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Abstract: Fermentation processes within olive fruit jeopardize the quality of the extracted oil. Aera-
tion, temperature, and time play a crucial role in attaining the critical threshold at which an aerobic
respiration shifts towards anaerobic. In this work, the O2 consumption and CO2 production of olive
fruit kept in a closed container at different temperatures (5–45 ◦C) were measured over 7 h. The
data allowed us to describe the relationship between the temperature and the respiration rate as
an Arrhenius function and simulate the oxygen consumption in the inner part of a container full
of fruit with low aeration, considering the generated respiration heat over time. The simulation
revealed that olives risk shifting to anaerobic respiration after 3 h at 25 ◦C and less than 2 h at 35 ◦C
when kept in a non-ventilated environment. The results underline the irreversible damage that high
day temperatures can produce during the time before fruit processing, especially during transport.
Lowering, as soon as possible, the field temperature thus comes to the fore as a necessary strategy to
guarantee the quality of the olives before their processing, like most of the fruit that is harvested at
excessive temperatures.

Keywords: Fermentation; Olea europaea; respiration rate; storage conditions; transport

1. Introduction

Currently, the implementation of super high-density hedgerow orchards is accelerat-
ing at a fast rate. For example, it increased roughly 116% in Spain in 2016 when compared
to 2015 [1]. While still being a fraction of the 1.5 Mha cultivated in Andalusia (the world’s
leading olive-producing region), the shift towards fully mechanized harvesting and prun-
ing is setting [2]. The ‘Arbequina’ cv. is currently by far the most established (90%) variety
in super high-density hedgerow orchards, along with ‘Arbosana’, ‘Koroneiki’, and the
recently introduced ‘Sikitita’ [3,4]. These cultivars are characterized by an early ripen-
ing that starts early November. However, the season often starts several weeks earlier
because extra virgin olive oil (EVOO) with the highest quality is achieved from green
olives. Consequently, harvesting is carried out in a period when the day temperatures
are well above 30 ◦C. It can be expected that olive production will cope with major and
profound challenges according to the predictions of climate change in the Mediterranean
Basin [5–8]. The flowering and ripening of the fruit are expected to be brought forward, so
it is necessary to start the harvest earlier to obtain an optimal quality of oil [9–12].

Harvesting under these conditions implies that the temperature of the fruit can quickly
attain excessive levels, especially when the fruit are collected in containers or trailers

Fermentation 2021, 7, 200. https://doi.org/10.3390/fermentation7040200 https://www.mdpi.com/journal/fermentation

https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0002-0047-4412
https://orcid.org/0000-0001-7613-8565
https://orcid.org/0000-0002-2004-8023
https://orcid.org/0000-0001-5669-218X
https://orcid.org/0000-0002-4582-560X
https://doi.org/10.3390/fermentation7040200
https://doi.org/10.3390/fermentation7040200
https://doi.org/10.3390/fermentation7040200
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fermentation7040200
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation7040200?type=check_update&version=2


Fermentation 2021, 7, 200 2 of 14

that are fully exposed to the sun. Temperature is considered to be the most important
factor affecting postharvest shelf-life, along with atmospheric composition and physical
stress [13]. Within the physiological temperature range of most crops (0–30 ◦C), higher
temperatures cause an exponential rise in respiration. Aerobic respiration involves three
interconnected metabolic pathways: glycolysis, the Krebs or tricarboxylic acid (TCA)
cycle, and oxidative phosphorylation. During glycolysis, pyruvate is produced out of
glucose, which is then further broken down in the TCA cycle to produce CO2, flavin
adenine dinucleotide (FADH2), and nicotinamide adenine dinucleotide (NADH). During
the electron transfer, the energy contained in NADH and FADH2 is released, producing
two and three adenosine triphosphate (APT) molecules, respectively. In the absence of O2,
NADH and FADH2 are accumulated, and the concentration of the oxidized forms (NAD+
and FAD) decreases. The TCA cycle is interrupted, and glycolysis becomes the only way
to obtain ATP. The regeneration of NAD+ in the absence of oxygen takes place through
fermentative metabolism by the reductive decarboxylation of pyruvate to ethanol. The
shift from predominantly aerobic to predominantly anaerobic respiration is known as the
anaerobic compensation point or the fermentative threshold and varies the gas diffusion
and respiration rates within the different tissues [13]. Values between 1.5 and 3.5% of O2
have been reported for apples and mushrooms, respectively, as the critical limit at which
an increased CO2 production marks the offset of an anaerobic respiration [14].

The fermentative processes in olives provokes the development of negative sensory
attributes, such as winey, vinegary or muddy sediment, in the resulting olive oils. This
means that these oils cannot be commercially considered as EVOO. The presence of alcohols
such as methanol or ethanol facilitates the esterification of free fatty acids and the formation
of fatty acid alkyl esters (FAAE) in olive oil, the presence of which shows that the olives
have undergone a fermentation process [15]. Other causes of oil deterioration such as
oxidation or freezing do not induce the increase of these compounds [16]. Methanol can
also be formed by the metabolization of pectin from the cell wall during olive ripening,
while ethanol can have this origin only in some very specific varieties, so its formation
is more related to fermentation [17]. As a consequence, the presence of fatty acid ethyl
esters (FAEE) was considered in 2013 as a marker of oil deterioration and is included in the
European Union Regulation of olive oil quality.

The hydrolytic and oxidative deterioration of olive fruit is strongly influenced by
inappropriate practices during its harvest, storage and transport to industry. The content
of ethanol was significantly higher in ground-picked olives than in fruit harvested directly
from the tree, although the concentration of FAEE in the extracted oil stayed below the
official EVOO limit [18]. Jabeur et al. showed that a relevant factor to explain high levels
of FAEE in stored olives is the type of container used for post-harvest storage, reporting
higher levels in closed plastic bags than in perforated plastic boxes [19]. Although the fruit
in closed plastic bags was brought under conditions of increased asphyxiation, no record
was kept of their actual O2 consumption or CO2 production during the storage at room
temperature up to 25 days. As the fruit was kept at room temperature, no effect of the
temperature on the respiration rate was studied, either.

The available O2 and the storage temperature are both equally important factors in
the formation of ethanol in the fruit [20]. Beltrán et al. measured a six-fold increase in
ethanol content for both washed and unwashed olive fruit after 12 h of storage in silos,
although without reporting the storage temperature [21]. The production of ethanol is
directly related to anaerobic respiration, while the temperature has a direct impact on the
rate of respiration [21]. In conditions where ventilation is hindered, high temperatures will
speed up respiration by generating more heat and accelerating the consumption of oxygen.
Ultimately, when all the available oxygen is consumed, anaerobic respiration will take
place. It can thus be expected that, in a closed system, the higher the respiration rate, the
earlier the processes of fermentation will start to produce ethanol. Thus far, the respiration
rate of olive fruit was studied jointly with its ethylene production to document the effects
of cold storage on olive fruit [22–26]. Only one study reported the respiration rate and the
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physicochemical changes that occur in olive fruit picked for table olives and exposed to air
at temperatures between 10 and 40 ◦C [27]. The respiration quotient or the ratio of CO2
produced to O2 consumed varied between 2.5 and 1.3 for the Gordal cultivar, and between
2.2 and 1.2 for the ‘Manzanilla’ cv. However, the experiment took place in an open system,
so the evolution of the oxygen consumption was not taken into consideration.

The rates of gas diffusion and respiration may vary significantly when the fruit are
piled up, as when olives are collected and transported in large containers. Under such con-
ditions, some olives in the containers risk becoming anaerobic while others remain aerobic.
The reduction of O2 in the storage atmosphere, which determines the ethanol formation
threshold of olive fruit in an unventilated environment, has never been determined thus
far. This study aims to determine experimentally the time at which the olive fruit attains
this formation threshold when kept in a closed system at distinct temperatures.

2. Materials and Methods
2.1. Olive Samples

Roughly 5 kg of olive fruits (‘Picual’ variety) were hand-picked at a farm in Bollullos
par del Condado (Spain) in November 2019, and immediately brought to the facilities of
the Instituto de la Grasa (Spanish National Research Council, Seville, Spain) in a perforated
plastic box. The olives were healthy, without any visible infection or bruising, and green
(ripening index 2.3). On arrival, the fruit was stored in a refrigerator set at 5 ◦C (±1 ◦C).

2.2. Experimental Set-Up

The experiment consisted in measuring the CO2 and O2 concentrations in three
hermetically sealed glass jars (approx. 125 mL) containing a known amount of olives
(approx. 45 g) hourly for 7 consecutive hours, while keeping the temperature constant at
5, 10, 15, 20, 23, 30, 35, 40, or 45 ◦C. The CO2 and O2 contents of the headspace of these
jars were determined with a G100 portable gas analyzer (Geotechnical Instrument Ltd.,
Leamington Spa, UK). The tests took place at the facilities and laboratories of the Instituto
de la Grasa.

The measuring device consisted of a support, three glass jars with screw caps, and
a gas analyzer (Figure 1). The support was made of a wooden board (30 × 30 × 1 cm;
four legs of 5 cm), with three holes (7 cm) to hold the glass jars. Through two holes in the
screw cap, flexible silicone tubes of 15 cm (diameter of 1 cm) were fixed at 1 cm inside and
sealed with silicone. The full tightness of the recipient (jar with the screw cap with tubes)
was tested by immersion in a bowl of water. Each tube was connected to two plastic valves,
placed one behind the other. Both valves were fixed at the wooden platform to create a
stable structure. A silicone tube of 5 cm was connected to the second valve to provide a
connection with the gas analyzer.

The temperatures of 5, 10, 15, and 20 ◦C were obtained in a cooling chamber, adjusted
to these temperatures (±1 ◦C) 24 h before the trials. Stable room temperature allowed for
measurements at 23 ◦C. A FD720 incubator (BINDER GmbH, Tuttlingen, Germany), with
a volume of 740 dm3 was used to attain the temperatures within the range of 30 ◦C and
45 ◦C.

The exact volume of each jar and the connected tubes (including the two valves) was
determined by weighting the needed water to fill the closed system (precision 0.1 g). On
the day of the trial, fruit was taken out of the refrigerator to fill the three glass jars as much
as possible without damaging the fruit. The olives of each jar were weighted separately
on a laboratory balance (precision 0.1 g). Thereafter, the three jars (A, B, C) filled with
the olives were placed without the cap in the thermostatic environment (cooling room or
incubator) to attain the desired temperature. After one hour, the screw caps were closed
and a first measurement (t0) was performed with the gas analyzer. In the following 7 h, the
O2 and CO2 concentration (% v/v) was measured. This period was taken as the maximum
timespan between the harvesting and the discharge of the fruit in the mill. The samples
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in the incubator were taken outside for the time of the measurement (approx. 360 s). The
ones kept in the cooling room were measured there.

The temperature of each set of three jars (Ti) was set to 5, 10, 15, 20, 23, 30, 35, or 40 ◦C.
The measurements (tj) took place at 0, 1, 2, 3 4, 5, 6, and 7 h.

The volume of the air (Vair) in the closed system with the olive fruit was deduced
from the measured volumes of the closed jars (Vjarr) minus the volume of olives ( Volive)
obtained from the weight of the olives, knowing the density of the olive fruit. The volume
fractions of the O2 (VO2 ) and CO2 (VCO2 ) in each jar could be calculated by multiplying the
Vair by the volumetric concentrations of each gas (yO2

(
Ti, tj

)
and yCO2

(
Ti, tj

)
) in % (v/v),

which were measured with the gas analyzer at Ti and tj.
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Figure 1. Representation of the measuring device to register the consumed O2 and produced CO2 in
a closed system by portable gas analyzer. Elements of the measuring device: 1. glass jar (125 mL)
with 2 holes (1 cm Ø); 2. olive fruit (±40 g); 3. silicone tube (1 cm Ø); 4. plastic valve; 5. humidity
filter; 6. G100 portable gas analyzer. A, B, C are the three samples of the triplicate design.

2.3. Theory and Calculus

The amount of each gas (W
(
Ti, tj

)
) expressed in mg per g of fruit (mg/golive) at

temperature T and time t (Equations (1) and (2)) could be calculated given the molecular
masses of 32 g/mole for O2 and 44 g/mole for CO2, and the molar volume of a gas
(Equation (3)).

WO2

(
Ti, tj

)
(mg/golive) = 32·VO2

(
Ti, tj

)
·103·W−1

olive·Vm(Ti)
−1 (1)

WCO2

(
Ti, tj

)
(mg/golive) = 44·VCO2

(
Ti, tj

)
·103·W−1

olive·Vm(Ti)
−1 (2)

where
Vm(Ti) =

RTi
P

(3)

with Vm (Ti) = molar volume of a gas (dm3) at temperature Ti.
R: gas constant (0.082 dm3 atm K−1 mol−1) of the ideal gas law.
Ti: temperature (K).
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The respiration rate is the velocity by which CO2 is produced (RRCO2) and O2 is
consumed (RRO2) at a given temperature Ti, both in cm3 kg−1h−1, and can be calculated
given the values of yO2

(
Ti, tj

)
and two different tj:

RRCO2(Ti) =
[
yCO2(Ti, t)− yCO2

(
Ti, tj

)]
·Vf /

[(
t(Ti)− tj(Ti)

)
·Wolive·100

]
(4)

RRO2(Ti) = −
[
yO2(Ti, t)− yO2

(
Ti, tj

)]
·Vf /

[(
t(Ti)− tj(Ti)

)
·Wolive·100

]
(5)

That can be expressed in terms of moles (mM kg−1h−1) as follows:

RRCO2(Ti) = RRCO2(Ti)
(

cm3 kg−1h−1
)
·44·Vm(Ti)

−1 (6)

RRO2(Ti) = RRO2(Ti)
(

cm3 kg−1h−1
)
·32·Vm(Ti)

−1 (7)

The respiration rate can be characterized by using either the CO2 production rate or
the O2 consumption rate. In the closed system under study, oxygen acted as the limiting
reagent and was therefore given preference over CO2 production. The Arrhenius model
allows for the determination of the respiration rate at a given temperature from data
obtained at other temperatures, assuming that the reaction is of zero-order and that the
respiration rate is therefore constant, equal to the specific rate constant [14].

RRO2 = AO2 ·e
−EaO2 ·

1
RT (8)

with AO2 (cm3 kg−1 h−1): pre-exponential factor for O2 consumption.
EaO2 (J mol−1): activation energy for the O2 consumption.
R: gas constant (8.314 J mol−1 K−1) of the ideal gas law.
AO2 (cm3 kg−1 h−1) and EaO2 (J mol−1) can be calculated when knowing the RRO2

at two different Ti solving the two Equations (9) and (10), and by having Equations (11)
and (16).

RRO2(T1) = AO2 ·e
−EaO2 ·

1
RT1 (9)

RRO2(T2) = AO2 ·e
−EaO2 ·

1
RT2 (10)

AO2 = RRO2(T1)·e
EaO2 ·

1
RT1 (11)

RRO2(T2) = RRO2(T1)·e
EaO2 ·

1
RT1 ·e−EaO2 ·

1
RT2 (12)

RRO2(T2)

RRO2(T1)
= eEaO2 ·

1
RT1
−EaO2 ·

1
RT2 (13)

ln
(

RRO2(T2)

RRO2(T1)

)
= EaO2 ·

1
RT1
− EaO2 ·

1
RT2

(14)

ln
(

RRO2(T2)

RRO2(T1)

)
= EaO2

(
1

RT1
− 1

RT2

)
(15)

EaO2 =

ln
(

RRO2 (T2)

RRO2 (T1)

)
(

1
RT1
− 1

RT2

) (16)

2.4. Simulation Model

After verifying that the Arrhenius model could be used to estimate the consumption
rate at the different temperatures, a simulation study was performed to calculate the time
needed to consume up to 3% of the O2 present in a closed system filled with fruit at a given
temperature. This limit was set arbitrarily, and was considered the thresholds as reported
by Fonseca et al. [14].
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The closed system was a 1-m3 cube situated in the lower part of a container used to
transport olives with dimensions set at 6 m long, 2.5 m wide, and 2.5 m high (Figure 2). The
cube was situated at 0.75 m from the lateral walls to guarantee that direct heat exchange
with the outside was negligible. A distance of 1.5 m between the upper layers of the fruit
and the upper site, together with the absence of a lateral or vertical airflow, prevented the
entrance of O2 into the cube of fruit under study.
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from the lateral walls and 1.5 m between upper layers of the fruit and the upper site (b).

The biometrical characteristics of olives (‘Picual’ cv.) used in another experiment were
used to calculate the air volume (Vair) in 1 m3 [28,29]. The mean weight was 4.4 g and
the volume, calculated after measuring the width and height and assuming the volume
to be a prolate spheroid, was 4.14 cm3. By weighting the number of olives that entered
in a known volume, it was determined that 500 g of olives (of 4.4 g per olive) entered
in a volume of 1 dm3, and 500 kg, i.e., 113,636 olives, in 1 m3. The volume occupied by
the fruit thus accounted for 0.470 m3. The total volume of O2, expressed in dm3, in 1 m3

filled with 500 kg of olive fruit, amounted to (1 m3–0.470 m3) · 0.209 O2 dm3 O2/ dm3 air ·
1000 dm3/m3, i.e., 110.7 dm3.

The amount of O2 consumed for a given time interval (tj+1 − tj) can be calculated
using the respiration rate at each temperature, as obtained by the Arrhenius equation.

VO2

(
Ti, tj+1

)
= VO2

(
Ti, tj

)
− RRO2

(
tj
)
·
(

500 kg
1000 kg

)
·
(
tj+1 − tj

)
(17)

During aerobic respiration, energy is produced at a rate of 2667 kJ for each mole of
glucose that reacts with 6 moles of O2 [13]:

C6H12O6(s) + 6O2(g) → 6CO2(g) + 6H2O (l) + 2667 kJ (18)

where 5% of that energy is consumed during the breaking down of the glucose molecule,
41% is used to produce 38 ATP molecules, and 57% is lost as heat [13]. Therefore, for
each mole of O2 consumed, 253 kJ are added to the system. Under adiabatic conditions,
the heat generated during a time t needs to be taken into consideration as it added up to
the initial temperature t under which the fruit was stored. As the production of this heat
follows the consumption of O2, the Arrhenius model can be used to calculate the rate of
heat production, l(T), expressed in kJ kg−1 h−1, at a given temperature T(t) (Equation (19)).
As it refers to the same reaction, the activation energy (Ea) is the same, although the
pre-exponential factor B (J kg−1 h−1) is different.

l(T) = B·e−Ea 1
RT (19)

At time t, the temperature of the system (m) and Cp increase by
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T(t− t0) =
l(T0, t0)

m·Cp
·t (20)

The temperature T(t) at time t thus becomes:

T(t) = T(t0) + T(t− t0) (21)

Considering:

RRO2(t) = RRO2(T0) and RRO2(t0) = RRO2(0) (22)

It can be deduced that:

RRO2(t)− RRO2(0) = RRO2(T0)(t− t0) (23)

RRO2(t) = RRO2(0) + Ea
−Ea
R·T0 (t− t0) (24)

Therefore:

RRO2(t) = RRO2(0) + EaO2

−EaO2
R(T0+

l
mCp

t)
(t− t0) (25)

At each time interval (t–t0), the rate of consumption of O2 was calculated, considering
the initial temperature and the accumulated heat produced during that interval. According
to the Arrhenius equation, the reaction rate increases with increases in temperature, thus
the increased respiration rate can then be accordingly adjusted. This corrected respiration
rate allowed a precise estimation of the time it takes for the described closed system, at an
initial temperature T to attain the critical threshold of 3% of O2.

3. Results
3.1. Concentrations of O2 and CO2 over Time

The calculated values of WO2 and WCO2 over 7 h allowed us to appreciate the differ-
ences among the samples kept at different temperatures (Table 1). At 5 ◦C, the consumption
of the O2 hardly changed over the studied time. As the temperature increased, the amount
of O2 decreases rapidly and we recorded an increase of CO2. At 20 ◦C, the amount of O2
and CO2 balanced after 7 h, while at 30 ◦C the balance occurred after 3 h, and at 40 ◦C it
balanced in less than 2 h. At 45 ◦C, all the O2 in the jars was consumed in less than 3 h.

Table 1. Amount of mg O2 consumed and mg CO2 produced per gram of olive fruit kept in a closed system at a temperature
between 5 and 45 ◦C, over a time span of 7 h. Each value indicates the mean value of 3 replicates ± standard deviation.

Time O2 (mg/golive)
(h) 5 ◦C 10 ◦C 15 ◦C 20 ◦C 23 ◦C 30 ◦C 35 ◦C 40 ◦C 45 ◦C

0 0.55 ± 0.02 0.46 ± 0.00 0.50 ± 0.01 0.53 ± 0.02 0.53 ± 0.01 0.53 ± 0.02 0.48 ± 0.01 0.48 ± 0.01 0.40 ± 0.02
1 0.53 ± 0.02 0.42 ± 0.01 0.47 ± 0.01 0.49 ± 0.02 0.49 ± 0.04 0.42 ± 0.01 0.39 ± 0.01 0.36 ± 0.01 0.27 ± 0.02
2 0.51 ± 0.02 0.41 ± 0.00 0.44 ± 0.01 0.42 ± 0.02 0.45 ± 0.04 0.35 ± 0.01 0.27 ± 0.02 0.26 ± 0.03 0.19 ± 0.02
3 0.50 ± 0.02 0.39 ± 0.01 0.42 ± 0.01 0.37 ± 0.02 0.40 ± 0.03 0.30 ± 0.00 0.19 ± 0.03 0.16 ± 0.01 0.00 ± 0.00
4 0.50 ± 0.02 0.40 ± 0.01 0.39 ± 0.01 0.33 ± 0.01 0.36 ± 0.04 0.22 ± 0.00 0.15 ± 0.03 0.07 ± 0.02 0.00 ± 0.00
5 0.49 ± 0.02 0.37 ± 0.01 0.37 ± 0.02 0.28 ± 0.02 0.32 ± 0.04 0.16 ± 0.00 0.13 ± 0.03 0.04 ± 0.01 0.00 ± 0.00
6 0.47 ± 0.03 0.37 ± 0.01 0.35 ± 0.02 0.26 ± 0.02 0.28 ± 0.03 0.13 ± 0.00 0.12 ± 0.03 0.03 ± 0.01 0.00 ± 0.00
7 0.48 ± 0.02 0.35 ± 0.01 0.33 ± 0.02 0.24 ± 0.02 0.25 ± 0.03 0.11 ± 0.00 0.10 ± 0.03 0.04 ± 0.01 0.00 ± 0.00

Time CO2 (mg/golive)
(h) 5 ◦C 10 ◦C 15 ◦C 20 ◦C 23 ◦C 30 ◦C 35 ◦C 40 ◦C 45 ◦C

0 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
1 0.04 ± 0.00 0.06 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.06 ± 0.00 0.15 ± 0.00 0.17 ± 0.00 0.20 ± 0.00 0.22 ± 0.00
2 0.04 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.09 ± 0.00 0.11 ± 0.00 0.23 ± 0.00 0.35 ± 0.00 0.34 ± 0.00 0.53 ± 0.00
3 0.05 ± 0.00 0.09 ± 0.00 0.10 ± 0.00 0.13 ± 0.00 0.16 ± 0.00 0.29 ± 0.00 0.49 ± 0.00 0.48 ± 0.00 0.63 ± 0.00
4 0.05 ± 0.00 0.10 ± 0.00 0.13 ± 0.00 0.17 ± 0.00 0.21 ± 0.00 0.39 ± 0.00 0.60 ± 0.00 0.64 ± 0.00 0.63 ± 0.00
5 0.06 ± 0.00 0.11 ± 0.00 0.15 ± 0.00 0.20 ± 0.00 0.25 ± 0.00 0.46 ± 0.00 0.65 ± 0.00 0.73 ± 0.00 0.63 ± 0.00
6 0.06 ± 0.00 0.11 ± 0.00 0.17 ± 0.00 0.23 ± 0.00 0.28 ± 0.00 0.49 ± 0.00 0.68 ± 0.00 0.73 ± 0.00 0.63 ± 0.00
7 0.06 ± 0.00 0.12 ± 0.00 0.19 ± 0.00 0.24 ± 0.00 0.31 ± 0.00 0.52 ± 0.00 0.70 ± 0.00 0.74 ± 0.00 0.63 ± 0.00
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The ratio of CO2 produced to O2 consumed (RQ) fell within the range of 0.6 (5 and
10 ◦C) and 1.4 (30 ◦C) during the full time of the experiment for the samples that were kept
at temperatures below 35 ◦C. From then on, the RQ started to increase before the end of the
trials, with values above 3 after 6 h at 35 ◦C, 3.6 after 5 h at 40 ◦C, and 3.7 after 2 h at 45 ◦C.
The limitations of the gas analyzer used impeded the registration of CO2 concentrations
above 20%, so no accurate values could be obtained once all the O2 was consumed.

3.2. Influence of Temperature on the Respiration Rate

The influence of the temperature on the respiration rate became even more clear when
the consumption of O2 (Equation (4)) was plotted against the temperature (Figure 3). The
respiration rate doubled between 10 and 20 ◦C and between 20 and 30 ◦C. The values of the
O2 increased exponentially (y = 12.801e0.0495x; R2 = 0.97) between 5 and 40 ◦C. However,
above 40 ◦C the respiration rate did not increase further and it maintained an almost equal
level. The CO2 production (Equation (5)) increased similarly to the O2 up to 30 ◦C, after
which the values continued to increase at a much higher velocity than the O2.
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Figure 3. Respiration rate expressed as the O2 consumed and CO2 produced by olive fruit in a closed
system kept at temperatures between 5 and 45 ◦C.

The data allowed the calculation of the pre-exponential factor (A) and the activation
energy (Ea) of the Ahrrenius equation at each temperature, once the respiration rate,
expressed in mM kg−1h−1 of O2 consumed, was assessed following Equations (11) and
(16). Both coefficients were determined with distinct intervals of (t–t0), after which the
calculated values of RRO2 were compared with the rates obtained in the experiments. The
data registered after 1 and 2 h were the most satisfactory when compared with the ones
between 2 and 3, 3 and 4, and 1 and 4 h. A correlation coefficient of 0.99 was obtained
when the data at 45 ◦C were not considered (data not shown). Therefore, the following
Arrhenius function (Equation (26)) was withheld:

RRO2(T) = 1.9 107·e−31.4· 1
RT (26)

Up to 40 ◦C, the Arrhenius function closely matched the observed data (Figure 4). At
45 ◦C, the oxygen consumption was nil after 3 h because all the oxygen in the jars had been
already consumed within those three hours (Table 1).
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3.3. Heat Generated by Fruit Respiration

To take into account the additional heat generated by the reaction itself, the pre-
exponential factor B of the Arrhenius function, as defined in Equation (19), was calculated
under the assumption that the reaction produced 253 kJ for each mole of O2 consumed,
resulting in:

l(T) = 5.98 105·e−30.7· 1
RT (27)

To estimate this additional effect, a simulation was performed following Equations (21)–
(25), assuming a closed system of 1 m3 containing 500 kg of olives, and a free volume of
O2 of 110.7 dm3 over 7 h. The obtained curves at each T0 are all defined by an adjusted
quadratic function, presenting increasing acceleration with a higher initial temperature
(Figure 5). It can be observed that the respiration rate at an initial temperature of 30 ◦C rose
after 4 h to a level that equaled the one that exists at a T0 of 35 ◦C. At an initial temperature
of 35 ◦C, the respiration rate at 40 ◦C was attained after 3 h.
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This theoretical estimation did not consider the decreasing amount of O2 necessary
to keep the aerobic reaction going. As such, the calculated respiration rates at high initial
temperatures after three or more hours are not valid, as no oxygen will be present in the
closed system.

3.4. Consumption of O2 during Storage under Adiabatic Conditions

The adjusted respiration rates facilitated a simulation of the consumption of oxygen
within the described closed system (Figure 6). To underscore the effect of the heat generated
by the fruit itself, a dotted line is added to represent the decrease of O2 without considering
this additional heat. The limit where aerobic respiration becomes critical is set at 3% and
marked as a horizontal dashed line. According to this simulation, the olives kept at a
temperature above 35 ◦C, will attain that limit in less than 2 h. Fruit kept between 20 and
30 ◦C risk fermentation in less than 4 h, while fruit stored between 5 and 15 ◦C can be
stored between 7.5 and 5 h without inducing anaerobic respiration. With 3% of O2 left,
the added heat reduced the needed time between 7.3% (5 ◦C) and 8.5% (45 ◦C) (data not
shown). However, as it takes longer to attain this threshold at lower temperatures, the
reduction of the time is equally greater: 35 min at 5 ◦C, 16 min at 23 ◦C, and 7 min at 45 ◦C.
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Figure 6. Consumption of available O2 within the described closed system at different temperatures, taking into account
the additional heat produced by the fruit itself (adj).

Plotting the different temperatures against the time needed to consume up to 3% of
O2 revealed an exponential curve (y = 67.962 e−0.341x) with an R2 of 0.99 (Figure 7). The
graphic indicates that when the fruit is kept at 25 ◦C under the described conditions, it will
take 3 h to attain this threshold of 3%, while it will less than 2 h at 35 ◦C.
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Figure 7. Time needed to attain the threshold of 3% O2 in the described closed system kept at
temperatures between 5 and 45 ◦C.

4. Discussion

The experiment provided concise data on the O2 consumption and CO2 production of
olives in a closed system at different temperatures over a period of 7 h. The data allowed
an estimation of the changes in respiration rate as well as the moment when a defined
closed system would shift to anaerobic respiration. The limitations related to a closed or
static system that were summed up by Fonseca et al. [14] were overcome or were negligible
for the experiment. The gas volume could be accurately estimated, the experiment was
designed to measure the effect of O2 depletion and CO2 production, the time between the
sampling provided enough data to make generalized estimations, and no combination of
gases was considered.

The obtained RQ values for the samples kept below 35 ◦C were within the normal
values as reported in the literature, ranging from 0.7 to 1.3 [27,30]. The higher levels
registered at an increasingly earlier time did indicate a shift towards anaerobic respiration.
Values higher than 6 are reported for fruit and vegetables packed in low permeability
films and causally linked to the presence of fermentative metabolism [14]. Although the
limitations of the used gas analyzer did impede a precise registration of the produced CO2,
it is obvious that the registered values above 3 marked the change in metabolism.

The effect of time and temperature on respiration has been studied on various intact
fruit as well as in fresh-cut produce [14,31–36]. In all of these studies, an Arrhenius-type
equation was shown to be very reliable to describe the respiration rate as a function of the
temperature. The calculated respiration rate of the olive fruit kept at different temperatures
adjusted itself to an Arrhenius function up to 40 ◦C. The obtained preexponential factor and
the respiration activation energy of olive fruit, being respectively 1.9 107 (mg·kg−1·h−1)
and 31.4 (kJ·mol−1), lie within the normal range (9.8·105–1.2·1017 mg·kg−1·h−1 and 29–
93 kJ·mol−1), as reported in the literature for fruit and vegetables [37].

It was observed that biological reactions generally increase two or three-fold for every
10 ◦C raised in temperature for temperatures in the range of 10–30 ◦C [38]. At higher tem-
peratures, enzymatic denaturation may occur, leading to a reduced respiration rate, while
at lower temperatures, physiological injury can provoke an increase in respiration rate [39].
The obtained data did present comparable results in the aforementioned temperature range.
However, the reduction of the respiration rate at the highest temperatures was not induced
by an enzymatic denaturation but by the fact that oxygen acted as the limiting factor in
the reaction, leading to a flattening of the respiration rate curve above 40 ◦C. At the lowest
temperature, no physiological injuries were observed, nor were they expected as olive fruit
can be stored at 5 ◦C without risk of physiological deterioration [40–42].
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The fact that the respiration rate tends to decrease with storage time has been modelled
in different ways. For example, Waghmare et al. used a first-order decay model [31], while
Bhande et al. applied a model using principles of enzyme kinetics with uncompetitive
inhibition [34]. However, all these models studied modified atmosphere packaging designs
(MAP) and considered a far longer storage time. As those fruits and vegetables were kept
for up to 5 days, developmental changes during storage needed to be considered. The
experiment under discussion focused on the consumption of oxygen and did not consider
these physiological changes. As the time frame was much shorter, the storage temperature
was higher, and the fruit was not kept under MAP conditions, there was no need to model
the effect of time on the respiration rate.

The cumulative effect of the heat produced during the respiration was given full
consideration in the presented model and led to an adjusted Arrhenius equation in which
the temperature was corrected with the heat generated by the respiration over a specified
time interval. The model further assumed that the respiratory heat generation was not
constant but a function of the heat at each moment, rendering a more precise estimation than
suggested by Redding et al. [32]. Thus far, few studies have considered this variable, and it
is often discarded it as being a neglectable factor in the overall heat transfer, suggesting
that in a typical precooling process the heat added by respiration is approx. 0.5% [43–45].
However, the results indicate that, under specific conditions, this effect leads to a reduction
of the estimated time by 7% before the critical minimum concentration of 3% is attained.
The impact of the added heat is more pronounced at a lower temperature, simply because
it takes longer to attain the threshold. As such, the results do confirm the suggestion made
by Redding et al. [32] that the assumption of a negligible contribution of respiration rate is
more likely to be untrue for lengthy precooling processes.

The model assumed that the 1 m3 of fruit within the bulk transport could be considered
a closed system, with neither fresh air entering nor a temperature change induced from
outside. In a real bulk transport scenario, the top layers are not only exposed to fresh air,
but also be submitted to higher temperatures if they are exposed to the sun. At the same
time, the layers on the lateral sides of the container will be heated up as the walls can be
warmed up during transport. As heat is brought into the system during the transport,
the respiration rate will increase accordingly, while the entrance of fresh air will delay the
moment when the critical threshold is reached. Specific measurements of the O2 and CO2
concentrations, as well as the temperature at different layers, are thus needed to further
fine-tune the presented model. Alternatively, Computation Fluid Dynamics can be used to
calculate the airflow and temperature changes within the defined container numerically,
either with a porous-medium approach or a direct simulation [46]. Future research is also
needed to confirm the presence of ethanol in fruit that is generated under the described
critical conditions. It would also be interesting to calculate the behavior of damaged fruit,
which can sometimes occur as a consequence of the detachment pattern generated by some
harvester systems such as super-intensive harvesters [47]. As for now, the presented model
cautions that to avoid fermentation processes in at least a substantial part of the fruit, it is
necessary to consider the time of transport as an important risk factor.

5. Conclusions

The shift towards super high-density hedgerow orchards, together with the foreseeable
impact of climatic changes, urges us to focus on the postharvest conditions of the olive fruit.
The presented study clarified the direct relation between both variables and demonstrated
that even at non-extreme ambient temperatures (between 30 and 40 ◦C), the threshold
where anaerobic respiration becomes dominant can be attained within a couple of hours.
To avoid detrimental fermentative processes, it is thus recommended to reduce the time
between the harvest and the extraction as much as possible, as well as to contemplate the
introduction of cooling systems to reduce the field heat prior to fruit processing.
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