS detector, the latter one equipped with 

P1100 MSD API-electrospray interface (Agilent Technologies, Palo 

lto, CA, USA). A Poroshell 120, EC-C18 column (150 mm x 3.0 mm 

d, 2.7 μm particle size; Agilent Technologies, Palo Alto, CA, USA) 

as used for separation. According to the official method, acetoni- 

rile, H 2 O and methanol were adopted as elution solvents following 

he elution gradient described by IOC. Chromatogram was recorded 

t 280 nm, using syringic acid as internal standard, while the phe- 

olic concentration were expressed as mg kg −1 of tyrosol. 

Identification and quantification of volatile organic compounds 

VOC) was performed by headspace solid-phase microextraction 

oupled with gas chromatography-mass spectrometry (HS-SPME- 

C-MS) using the multiple internal standard method, as de- 

cribed by Fortini et al. (2017) . 0.1 g of internal standard mix- 

ure (ISTD MIX) was added to 4.3 g of sample into a 20 ml 

ials fitted with open hole screw cap and PTFE/silicone septa. 

he ISTD MIX was prepared dissolving 11 molecules in refined 
61 
live oil, for a final concentration of 75 mg kg −1 for each ISTD. 

STDs were chosen in order to represent several molecular masses 

nd several classes of VOCs (alcohols, aldehydes, ketones, es- 

ers, carboxylic acids and aromatic hydrocarbons). ISTDs were ei- 

her deuterium-labelled or found to be absent in virgin olive oil 

.e., 3,4-dimethylphenol, 4-methyl-2-pentanol, hexanoic acid-d11, 

-butanol-d10, ethyl acetate-d8, toluene-d8, ethyl hexanoate-d11, 

cetic acid- 2,2,2-d3, 6-chloro-2-hexanone, 3-octanone, trimethyl 

cetaldehyde. The same amount of ISTD MIX was added to cali- 

ration scales in order to normalize each analyte concentrations 

f calibration curve on those of respective ISTD. HS-SPME-GC- 

S analysis was carried out after the equilibration of SPME fiber 

50/30 μm DVB/ CAR/PDMS by Supelco) at 60 °C for 5 min. Then, it 

as exposed for 20 min in the vial headspace under orbital shak- 

ng (500 rpm) and immediately desorbed for 2 min in a gas chro- 

atograph injection port operating in splitless mode at 260 °C. Af- 

er that, a 15 min fiber backout at 260 °C was carried out in a back-

ut unit such to avoid carryover phenomena among subsequent 

pecimens. The GM-MS identification of VOC was performed us- 

ng a Trace CG-MS Thermo Fisher Scientific, equipped with a ZB- 

FAP capillary column (Zebron) 30 m x 0.25 mm ID, 0.25 μm DF. 

he temperature of the column was controlled as follows: 36 °C 

or 10 min, increase to 156 °C at 4 °C per min, increase to 260 °C
t 10 °C per min, decrease to 250 °C at 10 °C per min, with hold

ime of 2 min. Helium was used as the carrier gas at constant flow 

f 0.8 ml per min. The temperature of both ion source and trans- 

er line was 250 °C. The mass detector was operated in scan mode 

ithin a 30–330 Th mass range at 1500 Th s −1 , with an IE energy

f 70 eV. 

VOC quantification was carried out comparing each mass spec- 

ra and retention times with those of injected authentic standards. 

he stock external standard mix contained 71 analytes in refined 

il, which was previously verified to be free of any interferent. The 

nalytes and their concentration ranges were chosen based on pre- 

ious works on Italian virgin olive oils. 

.6. Statistical analysis 

A Student’s t- test was applied to data from Trial 1. Trial 2 data 

ere analyzed with an ANOVA model taking into account the 2 

xperimental factors (temperature and SVR) and their interaction 

ith the 3 harvest days considered as a blocking factor. Signifi- 

ance was set at p < 0.05. Tukey HSD post-hoc test was used to 

ssess significant differences among the 3 SVRs. 

. Results 

.1. Trial 1 

Trial 1 focused on a short storage period with a large tem- 

erature difference. It sought to eliminate the effect of heating of 

he fruit due to the mass. Oil samples obtained from olives stored 

t cold (C) and ambient (A) temperature were both classified as 

xtra virgin. No significant differences were found for free fatty 

cids and peroxide value (Table S2), while the spectrophotomet- 

ic analysis found significantly higher values for K 232 (1.81 ± 0.05 

s 1.61 ± 0.02) and K 270 (0.11 ± 0.00 vs 0.10 ± 0.00) for A samples 

ompared to C samples (Table S2). 

Total phenolic compound content was not significantly affected 

y storage temperature ( Table 1 ). Among the 24 compounds found 

n the used method, statistically significant differences were ob- 

erved for five individual compounds. Of these, only tyrosol was 

ound to be in higher concentration in A samples (average dif- 

erence 0.36 mg kg −1 ). According to the literature, tyrosol results 

rom the hydrolysis of ligstroside, and is not depleted by oxidation. 

hus, it could be considered as an indicator of olive oil phenolic 
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Table 1 

Concentration of phenolic compounds (mg kg −1) in olive oil samples taken from olives stored at cold and am- 

bient temperature at lab scale. Letters a,b indicate significant differences ( p < 0.05) obtained using a two-tailed 

student t-test. Single phenol concentrations that were not found to be significant, are not shown. Significant 

codes: ns = not significant; . p < 0.1, ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001. 

Biophenols (mg kg −1 ) Ambient (25 °C) Cold (6.5 °C) p 

Individual compounds 

Tyrosol 1.68 ± 0.09 b 1.32 ± 0.15 a ∗

Cinnamic acid 2.13 ± 1.54 a 4.89 ± 1.15 b ∗

Ligstroside aglycone, oxidized aldehyde and hydroxylic form 8.35 ± 3.90 a 14.00 ± 3.21 b ∗

Methyl luteolin 0.95 ± 1.14 a 9.87 ± 1.58 b ∗∗∗

Ligstroside aglycone, aldehyde and hydroxylic form 2.15 ± 1.31 a 9.45 ± 1.40 b ∗∗∗

Sum of Compounds and Indexes 

Total phenolic compounds 339.58 ± 75.86 368.98 ± 75.73 ns 

Tyrosol + Hydroxytyrosol 4.59 ± 1.12 4.45 ± 1.49 ns 

Phenolic acids 15.68 ± 3.81 17.81 ± 3.31 ns 

Lignans 22.89 ± 4.53 24.42 ± 4.17 ns 

Flavones 6.94 ± 2.58 a 16.15 ± 2.98 b ∗∗

Secoiridoids 289.48 ± 65.84 306.15 ± 65.19 ns 

Oleuropein derivatives 178.70 ± 17.75 180.32 ± 42.69 ns 

Ligstroside derivatives 110.78 ± 7.63 125.8 ± 22.52 ns 

Total oxidized form 75.41 ± 5.04 96.95 ± 21.99 ns 

Total not-oxidized form 206.14 ± 21.00 199.57 ± 47.71 ns 

Not-Ox/Ox ratio 2.73 ± 0.22 2.07 ± 0.39 . 

Table 2 

Volatile organic compound profile of olive oil samples taken from olive fruits stored at cold 

and ambient temperature at lab-scale. Only those compounds for which significant differences 

( p < 0.05) at the two-tailed student t-test were found, are shown. Significant codes: p < 0.1, ∗

p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001. 

Volatile organic compounds (mg kg −1 or μg kg −1 ) Ambient (25 °C) Cold (6.5 °C) p 

2-butanone (μg kg −1 ) 18.41 ± 4.69 9.23 ± 3.98 ∗

2-butanol (μg kg −1 ) 16.37 ± 1.15 14.05 ± 0.56 ∗

Ethanol (mg kg −1 ) 4.11 ± 0.43 2.04 ± 0.06 ∗∗

Acetic acid, butyl ester (mg kg −1 ) 0.56 ± 0.03 0.78 ± 0.03 ∗∗∗

Isobutanol (mg kg −1 ) 0.10 ± 0.01 0.18 ± 0.01 ∗∗∗

1-butanol, 2-methyl + 3-methyl (mg kg −1 ) 0.35 ± 0.01 0.21 ± 0.01 ∗∗

Propanoic acid (μg kg −1 ) 31.37 ± 2.25 38.83 ± 3.88 ∗

Z3-hexenal (mg kg −1 ) 0.19 ± 0.02 0.24 ± 0.02 ∗

E2-hexenal (mg kg −1 ) 23.85 ± 1.95 29.00 ± 2.35 ∗

Acetic acid, hexyl ester (mg kg −1 ) 0.03 ± 0.01 0.11 ± 0.01 ∗∗∗

E2-penten-1-ol (μg kg −1 ) 26.99 ± 2.65 17.16 ± 1.14 ∗∗

Z2-penten-1-ol (mg kg −1 ) 0.31 ± 0.03 0.21 ± 0.03 ∗∗

Z3-hexenyl acetate (mg kg −1 ) 0.15 ± 0.01 0.26 ± 0.01 ∗∗

1-hexanol (mg kg −1 ) 0.24 ± 0.02 0.46 ± 0.02 ∗∗

E3-hexen-1-ol (μg kg −1 ) 6.10 ± 0.42 9.53 ± 0.47 ∗∗∗

Z3-hexen-1-ol (mg kg −1 ) 0.45 ± 0.04 0.63 ± 0.04 ∗∗

2-nonanone (μg kg −1 ) 37.06 ± 0.47 30.72 ± 0.51 ∗∗∗

1-heptanol (μg kg −1 ) 8.50 ± 0.46 19.39 ± 1.54 ∗∗∗

Phenylethyl alcohol (μg kg −1 ) 53.55 ± 1.91 46.48 ± 3.05 ∗
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ompound hydrolysis ( Guerrini et al., 2020 ; Migliorini et al., 2013 ; 

agliarini et al., 20 0 0 ). Studies have found that during malaxation, 

nd the storage of both fruit and oil, the action of β-glucosidase 

nd esterase enzymes means that the most abundant secoiridoid 

lucosides (oleuropein and ligstroside) shift to aglyconic forms and 

imple phenol products ( Brenes et al., 2001 ; Guerrini et al., 2017 ;

ontedoro et al., 1992 ; Servili et al., 2002 ). 

Four other biophenols were found at statistically significant 

igher concentrations in C samples ( Table 1 ). These include one 

avone (methyl-luteolin), two ligstroside-derived secoiridoid forms 

the oxidized aldehyde and hydroxylic form of ligstroside agly- 

one, and its aldehyde and hydroxylic form), and one phenolic acid 

cinnamic acid). Summing together the phenolic compounds ac- 

ording to their chemical class resulted in no statistically signifi- 

ant differences between C and A oils. The exception was the sum 

f flavones, including methyl-luteolin ( Table 1 ). Individual sums 

f secoiridoid, simple phenols, phenolic acid, oleuropein-derived 

ompounds and ligstroside-derived compounds were statistically 

quivalent for both oil samples. 
o

62 
Seventeen out of the 40 tested VOCs were significantly af- 

ected by the storage temperature ( Table 2 ). Of these, nine are de- 

ived from the LOX pathway, and typically improve olive oil flavor 

 fruity, cut-grass or green olive notes) ( Angerosa et al., 20 04 , 20 0 0 ;

orales et al., 1994 ). Other VOCs that were significantly affected 

y temperature can be related to fermentative processes. When 

resent in high concentration, they can lead to sensory defects 

uch as wine-vinegary or fusty ( Angerosa et al., 1996 ; Morales et al., 

005 ). Finally, other VOCs could be related to lipid oxidation and 

he rancid defect ( López-López et al., 2019 ; Morales et al., 2005 ). 

LOX-related compounds were higher in C oils than A oils 

 Table 2 ). Seven individual compounds associated with the fruity 

roma, including Z3-hexenal, E2-hexenal, Z3-hexenyl acetate, 1- 

exanol, and E3 and Z3-hexen-1-ol, were found to be higher in 

 oils, while two others (E-2-penten-1-ol and Z-2-penten-1-ol) 

ere higher in A oils. The C6 branch of the LOX pathway seems 

o be enhanced by cold storage, while the C5 branch seems to 

e favored by higher temperatures. These results are consistent 

ith other studies that report a decrease in C5 formation when 

lives are stored at low temperature ( Hachicha Hbaieb et al., 2016 ; 
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Fig. 1. Tracking plots of the inner temperature (3-replicate average values) of olive fruit heaps during cold (C) and ambient temperature (A) storage at mill scale (solid lines): 

filled bin – SVR = 7 (blue line), half-filled bin – SVR = 10 (orange line), and plastic box – SVR = 16 (green line). Dotted lines track the temperature of the storage medium. 
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uaces et al., 2005 ) or cooled before oil extraction ( Dourou et al.,

020 ). On the other hand, in our study, microbial metabolites 

ere more abundant in A samples, with significant amounts of 2- 

ethyl and 3-methyl butanol, ethanol, 2-butanone, 2-butanol, and 

henylethyl alcohol ( Table 2 ). These metabolites could be the re- 

ult of microbial activity that begins with aminoacidic precursors 

 Angerosa et al., 2004 , 1996 ; López-López et al., 2019 ; Qian and

ang, 2005 ; Vichi et al., 2011 ). In particular, Angerosa, Di Giacinto, 

nd Solinas (1990) found a direct, proportional relation between 

-methyl butanol and the intensity of the fusty defect. Finally, we 

ound higher concentrations of isobutanol (2-methyl-propan-1-ol) 

n C samples. 

.2. Trial 2 

.2.1. Storage temperature 

Ambient temperature remained stable at 13.5 ± 1 °C. However, 

he temperature of the refrigerated container never dropped below 

 °C ( Fig. 1 ). Thus, in this study, we evaluated the effect of a 5–6 °C
all in temperature, for roughly 16 h. 

Temperature measurements inside olive heaps revealed very 

ifferent trends as a function of SVR, both for cold and ambient 

emperature storage. 

With respect to storage at ambient temperature, the core tem- 

erature of SVR10-halfbins and SVR16-boxes tended to reach equi- 

ibrium with the external atmosphere in a relatively short time 

from about 15 °C to equilibrium in 6 h). However, observations of 

VR7-bins revealed an increase in temperature at the heart of the 

eap during storage. Specifically, we recorded a progressively in- 

reasing gap between SVR7-bin and ambient temperature, which 

eached, on average, over 3 °C by the end of storage. 

In the refrigerated treatment, all three containers reached ther- 

al equilibrium, although the cooling rate was a function of 

he SVR. SVR10-halfbins and SVR16-boxes dropped to below 10 °C 

ithin 2 h, while olives in the SVR7-bin took much longer to reach 

hermal equilibrium. 

.2.2. Olive fruit gas emissions 

At the end of storage, no significant change was found for 

thanol content (Table S5). CO 2 concentration was found to be 

ignificantly higher in the refrigerated storage cell, while the O 2 

oncentration was significantly lower (Table S5). Although the aim 

f the lower temperature was to reduce cellular respiration, large 

uantities of CO 2 accumulated in olives stored in the refrigerated 

ontainer ( � 1%), with a simultaneous decrease in the concentra- 

ion of O 2 ( � 20%). This observation could be due to the sealing of

he container, which prevented gases escaping, leading to the ac- 

umulation of CO and the reduction of O . 
2 2 

63 
.2.3. Olive oil analysis 

Under European law ( EC, 2008 ), all olive oils produced during 

rial 2 could be classified as extra virgin (Table S6). No significant 

ifferences in quality parameters were found between treatments, 

ith the exception of free fatty acids, which were higher in oil 

amples obtained from fruit stored at ambient temperature. Sev- 

ral authors have noted that an increase in free fatty acids might 

ndicate both endogenous lipase and hydrolytic processes of micro- 

ial origin ( García et al., 1996b ; Kiritsakis and Markakis, 1984 ). 

.2.4. Phenolic compounds 

No significant differences were found as a function of storage 

emperature or SVR for total phenols. Significant differences were 

ound for five biophenols ( Table 3 ), confirming the results obtained 

n Trial 1. 

Significant interactions between storage temperature and SVR 

ere found. Lignans and phenolic acids were found at higher 

oncentrations in SVR7-bin cooled samples. Similarly, 3 individual 

ompounds, namely ferulic acid, decarboxymethyl ligstroside agly- 

one in the oxidized dialdehyde form, and ligstroside aglycone in 

he oxidized aldehyde and hydroxylic form had the same higher 

oncentration in SVR7-bin cooled samples. The significant effect of 

ooling on biophenols was confirmed by higher concentrations of 

hree secoiridoids (decarboxymethyl oleuropein aglycone, oxidized 

ialdehyde form; decarboxymethyl ligstroside aglycone, oxidized 

ialdehyde form, and ligstroside aglycone, oxidized aldehyde and 

ydroxylic forms), which were more abundant in C oils. Two out 

f 3 secoiridoids showed both the significant effect of temperature 

nd those of the interaction temperature x SVR. Overall, the sum 

f ligstroside derivatives was found to be higher in oils produced 

rom olives stored at cold temperature. Finally, it is interesting to 

ote the increase in the ratio of oxidized and non-oxidized forms 

f secoiridoids, related to the cold temperature. 

.2.5. Volatile organic compounds 

Statistically significant differences were found for sixteen VOCs 

s a function of storage condition ( Table 4 ). Of these, several in-

ividual C6 LOX-derived alcohols and esters changed significantly 

epending on the storage temperature. In particular, 1-hexanol, E3- 

exen-1-ol, the hexyl ester of acetic acid, and E2- and Z3-hexenyl- 

cetate were more abundant in C oils, in Trial 1. However, but con- 

istent with Trial 1, we found that individual C5 LOX VOCs (E2- 

enten-1-ol and Z2-penten-1-ol) were higher in oils produced in 

he ambient temperature treatment. Ambient temperature treat- 

ent oils were also more abundant in 2-heptanone, while 1- 

eptanol and decanal were higher in cold treatment oils (it should 

e noted that these differences are statistically significant, but ex- 

remely small). 
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Table 3 

Concentration of phenolic compounds (mg kg −1 ) in olive oil samples taken from olives stored at cold and ambient temperature with different surface/volume ratios (SVR) at mill scale. Only 

significant differences ( p < 0.05) at the ANOVA are reported for individual compounds. Letters x,y indicate compound significantly different for SVR, a,b indicate a significant difference for 

temperature; h,i,l, indicate significant difference for temperature x SVR interaction. The latter assignments were carried out according to the Tukey HSD post-hoc test. RSE column reports the 

Residual Standard Error of the model. Significant codes: ns = not significant; . p < 0.1, ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001. 

Ambient Cold 

Biophenols (mg kg −1 ) SVR7-bin SVR10-halfbin SVR16-box SVR7-bin SVR10-halfbin SVR16-box RSE pT p SVR pint 

Individual compounds 

Para-coumaric acid 1.32 x 0.89 y 0.84 y 1.13 x 0.83 y 0.95 y 0.27 ns ∗ ns 

Ferulic acid 2.12 h 1.73 h 1.45 h 5.10 i 2.07 h 1.71 h 0.87 ∗ ∗∗ ∗

Decarboxymethyl oleuropein aglycone, oxidized dialdehyde form 34.75 a 48.46 a 40.94 a 55.23 b 56.94 b 60.05 b 11.88 ∗ ns ns 

Decarboxymethyl ligstroside aglycone, oxidized dialdehyde form 31.53 h 45.54 il 36.28 hi 54.98 l 46.04 il 44.04 il 5.58 ∗∗ ns ∗

Ligstroside aglycone, oxidized aldehyde and hydroxylic form 8.26 h 11.02 h 8.26 h 22.75 i 11.44 h 10.80 h 3.94 ∗ ns ∗∗

Sum of Compounds and Indexes 

Total phenolic compounds 366 434 348 455 367 393 70 ns ns ns 

Tyrosol + Hydroxytyrosol 3.95 4.16 3.73 6.36 4.07 4.01 1.54 ns ns ns 

Phenolic acids 12.87 h 14.31 hi 9.94 hi 18.79 i 12.23 hi 11.84 hi 3.01 ns ns ∗

Lignans 20.38 i 26.60 hi 20.78 i 33.98 h 25.07 hi 24.89 i 3.58 ∗∗ ns ∗

Flavones 11.18 15.97 12.69 15.13 13.45 12.58 4.46 ns ns ns 

Secoiridoids 317.28 373.12 300.69 380.24 312.06 340.00 61.33 ns ns ns 

Oleuropein derivatives 223.58 260.75 209.37 249.90 209.30 240.17 50.65 ns ns ns 

Ligstroside derivatives 97.65 a 116.53 a 95.05 a 136.70 b 106.84 b 103.84 b 13.67 ∗ ns ns 

Not-Ox/Ox Ratio 2.77 b 2.15 b 2.02 b 1.53 a 1.40 a 1.54 a 0.04 ∗ ns ns 

Table 4 

Volatile organic compound profile of olive oil samples taken from olive fruits stored at cold and ambient temperature, with different surface/volume ratios (SVR) at mill scale. 

Only those compounds for which significant differences ( p < 0.05) were found at the ANOVA, are shown. Letters x,y indicate compound significantly different for SVR, a,b indicate 

a significant difference for temperature; h,i,l, indicate significant difference for temperature x SVR interaction. The letter assignment was carried out according to the Tukey HSD 

post-hoc test. RSE column reports the Residual Standard Error of the model. Significant codes: ns = not significant; . p < 0.1, ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001. 

Ambient Cold 

Volatile Organic Compounds(mg kg −1 or μg kg −1 ) SVR7-bin SVR10-halfbin SVR16-box SVR7-bin SVR10-halfbin SVR16-box RSE pT p SVR pint 

Methyl acetate (μg kg −1 ) 78.45 i 33.60 h 29.87 h 32.76 h 31.37 h 43.81 hi 14.49 . ns ∗

Pentanal (mg kg −1 ) 0.86 h 0.90 hi 0.94 i 0.90 hi 0.89 hi 0.86 h 0.03 ns ns ∗

2-heptanone (mg kg −1 ) 1.58 b 1.58 b 1.58 b 1.57 a 1.57 a 1.58 a 0.01 ∗ ns ns 

1-butanol, 2-methyl + 3-methyl (mg kg −1 ) 0.40 b 0.33 b 0.35 b 0.21 a 0.27 a 0.19 a 0.09 ∗∗ ns ns 

Acetic acid, hexyl ester (mg kg −1 ) 0.06 a 0.10 a 0.09 a 0.15 b 0.15 b 0.15 b 0.04 ∗∗ ns ns 

E2-penten-1-ol (μg kg −1 ) 36.09 b 32.42 b 28.10 b 30.70 a 21.21 a 26.75 a 7.67 ∗ . ns 

Z2-penten-1-ol (mg kg −1 ) 0.40 b 0.36 b 0.32 b 0.35 a 0.25 a 0.30 a 0.07 ∗ ns ns 

Z3-hexenyl-acetate (mg kg −1 ) 0.26 a, x 0.36 a, y 0.32 a, y 0.34 b, x 0.49 b, y 0.52 b, y 0.08 ∗∗ ∗ ns 

E2-hexenyl-acetate (μg kg −1 ) 0.00 a 0.52 a 0.16 a 3.01 b 4.31 b 4.40 b 3.16 ∗ ns ns 

1-hexanol (mg kg −1 ) 0.15 a 0.18 a 0.15 a 0.22 b 0.26 b 0.24 b 0.05 ∗∗ ns ns 

E3-hexen-1-ol (μg kg −1 ) 4.49 a 6.22 a 5.18 a 6.96 b 7.15 b 6.65 b 3.16 ∗ ns ns 

2,4-hexadienal (μg kg −1 ) 81.76 y 49.46 x 47.50 x 98.60 y 43.80 x 79.12 x 18.89 ns ∗∗ ns 

1-heptanol (μg kg −1 ) 2.11 a 4.08 a 2.39 a 6.58 b 6.79 b 5.43 b 5.06 ∗ ns ns 

Decanal (mg kg −1 ) 0.13 a 0.39 a 0.38 a 1.13 b 1.32 b 0.52 b 0.57 ∗ ns ns 

2,4-nonadienal (μg kg −1 ) 51.70 hi 60.30 hi 55.09 hi 64.34 i 59.08 hi 49.94 h 6.99 ns ns ∗

Phenol (μg kg −1 ) 30.13 i 22.26 h 19.61 h 21.50 h 23.31 h 25.28 i 2.36 ∗ ns ∗∗∗

6
4
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Fig. 2. Balance of positive and negative volatile organic compounds and oxidation products between the two storage treatments: cold (C) and ambient temperature storage 

(A). The bar reports the average values obtained from each temperature treatment, taking only those compounds that were significantly different ( p < 0.05) at the ANOVA. 

Error bars represent the standard deviation. 
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Regarding fruit mass, only two compounds were affected by 

he SVR and, more specifically, in SVR7-bins. SVR7-bin concen- 

rations of Z3-hexenyl-acetate and 2,4-hexadienal were lower and 

igher respectively, than other SVR conditions. A statistically signif- 

cant interaction between temperature and SVR was observed for 

ethyl-acetate, pentanal, 2,4-nonadienal and phenol. 

When VOCs were grouped into similar classes, it became clear 

hat some short chain compounds were related to microbial action 

methyl-acetate, 2-methyl and 3-methyl butanol) ( Angerosa et al., 

990 ; López-López et al., 2019 ; Morales et al., 2005 ). These 

olecules might also be responsible for the fusty defect that is of- 

en found with a low SVR ( Angerosa, Di Giacinto, and Solinas 1990 ;

ngerosa, Lanza, and Marsilio 1996 ). 

On the other hand, all of the molecules linked to the LOX 

athway had a positive correlation with cold storage. The ex- 

eption was C5, where the opposite trend was found. Finally, 

everal molecules associated with microbial or oxidative activi- 

ies ( Morales et al., 2005 ; Tuorila and Recchia, 2014 ), such as 2-

eptanone, 1-heptanol or 2,4-nonadienal, were roughly equally dis- 

ributed between all olive oil samples. 

. Discussion 

The current recommendation is that harvested olives should be 

illed as soon as possible. In real, operative conditions this is not 

ossible. Usually extraction cannot keep up with harvesting, result- 

ng in unavoidable olive storage. In order to reduce the risk related 

o the delay in olive processing during the harvesting season, pro- 

ucers of high-quality EVOO have started to use refrigerating cells 

o store fruit between harvest and milling. This study evaluates real 

torage conditions, characterized by a short storage period, rela- 

ively small olive batches, and industrial mill equipment. A refer- 

nce test (Trial 1), carried out in the laboratory, provided support 

or a second experiment at mill scale (Trial 2). 

The results of Trials 1 and 2 are consistent: the industrial-scale 

rial confirmed the findings of the lab-scale experiment. However, 

t industrial scale, other logistic factors became important, such as 

he mass of fruit stored. 

The effect of the SVR is apparent from temperature records 

 Fig. 1 ), which highlighted different trends, especially for SVR7- 
65 
ins. Storage temperature was found to interact with SVR with 

espect to several variables. Most of the significant interactions 

ere related to the SVR7-bin. This mass had the highest ther- 

al capacity, and the worst heat exchange with the environment, 

esulting in: i) a slow temperature fall for cold storage; and ii) 

n increased rate of metabolic processes in olive heaps at ambi- 

nt temperature. The fruit mass makes a non-negligible contribu- 

ion to fruit metabolism, and the effect is more apparent at high 

asses, as confirmed by the literature ( García and Yousfi 2006 ; 

ngerosa, Di Giacinto, and Solinas 1990 ). This process led to a 3–

 °C increase in the internal temperature of SVR7-bin fruits stored 

t ambient temperature, and a slowdown in the cooling rate in the 

old storage treatment. 

Despite the short storage time, temperature has a marked effect 

n, in particular, the biophenol profile and VOC composition of oils. 

Although no difference was found for total biophenol con- 

ent, cold storage appears to be a good way to preserve pheno- 

ic compounds in olive oil. As reported by several authors, lower 

emperatures might reduce enzymatic activity ( Ben et al., 2012 ; 

lodoveo et al., 2007 ; García et al., 1996b ), which can also derive

rom the microbiota of olive fruit ( Zullo et al., 2014 ). In both of

ur trials, cold storage improved the preservation of the pheno- 

ic fraction of derived oils (A samples), indicated by higher con- 

entrations of some secoiridoid aglycones, flavones, and lignans. 

 samples indicated greater phenolic fraction degradation than C 

amples, consistent with higher concentrations of tyrosol derived 

rom the hydrolysis of ligstroside. However, oil samples from cold- 

tored olives were more oxidized, which may be due to an in- 

rease in dissolved oxygen at low temperature. Hachicha Hbaieb 

t al. (2015) described this phenomenon in the context of enzyme 

ctivity. The latter authors found that the key enzyme in pheno- 

ic compound oxidation (polyphenol oxidase), decreased during the 

rst days of fruit storage, and that the process accelerated when 

lives were stored at higher temperature. In Trial 2, at ambient 

emperature, the temperature increase of almost 3 °C could suggest 

reater hydrolysis of the phenolic fraction, as argued by García and 

ousfi (2006) . However, no significant differences were found for 

VR treatments, with the exception of ferulic acid. Thus, it seems 

hat, for short storage periods, hydrolytic, oxidative and microbial 
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rocesses that may lead to the degradation of phenolic compounds 

re mainly related to temperature, regardless of SVR conditions. 

With respect to the VOC profile of olive oils, we found an 

bundance of molecules related to the fruity sensory attribute 

fter cold storage, indicating a positive correlation between fla- 

or and low temperature. However, results reported in the lit- 

rature do not agree. Some studies partially confirm our find- 

ng ( Dourou et al. 2020 ), while others note reduced develop- 

ent of olive oil flavor after cold storage of fruit ( Luaces, Pérez, 

nd Sanz 2005 ; Hachicha Hbaieb et al. 2016 ). The increase in 

OX compounds in our data is consistent with increased oxi- 

ation, highlighted by a fall in the ratio between non-oxidized 

nd oxidized forms of secoiridoids. VOCs linked to fermentation 

re more abundant after storage at ambient temperature, which 

learly supports microbiological, enzymatic, and oxidative activities 

 Angerosa et al. 2004 ). 

To summarize, olive cooling and short-term cold storage seems 

o have a positive effect on the aroma profile of olive oil, consis- 

ent with the higher sum of positive C6 LOX-related compounds 

 Fig. 2 ). In addition, it decreased the sum of the concentrations of 

everal VOCs related to amino acid or microbial metabolism, and 

ften linked to the fusty defect in olive oil ( Fig. 2 ). In fact, the Ital-

an word for fusty is riscaldo , which refers to the heat produced 

y olives during inappropriate storage, and the International Olive 

ouncil describes fusty as “characteristic flavour of oil obtained 

rom olives piled or stored in such conditions as to have undergone 

n advanced stage of anaerobic fermentation” ( International Olive 

ouncil, 2018 ). 

It appears that low temperatures slow hydrolytic deterioration 

n the phenolic fraction. However, the mechanism is not com- 

letely clear, from an oxidative perspective. We could hypothe- 

ize that, on the one hand, cold storage protects against chem- 

cal oxidation, notably a rise in K 232 and K 270 indexes. On the 

ther hand, cold storage seems to increase enzyme-related oxi- 

ation products. Moreover, we observed higher amounts of the 

xidized form of secoiridoids, and higher concentrations of LOX- 

elated VOCs ( Fig. 2 ). Consistent with this hypothesis, and from a 

trictly chemical point of view, the LOX compounds cited above 

ould be considered as oxidation products. It is possible that the 

onjugation of unsaturated lipid dienes was supported at higher 

emperatures (i.e. chemical oxidation) and, on the other hand, that 

ower temperatures facilitated the dissolution of O 2 in olive tissues 

 Kalua et al. 2007 ) leading to the oxidation of biophenols and the

ppearance of oxidative-related VOCs. These phenomena involve 

ifferent causal mechanisms. 

According to Karel (1984) , in some cases, oxidative reactions 

ay actually proceed faster at low temperatures, due to a slow- 

ng down of interfering reactions that compete for O 2 . The en- 

rgy require to a activate lipid oxidation is often lower than 

ther reactions that need O 2 as a catalyzer, or act as antioxi- 

ant functions ( Karel, 1984 ). As described for other plants, low- 

ring the storage temperature can modify the lipid composition 

f the cell membrane, shifting the balance towards polyunsatu- 

ated fatty acids such as linolenic acid (C18:3), in order to main- 

ain fluidity ( Lee et al., 2005 ; Xu and Siegenthaler, 1997 ). This re-

rrangement leads to the production of hydroperoxides by LOX 

nzymes, and the initiation of the LOX pathway. Several studies 

ave demonstrated that the enzymes involved in the LOX pathway 

ave different optimal temperatures, which can regulate changes in 

he EVOO aroma profile. While hydroperoxide lyase (HPL), which 

reaks down 13-hydroperoxydes into aldehydes, has maximum ac- 

ivity at 15 °C and minimum at 35 °C ( Salas and Sánchez, 1999a ),

ipoxygenase (LOX), alcohol dehydrogenase (ADH) and alcohol acyl- 

ransferase (AAT), which form hydroperoxides, alcohols and esters, 

espectively, have an optimum around 30–35 °C ( Pérez et al., 1993 ; 

idolfi et al., 2002 ). 
66 
Thus, if we consider HPL as the key LOX enzyme, high tem- 

eratures may reduce the formation of green notes in olive 

il ( Salas and Sánchez, 1999a ), or favor the production of 

5 compounds and pentene dimers, rather than C6 aldehydes 

 Luaces et al., 2005 ). However, in the present study, high tem- 

eratures were � 15 °C, which although it is the HPL optimum, 

ould be considered relatively low compared to the other LOX en- 

ymes that were studied (optima � 30 °C). As the reduction in green 

otes cannot be ascribed to the high storage temperature, it seems 

hat flavor formation is more complex. In practice, during olive 

ruit storage many different factors interact, such as time, temper- 

ture, and pH ( Ridolfi et al., 2002 ; Salas et al., 1999 ; Salas and

ánchez, 1999b ), the fruit cultivar ( Hachicha Hbaieb et al., 2016 ; 

ánchez-Ortiz et al., 2013 ), and the ripening stage ( Dourou et al., 

020 ; Hachicha Hbaieb et al., 2016 ; Salas et al., 1999 ; Salas and

ánchez, 1998 ). These observations make it difficult to predict the 

pecific enzymatic and chemical mechanisms that are responsible 

or the evolution of phenolic and volatile profiles during short- 

erm storage. 

Finally, no interaction was found between the SVR and stor- 

ge temperature, except for concentrations of a few compounds 

n oil. This indicates that, regardless of temperature, any type of 

ontainer and any degree of filling can be considered as non- 

etrimental to olive oil quality for short periods of storage. 

. Conclusion 

The use of a refrigerated cell to cool and store the olives be- 

ween the harvest and the milling, can be considered as a new 

ool in the olive oil toolbox, and a new opportunity, especially for 

igh-quality olive oil producers. Our trial showed that it was able 

o limit the deterioration of post-harvest fruit, and change the LOX- 

elated VOC profile of olive oil. However, we still do not fully un- 

erstand how short-term cold storage affects various biochemical 

nd physical-chemical phenomena. 

In general, fruit cooling and short-term cold storage: 

- avoids fruit metabolism leading to mass warming, especially 

with a low SVR; 

- improves the preservation of oil triglycerides and secoiridoids, 

from a hydrolytic point of view; 

- increases production of aromatic compounds that are associ- 

ated with positive EVOO attributes; and 

- can reduce the production of VOCs related to fusty, wine- 

vinegary and rancid defects; 

- allows the accumulation of small quantities of CO 2 in the stor- 

age environment. 

On the other hand, low temperatures are consistent with 

reater oxidation in oils. 

With regard to the SVR, fruit volumes should be correctly han- 

led to ensure rapid cooling and to prevent defects in olive oil. 

hus, we recommend the use of refrigerated containers for the 

roduction of high-quality EVOO, especially during the early stages 

f harvesting. The recent practice of early harvesting can lead to 

orking on extremely hot days; consequently, fruit storage must 

ecessarily be very short, and thermal conditions must be strictly 

ontrolled. 
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