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Abstract: Argentina stands as the leading producer and exporter of olive products in the Americas,
with the province of La Rioja as its main productive area. Since the 1990s, the olive grove cultivated
area and related agro-industry in La Rioja have expanded. However, the resulting wastewater has
generally been neglected. The water footprint (WF) provides information about the water volume
consumed and polluted by a production process. Since the 1990s, agricultural and agro-industrial
activities in La Rioja have experienced substantial growth. This study aims to analyze the generation,
quality, and management of Oil Mill Wastewater (OMWW) using the grey WF of chloride and nitrate
as an indicator and focusing on two olive mills (OM) in La Rioja. Additionally, it seeks to examine
the relationship between the international trade of provincial olive oil and the estimated grey WF. For
the diagnosis of OMWW generation, a description of the production process was made coupled with
flow and physico-chemical characterization. The total grey WF was 8.69 and 45.5 L water/L olive oil
for OM 1 and OM 2, respectively. Nitrate was identified as the critical pollutant. The grey virtual
water export related to the export of olive oil was 5569 m3 for OM 1 and 28,000 m3 for OM 2. The
provincial grey virtual water export related to olive oil was 161,955 m3 with major trade destinations
including Spain, the United States, and Brazil. The article analyses for the first time the grey WF of
olive oil industries and assess the related grey virtual water exports. This research represents a step
forward in the knowledge of wastewater management in the olive oil sector and facilitates the search
for solutions to minimize negative environmental impacts while promoting cleaner production.

Keywords: olive mill wastewater; water resource management; water footprint; pollution control;
virtual water trade

1. Introduction

In the current globalized world, countries engage in international trade to exchange
goods and services. While it brings economic benefits, it also means that consumption in
some countries relies on production by others. This interdependency generates several
environmental pressures in exporting countries, jeopardizing resources and causing envi-
ronmental degradation, which hinders the sustainable development of these regions [1,2].
In the case of Argentina, 88% of the land is used for consumption purposes, primarily by
the European Union countries and China [3]. Thus, the underdeveloped regions become
shelters from the environmental impacts associated with international trade [4–6].
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In this context, the water footprint (WF) can be a helpful indicator. The WF is a
volumetric measurement of the use and pollution of water. Its application and calculation
provide useful information for the management of the resource, easing strategic planning,
the establishment of priorities, and decision-making on investments, among other benefits.
At the same time, it contributes to the estimation of the local environmental impact in terms
of the amount of water consumed and polluted, associated with the vulnerability of the
local water system. In summary, the objective of the WF assessment is to analyze how
human activities are related to the problems of water scarcity and its pollution [7]. The WF
is composed of three indicators: blue WF (volume of fresh water consumed from surface
and groundwater sources), green WF (volume of rainwater that is evapotranspired), and
grey WF (volume of fresh water necessary to assimilate pollutant loads) [7].

Currently, the grey WF has received less attention than the green and blue WF. How-
ever, several studies highlighted the relevance of grey WF across industrial sectors [8–10],
agriculture [11–16], and construction materials [17].

In recent years, research conducted in Argentina has evaluated the water–food–trade
nexus through virtual water trade [18,19]. Virtual water refers to the volume of fresh water
used in the production of a commodity or a service, and which is then traded [20]. To
the best of our knowledge, in Argentina there are no studies focusing on grey WF and its
international virtual water trade. The grey WF was assessed on a global scale, focusing on
nitrogen, and the international virtual water flows were estimated on the basis of trade in
agricultural and industrial commodities [21]. In most countries, agricultural WF accounts
for the majority of the country’s total WF, with 76% of virtual water flows between countries
attributed to international trade in crops and crop products. Argentina ranks as the fourth
largest exporter of virtual water (98 billion m3/year), yet its external WF comprises less
than 4% of the total WF, making it one of the countries with the lowest external WF [21].

International studies have assessed the associated WF of olive tree-derived produc-
tions [22–25]. Studies comparing WF among primary production systems [26] found that
traditional systems had the highest water demand due to green crop water use and the
ammonium nitrate used for crop fertilization, compared to the high-density system, which
raised the grey WF value. The WF methodology for olive oil production was applied in
Spain in the period 1997–2008. The study found that most of the olive oil supply chain
water footprint originated during the olive growing process (>99.5%) [27]. This work high-
lighted the need for further studies that analyze the operational water footprint, which was
considered zero [27]. Green water was globally determined as the major WF component of
olive groves (82%), with the lowest WF value associated with the crop’s grey component
(1.5%) [28]. The green, blue, and grey WF of olive trees and oil at a global level showed
an average grey WF of 45 m3/t for olive groves and 217 m3/t for virgin olive oil [29]. The
literature focuses on the grey WF related to nitrogen in the agricultural phase [11–16]. Even
if there are few stages of industrial production processes that contribute substantially to
the total WF of the product, in general terms, it is the raw materials of agricultural origin
that have the greatest contributions to the total WF [30]. Water reuse linked to grey WF has
been highlighted as key for resource conservation, especially in arid regions [28]. As far as
we have found, the grey WF of wastewater from olive product industrialization has not
been studied.

This article analyses for the first time the generation, quality, and management of
wastewater in olive oil industries in the province of La Rioja (Argentina), using the grey
WF as an indicator, and assesses the international grey virtual water exports associated
with olive oil. This research represents a step forward in the knowledge of wastewater
management in these industries and facilitates the search for solutions to minimize negative
environmental impacts and promote cleaner production. This research addresses the
usefulness of the water footprint as an indicator of water pollution related to a production
process of great regional relevance, and also the international water dependencies on it.

Thus, the aims of this study were twofold: to analyze the generation, quality, and
management of wastewater in olive oil industries in the province of La Rioja (Argentina),
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using the grey WF as an indicator, and to assess the grey virtual water exports associated
with olive oil globally.

1.1. Production Process and Olive Mill Wastewater Generation

The olive oil production process has evolved over the years with the adoption of
new technologies. Basically, the process involves milling the olives to separate and extract
the oil. Currently, most industries use a two-phase extraction system that reduces the
volume of olive mill wastewater (OMWW) compared to traditional methods. However, the
physico-chemical quality of OMWW does not often meet regulatory limits for discharge
into rivers, soil, or sewers without previous treatment. Thus, OMWW cannot be used for
irrigation because of its high pollutant load [31]. Two-phase industries generate three waste
streams: washing water from fruit cleaning, also present in other systems; semi-solid waste
generated during primary centrifugation composed of stone and olive pulp residues in an
aqueous phase known as olive pomace (OP) [32]; and vegetable water produced during
the purification of virgin olive oil (OMWW). The flow rate of OMWW is approximately
0.15 L/kg of processed olives, while the fruit washing stage generates around 0.05 L/kg of
processed olives [33].

One of the solutions implemented for OMWW management has been storage in
evaporation ponds. Although this method is widely used, it has drawn criticism and
concern from producers, regulators, and researchers. It is a long-lasting process that
results in the concentration of organic and inorganic matter [34]. The long-term storage of
wastewater derived from olive industries leads to the accumulation of toxic sediments rich
in recalcitrant compounds with phytotoxic and antimicrobial properties, which limits their
use for agronomic purposes [35]. Consequently, the wastewater’s pollutant load increases
over time. Furthermore, it generates additional problems such as pond clogging, the need
for new ponds construction, expansion of occupied areas, overflow, air pollution, and insect
infestations. In some cases, evaporation ponds become accumulation ponds because of a
higher influx of effluents compared to the rate of evaporation, which depends on weather
conditions [36].

A number of researchers have proposed the reuse of wastewater as a soil amendment,
along with olive cake. Both actions must be carried out prior to treatment because of their
potential effects on the physical, chemical, and biological properties of the soil, phytotoxic
effects on crops, and groundwater pollution [37–42]. Currently, regional production lacks
wastewater treatment generated in olive oil production. Regarding liquids, the olive
washing water contains particles of dust or dirt carried over, as well as some amounts of
fat and other products from olives that may be more or less physically damaged during
harvesting and transport. The presence of polluting substances in the washing water largely
depends on the state of the olives at the time of harvesting. The olives collected early in
the harvesting season are in a stable state and contribute little of their vegetable content to
the water during washing. However, towards the end of the harvesting season, the fruits
have ripened and break easily when washed, which leads to greater organic pollution with
sugars, organic acids, polyalcohols, polyphenols, and fats, among other substances [34]. As
for nitrogen, although the content in oil effluents is in organic form, its mineralization by soil
microorganisms can transform it into nitrate, thus favoring accumulation and leaching into
groundwater [38]. The physico-chemical properties of the effluents can vary depending on
the extraction process, olive variety, degree of maturation, cultivation system, conservation
time of the olives before being crushed, and storage techniques and facilities [39]. Worth
highlighting is the seasonality of the OMWW generation in olive oil production, which is
not only affected by the seasonality of the crop harvest (March–May) but also by alternate
bearing of the olive trees, whereby an abundant harvest is preceded by another with fewer
fruits [43].
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1.2. Study Area and Industrialization Process in the Region

The olive grove cultivated area in Argentina expanded by approximately 50,000 hectares
between 1992 and 2003. Argentina is the leading producer and exporter of olive products
on the American continent, with 77,170 hectares of olive groves cultivated for oil and
preserves [44]. Around 50% of the cultivated area is dedicated to varieties for olive oil
extraction, 30% to table olive production, and the remaining 20% to dual-purpose vari-
eties [45]. The main productive regions include the provinces of La Rioja (27.8%), Mendoza
(22.9%), Catamarca (20.8%), San Juan (20.2%), Córdoba (5%), Buenos Aires (2.7%), and Rio
Negro (0.6%) (CNA, 2018). In terms of olive oil, Argentina ranks sixth in global exports,
with 80% of production exported to Spain (42%), the United States (39%), Brazil (17%),
Paraguay (1%), and Chile (1%) [46].

Antinaco Los Colorados Basin (ALCB) is the most important agricultural area in La
Rioja province, with olive groves being the main crop grown under irrigation from surface
and groundwater sources [47]. La Rioja allocates 57.75% of its production to the elaboration
of olive oil, with its main international destinations being the United States of America,
Spain, and Brazil [46]. The export of the olive chain represents 11.5% of the total external
sales of the province of La Rioja [46]. Olive oil extraction poses a serious environmental
challenge because it generates a large quantity of waste in a short period. The waste from
olive mills, in both liquid and solid forms, includes olive mill wastewater (OMWW), wood
and leaves, olive pomace (OP), and stones [48].

Since the 1990s, agricultural and agro-industrial activities in the province have sig-
nificantly expanded under different laws promoting production. However, this growth
overlooked wastewater management. Thus, wastewater is currently discharged into dry
riverbeds, applied in soil, or disposed of in ponds, which poses a risk of groundwater
contamination. Therefore, groundwater, the primary resource for irrigation and agro-
industry, could suffer adverse effects from agro-industrial wastewater management, which
jeopardizes the sustainability of the productive system [31]. Indeed, salinization processes
have been detected to the south of the basin, together with changes in groundwater quality
extracted from pumping wells. This increased electrical conductivity and high nitrate
and chloride concentrations indicate anthropic contamination from irrigation runoffs and
agro-industrial wastewater discharge. The nitrate concentration found by previous studies
for the south of the basin was on average 202 mg/L, with a maximum of 1100 mg/L;
meanwhile, chloride reached on average 249 mg/L for the same area, with a maximum
of 543 mg/L [49,50]. These values are above the natural concentrations estimated in this
study (Section 2.2.2).

The research was conducted at two olive mills in Antinaco Los Colorados Basin,
province of La Rioja, Argentina (Figure 1) during 2019. At the initial stage, the managers
were interviewed, which resulted in the collection of data related to a variety of aspects
including process stages, equipment and its management, inputs and outputs, wastewater
treatment, and disposal methods. A flow chart illustrating the processes was created using
Microsoft Visio® v16.0.

Olive mill 1 (OM 1) has the capacity to process 500 tons of olives per day, which far
exceeds olive mill 2 (OM 2), which processes approximately 12 tons per day. The production
processes in the two industrial plants differ in the brand and model of the equipment used,
while both apply the two-phase extraction system. The plants consist of three sectors: the
yard where the fruit is received and cleaned, the extraction area where the oil is obtained,
and the cellar where it is stored (Figure 2).

The dirty olives are weighted upon arrival from the yard to the industrial plant and
then deposited in hoppers to be sent by conveyor belt to the cleaning compact. Once
there, air and water flows are applied in order to extract clean fruit and discard solid
waste (branches, leaves, stones), semi-solids (mud), and liquids (washing water). Then, the
cleaned olive fruit reaches metallic hammer crushers called mills, which tear and break the
pulp and skin of the fruit during the olive crushing process.
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Figure 2. Flow chart of olive oil production, including inputs and outputs of the industrial system.

In the extraction area, malaxation is conducted by using a kneading process that
consists of three compartments with hot water circulation (30–34 ◦C), aimed at raising the
temperature to release oil droplets and induce coalescence. The kneading process lasts
between 25 and 30 min. Talcum is added at this stage to promote coalescence. The mixture
then undergoes horizontal centrifugation to separate the oil from the rest of the components.
Usually, between 100 and 600 L of water are added per batch and the speed is adjusted
to improve extraction. The OP generated during this process must contain no more than
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4% fat to prevent oil loss in the waste. Subsequently, the oil passes through an inspection
sieve, where the oil arrives with portions of water and solids. Solid impurities are removed
through vibration and are recirculated back to the malaxation stage for reprocessing. The
final processing stage is carried out in the vertical centrifuge, where the oil is separated
from the remaining vegetable water, resulting in the production of OMWW. The oil is
then poured into temporary tanks to be later pumped to the storage while the OMWW
is discarded. Both industries have a main processing line, where the input is the olives,
and an additional processing line that uses the OP removed from the main line as input to
obtain additional oil of lower quality. The oil is stored in aluminum and fiberglass tanks,
which protect the oil from light and air, at a constant temperature between 15◦ and 18◦.

1.3. Waste and Wastewater Treatment in the Olive Mill

Table 1 provides an overview of the waste and wastewater management practices
implemented by each agro-industry.

Table 1. Comparison of the final disposal of waste and wastewater between the two olive mills.

Waste and Wastewater
Final Disposal

Olive Mill 1 Olive Mill 2

Leaves, branches, stones, mud To the field To the field

Washing water Olive pomace hopper To the field

Olive pomace Olive pomace hopper Olive pomace hopper and then
storage pool

Residual olive pomace To the field To the field with wastewater

Olive mill wastewater Primary treatment—evaporation ponds Storage pool with olive pomace, then it is
deposited to the field

Drainage and cleaning of storage tank Primary treatment—evaporation ponds Storage pool with olive pomace, then it is
deposited to the field

The olive mills use a similar extraction system but differ in wastewater management
practices. Both agro-industries utilize olive pomace to stone production, which serves
as fuel for the boiler and factory supply. The main difference is that OM 1 applies a
physical treatment to the OMWW involving a degreasing chamber where fat is removed to
a primary settling tank and suspended solids are decanted. After physical treatment, the
OMWW is pumped into a waterproof evaporation pond with high-density polyethylene.
In contrast, OM 2 disposes of the olive pomace and the OMWW into a concrete pond
and then deposits in the field (Table 1). Notably, the evaporation ponds lack adequate
safety measures to prevent OMWW spills or infiltrations. Moreover, the presence of fats
and oils in the ponds hinders the evaporation process. Over time, this condition prompts
the construction of additional ponds as existing ones reach capacity, which results in the
accumulation of pollutants, all of which lead to the discharge of a mixture of solids, sludge,
and effluents into the field. In some cases, clogging of the ponds causes overflows and an
uneven distribution on the soil. Numerous studies have highlighted the risks associated
with evaporation ponds such as groundwater contamination, emphasizing that they do not
provide a viable solution to the problem of OMWW [35,51–54].

2. Materials and Methods
2.1. Physico-Chemical Characterization and Gauging of Olive Mill Wastewater

For the physico-chemical characterization of the OMWW, a subsample of 1 L of effluent
was collected every hour during the 8-h production process in a PVC container. Parameters
such as pH, temperature, and electrical conductivity were measured in the subsample,
which was immediately refrigerated at 4 ◦C. Eight subsamples were taken in each olive
mill. Thus, a composite sample was formed and the field parameters were measured again.
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One liter of composite sample was stored in a portable refrigerator and transferred to
the laboratory for its physico-chemical characterization. Various parameters including
total nitrogen [55], Chemical Oxygen Demand (COD) [56], Biological Oxygen Demand
(BOD5), and chloride [57] were determined (Figure 3). A total of 16 composite samples
(eights per olive mill) were collected at different times during the 2019 season. The OMWW
flow rate was measured using a volumetric method every hour during the 8-h productive
periods. The daily and season averages were calculated. As in the sampling for the
physico-chemical characterization, the measurement was carried out every hour in order to
obtain a representative average considering the maximum and minimum fluctuations in
the productive process. The olive oil production season lasts 90 days. In that period, the
sampling and measurements were performed with a 10-day frequency.

Water 2024, 16, x FOR PEER REVIEW 7 of 17 
 

 

2. Materials and Methods 
2.1. Physico-Chemical Characterization and Gauging of Olive Mill Wastewater 

For the physico-chemical characterization of the OMWW, a subsample of 1 L of ef-
fluent was collected every hour during the 8-h production process in a PVC container. 
Parameters such as pH, temperature, and electrical conductivity were measured in the 
subsample, which was immediately refrigerated at 4 °C. Eight subsamples were taken in 
each olive mill. Thus, a composite sample was formed and the field parameters were 
measured again. One liter of composite sample was stored in a portable refrigerator and 
transferred to the laboratory for its physico-chemical characterization. Various parameters 
including total nitrogen [55], Chemical Oxygen Demand (COD) [56], Biological Oxygen 
Demand (BOD5), and chloride [57] were determined (Figure 3). A total of 16 composite 
samples (eights per olive mill) were collected at different times during the 2019 season. 
The OMWW flow rate was measured using a volumetric method every hour during the 
8-h productive periods. The daily and season averages were calculated. As in the sampling 
for the physico-chemical characterization, the measurement was carried out every hour in 
order to obtain a representative average considering the maximum and minimum fluctu-
ations in the productive process. The olive oil production season lasts 90 days. In that 
period, the sampling and measurements were performed with a 10-day frequency. 

 
Figure 3. Olive mill wastewater sampling scheme in each agro-industry. 

2.2. Grey Water Footprint Estimation 
The method proposed by Hoekstra et al. [7] was used to calculate the operational 

grey water footprint (Equation (1)) for the olive oil production process. Groundwater was 
considered as the receiving water body of the OMWW since it is disposed of in dry river 
beds consisting of sand, gravel, and boulders, potentially allowing for pollution loads of 
conservative elements to reach the aquifer system.  

This study does not address pollution of surface water bodies due to the arid condi-
tion of the region. Pollution of groundwater is the main water pollution process in the 
region. Previous research warns of salinization processes in groundwater associated with 
wastewater from agro-industries in the province [47,49,50]. The risk of groundwater pol-
lution by OMWW has been raised by several studies [34–42]. 

The grey water footprint was determined separately for two pollutants, which can be 
useful for formulating response measures referring to specific contaminants and identify-
ing the most critical contaminant for the case study [7]. Only conservative chemical ele-
ments were considered because of the thickness of the unsaturated zone in the study area 
(≈50–100 m). Grey WF was determined taking into account: 
(a) The grey WF for nitrogen as nitrate (NO3−). In the nitrification processes, the genera-

tion of these oxidized forms of nitrogen is expected, which are mobilized by advec-
tive flow and percolate until they reach the groundwater resource [58]. The total 
value of nitrogen was taken as nitrate without considering transformation and reten-
tion values, and assuming that 100% of the nitrogen is transformed to nitrate. 

Figure 3. Olive mill wastewater sampling scheme in each agro-industry.

2.2. Grey Water Footprint Estimation

The method proposed by Hoekstra et al. [7] was used to calculate the operational
grey water footprint (Equation (1)) for the olive oil production process. Groundwater was
considered as the receiving water body of the OMWW since it is disposed of in dry river
beds consisting of sand, gravel, and boulders, potentially allowing for pollution loads of
conservative elements to reach the aquifer system.

This study does not address pollution of surface water bodies due to the arid condition
of the region. Pollution of groundwater is the main water pollution process in the region.
Previous research warns of salinization processes in groundwater associated with wastew-
ater from agro-industries in the province [47,49,50]. The risk of groundwater pollution by
OMWW has been raised by several studies [34–42].

The grey water footprint was determined separately for two pollutants, which can be
useful for formulating response measures referring to specific contaminants and identifying
the most critical contaminant for the case study [7]. Only conservative chemical elements
were considered because of the thickness of the unsaturated zone in the study area (≈50–100 m).
Grey WF was determined taking into account:

(a) The grey WF for nitrogen as nitrate (NO3
−). In the nitrification processes, the genera-

tion of these oxidized forms of nitrogen is expected, which are mobilized by advective
flow and percolate until they reach the groundwater resource [58]. The total value
of nitrogen was taken as nitrate without considering transformation and retention
values, and assuming that 100% of the nitrogen is transformed to nitrate.

(b) The grey WF for chloride (Cl−) was calculated because of its importance as a conser-
vative element [59].

The grey WF was calculated by dividing the pollutant load (PL, in mass/time) by
the difference between the ambient water quality standard for that pollutant (the maxi-
mum acceptable concentration Cmax, in mass/volume) and its natural concentration in the
receiving water body (Cnat, in mass/volume) [7]:

WF proc, grey =
PL ∗ α

Cmax − Cnat
(1)
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The PL (kg/season) was calculated by multiplying the average effluent flow per
season (Q, m3/season) by the mean concentration of the pollutant in the OMWW (mg/L).
Because there are no leaching factors determined for this region, a leaching factor (α) of
10% was applied [60] considering that a certain fraction of the chemical substances in
the OMWW ultimately reaches the groundwater. Using a leaching factor equal to 10%
may lead to an underestimation of the grey water footprint considering that this value
depends on the characteristics of the soil. Soils with a coarse texture such as sands allow for
nitrate to leach into groundwater faster than soils with a fine texture [61]. Further studies
investigating the leaching process in the study area are needed to provide local data for
water resources pollution.

2.2.1. Maximum Concentration Allowed

Cmax was derived from the limits set for drinking water and human consumption
as stipulated in the Argentine Food Code [62], prioritizing the precautionary principle
and safety of the water resource. The recommended values are 350 mg Cl−/L and
45 mg NO3

−/L. There are no specific regulations for groundwater quality in terms of
environmental standards and protection.

2.2.2. Natural Concentration

As regards the Cnat, the values of nitrate and chloride in groundwater for Antinaco Los
Colorados Basin [63] and recent values for the upper zone of the basin without anthropic
disturbances were considered [50]. We used the median as a representative parameter
of the baseline component, along with the 2.3 and 97.7% percentiles to show its range of
variation [64]. The background values for NO3

− were obtained from 179 wells with a
median of 5.6 mg NO3

−/L, and extreme values of 0.2 mg NO3
−/L and 24 mg NO3

−/L.
The Cnat values of chloride corresponded to 237 wells, with a median value of 42 mg Cl−/L,
and 18 mg Cl−/L and 123 mg Cl−/L as extreme values.

2.3. International Trade and Grey Virtual Water

In order to calculate the volume of contaminated water exported by the province of La
Rioja, several steps were taken: (1) The grey WF values were determined for the analyzed
olive mills and also for the provincial production average. (2) The average grey WF of both
OMs was estimated. (3) This average grey WF was multiplied by the average oil exports
for 2019 and 2020 from the province of La Rioja [46]. An average between 2019 and 2020
was considered because the oil is not sold in the same year of production. An oil density of
0.916 kg/L was used to convert from m3/L to m3/t.

3. Results
3.1. Physico-Chemical Characterization of the Olive Mill Wastewater

Table 2 shows the average, maximum, and minimum values for the 16 composite
samples collected in the OMs. In the case of La Rioja province, there are only general
regulatory limits for wastewater which are not classified by industries. They are shown in
Table 2.

Although both industrial plants used the same extraction system, OMWW showed
heterogeneous physico-chemical characteristics, as evidenced by the wide range between
the maximum and minimum values. Most parameters showed higher concentrations
in OM 1 compared to OM 2. For instance, the BOD5/COD ratio indicated recalcitrant
wastewater in OM 1 and wastewater with biodegradation potential in OM 2, as values
above 0.4 correspond to effluents with good biodegradability [65]. In addition, the pH of
OM 1 was more acidic than that of OM 2, and the EC concentration was higher in OM 1
than in OM 2. These differences were attributed to the sampling point; in OM 1 the pumped
OMWW was more concentrated because of previous physical treatment, whereas in OM 2
OMWW was sampled immediately upon leaving the factory before disposal in the concrete
pond. The parameters of both olive mills exceeded local regulatory limits (Table 2), which
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shows a need for treatment before their final disposal. Table 3 presents concentrations, flow
rates, and pollutant loads (PL) for both OMs.

Table 2. Physico-chemical parameters of the olive mill wastewater for the two olive mills (OM).

Parameters (mg/L)

OM 1 OM 2 Regulatory Limits *1

Average Min Max Average Min Max Wastewater
Regulations

pH 5.1 4.7 6.4 6.49 5.2 7.1 6.5–10
EC (µS/cm) 2168 1680 3240 1727 530 8500 NR

BOD5 4434 1206 11,864 2920 1404 5166 <200
COD 13,431 2880 33,900 6806 4290 13,800 <500

BOD5/COD 0.33 0.14 0.67 0.43 0.32 0.53 NR
Chloride 410 255 477 218 96.5 921 NR
Nitrogen 706 141 1222 948 670 1718 <105

Notes: *1 Industrial effluent discharge parameters for absorbent soil. Decree 773/93. Annex 5. Provincial Law
4.741. NR: Not regulated.

Table 3. Average values of olive mill wastewater concentrations, flows, and pollution loads in the
olive mills (OMs).

OM 1 OM 2

Q (m3/season) 1.120 943
NO3

− (mg/L) 3.121 4.190
Cl− (mg/L) 410 218

PL NO3
− (kg/season) 3.495 3.951

PL Cl− (kg/season) 459 205

The OMWW flows in the olive processing industries varied throughout the year
because of the seasonal nature of the crop and the intra-industry variability in operations.
OM 1 exhibited higher daily and seasonal OMWW compared to OM 2, which is attributable
to differences in productive capacity and management practices. Notably, chloride PL
differed significantly between the two plants, with OM 1 showing the highest concentration
and PL. While the NO3

− concentration for OM 1 was lower than that of OM 2, their PL
values were similar. This concentration underscores the importance of considering the PL
concept in wastewater diagnosis, as it serves as a link between quality and quantity values.
As a result, more comprehensive diagnoses can be achieved for each industrial plant.

3.2. Grey Water Footprint of the Olive Oil Production Process

Table 4 shows the grey WF for nitrate and chloride in the OMs. OM 2 exhibited a
higher grey WF for NO3

− compared to OM 1, with a volume nearly 10 times that of its
effluent, while the grey WF for OM 1 was approximately eight times greater than the
volume generated. In the case of Cl−, OM 1 presented a higher grey WF than OM 2.

Table 4. Grey water footprint (WF) of the olive oil production process associated with the two pollu-
tants analyzed: chloride (Cl−) and nitrate (NO3

−).

Grey WF Based on Chloride Grey WF Based on Nitrate

OM 1 1,120,000 L ∗ 410 mg Cl−/L ∗ 0.10
350 mg Cl−/L − 42 mg Cl−/L

= 149 m3

season
1,120,000 L ∗ 3121 mg NO−

3 /L ∗ 0.10
45 mg NO−

3 /L − 5.6 mg NO−
3 /L = 8872 m3

season

OM 2 943,000 L ∗ 218 mg Cl−/L ∗ 0.10
350 mg Cl−/L − 42 mg Cl−/L

= 67 m3

season
943,000 L ∗ 4190 mg NO−

3 /L ∗ 0.10
45 mg NO−

3 /L − 5.6 mg NO−
3 /L = 10, 028 m3

season

Table 5 presents the grey WF associated with the production of each OM and the
volumes of OMWW. OM1 produced 1,020,000 L of oil, while OM2 produced 220,000 L of
oil in 2019.
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Table 5. Grey water footprint (WF) per unit for the olive oil production process associated with the
two pollutants analyzed: chloride (Cl−) and nitrate (NO3

−).

Industries Production
(L oil)

Q/p
(L OMWW/

L oil)

Product Grey WF Related to Cl−
(L water/L oil)

Product Grey WF Related to NO3−

(L water/L oil)

OM 1 1,020,000 1.10 0.14 8.69
OM 2 220,000 4.29 0.30 45.5

OM 1 showed a higher PL and a greater grey WF than OM 2 in terms of Cl−. When
olive oil production is considered, however OM 1 exhibited a lower grey WF per unit than
OM 2 for Cl−, even though the volume of OMWW per unit of product was also lower.
While OM 1 generated approximately one liter of OMWW per liter of oil, OM 2 generated
4.3 L of OMWW per liter of oil. The PL between the two OMs was not significantly different
in relation to NO3

−. However, the grey WF related to NO3− by product was higher for OM
2 than for OM 1.

The grey WFs per season were higher for NO3
− than for Cl− in both industries. When

expressing the grey WF in the olive oil industry, considering the grey WF for nitrate is
convenient since the grey WF is determined by the pollutant that generates the largest
footprint [7]. The grey WF of NO3

− for both agro-industries resulted in approximately
eight to 10 times greater than the volume of wastewater.

3.3. Grey Water Footprint and International Trade

Table 6 shows the exports of olive oil (tons), the operational grey WF of olive oil (m3/t),
and the grey virtual water exports (m3) for the province of La Rioja and for each OM for
the years 2019 and 2020. The manager interviewed confirmed that during the pandemic
period they produced and exported the same as in other years.

Table 6. Olive oil exports, operational grey water footprint (WF), and grey virtual water exports
related to NO3

− for the province of La Rioja and for each olive mill (OM).

Industries
Olive Oil Exports (tons) Product Grey WF Related to NO3−

(m3 water/t oil)
Grey Virtual Water

Exports (m3)2019 2020 Average 2019–2020

OM 1 675 500 587.5 9.48 5569
OM 2 877 252 564.5 49.6 28,000

Total for La Rioja 6639 4341 5490 29.5 161,955

There was no significant difference between the tons exported by the industries;
however, OM 2 exhibited greater grey virtual water exports for nitrate than OM 1. The
volume of grey virtual water exports far exceeded the trade volumes of oil and the generated
volumes of OMWW in each OM. Figure 4 illustrates the main destinations of provincial
olive oil production and the grey virtual water exported for each of them.

The grey virtual water exports from La Rioja related to the olive oil production process
amounted to 161,955 m3, with Spain being the main destination. This result does not
include the grey WF of olive tree cultivation estimated on 217 m3/t [20], in which case the
grey virtual water would reach 1,191,330 m3.
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4. Discussion

The wastewater produced in the olive oil industry varied both in quantity and quality.
The OMWW exhibited acidic pH levels, high organic loads, and nitrogen concentrations,
which shows a need for treatments prior to final disposal [36–39]. The characteristics of
OMWW varied between industries, with OM 1 showing higher pollutant concentrations
than OM 2, which indicates that primary treatments alone were insufficient. Moreover,
it should be noted that evaporation ponds, although commonly used, offer just a partial
solution to the problem as they favor the concentration of pollutants [34–36].

To obtain representative information about the production process, a detailed method-
ology is required that considers the variability of the OMWW. Previous studies [34,38,66,67]
often focused on treatment proposals where only specific OMWW samples were analyzed.
Consequently, the OMWW data represented just a fraction of the total volume, as a picture
of a moment, but did not capture the process variability showed in this work. According to
an interview with the head of OM 1, approximately 6.5 kg of olives are processed to obtain
one liter of oil. Therefore, the value of 0.25 L of OMWW per kilo of processed olives equals
1.62 L of OMWW per liter of oil for OM 1 [33]. The results of this work showed that OM 1
was below this expected value, with 1.1 L of OMWW per liter of oil, while OM 2 exceeded
it, with 4.29 L of OMWW per liter of oil.

The concentration values, PL, Q, and grey WF per season for Cl− were higher for
OM 1 than for OM 2 (Tables 3 and 4). However, when considering these values in relation
to the volumes of oil production, it becomes apparent that OM 2 exceeded OM 1 in terms of
the grey WF generated per unit of production for Cl−. The grey WF for NO3

− was similar
in both OMs. However, when examining the values per production unit, it became evident
that OM 2 generated twice the amount of OMWW per production unit and a greater grey
WF per product than OM 1 (Figure 5).

To ensure a comprehensive assessment of wastewater generation, the sampling
methodology should account for the seasonality of the olive crop and the different produc-
tion stages. Additionally, the use of indicators that synthesize and integrate information is
crucial since relying solely on concentration analyses provide partial information about
wastewater generation. Therefore, it is essential to include other variables such as OMWW
flows and production volumes from each industrial plant. In this regard, the grey WF con-
stitutes an indicator of environmental quality compared to discharge regulations that solely
consider concentrations, disregarding the particularities of industries and the surrounding
physical environment.
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The grey WF indicator revealed that OM 1 is a more efficient plant because its grey
WF per unit of product is lower than that of OM 2. It showed that OM 2 has low efficiency
in terms of OMWW generation per unit of product and potentially greater environmental
impacts on water resources.

Applying the WF indicator to both parameters led to the conclusion that methods
or assessments are needed that incorporate a broader range of information about effluent
generation and management for comprehensive environmental diagnoses. Industrial
processes contribute to water pollution [30]. The operational grey WF has not been included
in most studies and it has been considered equal to zero [27,29]. However, it is an important
contribution, in some cases being similar to the grey WF of the crop.

The final aim of this research is to try to improve wastewater management in the olive
oil sector, which is an issue not only in Argentina but also in other regions, such as Southern
Europe [68].

In order to achieve a reduction in the grey WF it is necessary to work on intra-industry
water management. The OMs analyzed exported similar volumes of olive oil. However,
grey virtual water trade was five times higher for the OM with the highest product WF
(OM 2). In this sense, recommendations for environmental policy and strategies for water
and wastewater management in the industries are mentioned: (a) Carry out intra-industry
operation to promote correct water management and the minimization of wastewater
volumes. For example: prioritize mechanical cleaning instead of manual cleaning, separate
solid and liquid wastes, avoid dispensing unused water, use efficient of water, and imple-
ment pressure technologies [7]. (b) Apply end-of-pipe measures or innovative solutions
such as treating wastewater [69–72], and reusing and revalorizing the related byproducts,
for agricultural purposes, the food industry [68], or the pharmaceutical industry [73].
(c) Evaporation ponds must be conditioned as a safety landfill, with the purposes of con-
trolling possible losses and avoiding groundwater pollution [31]. (d) Improvement of the
legislation about wastewater, in order to replace and complement the regulatory limits [31].

Legal frameworks for water resource management vary widely across Argentina.
Some provinces have well-developed legislations while others neither regulate important
aspects such as irrigation systems, user organizations, and water rights, nor enforce the
polluter-pays or user-pays principles. Seven provinces still do not have legal provisions for
conjunctive management of surface and groundwater resources [74]. Regarding the results
of this study, it is worth developing studies about water allocation for olive industry in La



Water 2024, 16, 1612 13 of 17

Rioja province. The volume of grey virtual water traded from the province is incongruous
with the scarcity conditions and water resource management problems through the provin-
cial territory [46]. In this way, the province exports a significant volume of virtual water,
whereas the importing countries do not assume the environmental responsibility for the
associated impacts [75].

The present study, for the first time, provides data on the grey virtual water flows
related to olive oil exports from Argentina. This information can be useful to raise awareness
of the interlinkages between olive oil exports and groundwater pollution in certain areas
of Argentina, such as La Rioja. Trade enables countries to outsource their production
by importing products, but product transparency and traceability are key to avoiding
unintended consequences [76,77].

Argentina is one of the main virtual water exporters related to crops, but it has
one of the lowest external WF. Considering international trade, more than half of the
provincial olive oil production is exported, which generates a negative externality due to
water resource pollution locally. This externality adds to those generated in the primary
production of olive groves, as well as to the green and blue WF of olive oil, which were not
considered in this study. The different approaches used to estimate the grey WF depend
on the data used for grey WF calculation. Therefore, through the use of global grey WF
values in the analysis of international water trade from La Rioja, the results would not agree
with the current situation of each industrial plant and territory. Finally, the substantial
difference in grey WF between industries within the same basin is worth highlighting, as
it emphasizes the need to study the grey WF in other facilities and olive oil-producing
basins within the province of La Rioja and other regions of the country and beyond. This
approach will facilitate the creation of industry-specific solutions customized for each
industry and region.

5. Conclusions

The flows and physico-chemical characteristics of the OMWW from the analyzed agro-
industries exhibited high heterogeneity, influenced not only by the seasonality of the crops
and the stages of production, but also by intra- and extra-industry management practices.
The treatment of OMWW varied between the two industrial plants, being partial in one and
non-existent in the other. Wastewater analysis must consider physico-chemical parameters,
concentrations, and flow rates to achieve contaminant load values that provide additional
information about the production process. Additionally, it is necessary to intensify the
analysis of indicators that relate pollutant loads with the volumes of the final product. In
this regard, the grey WF would allow for a synthesis of the information generated during
the diagnosis of effluent generation, including characteristics, flows, pollutant loads, and
production volumes.

Nitrate was identified as the critical parameter for evaluating the grey WF. The findings
of this research revealed that the operational grey WF was approximately eight to 10 times
higher than the volume of effluent generated by each agro-industry. This is important
compared to other studies that considered the grey WF equal to zero as they assumed that
all wastewater was treated. In fact, the evaluation of exported volumes of grey virtual
water is possible by assessing local grey WF data alongside provincial and international
trade data.

This work represents one of the first studies that assesses the grey WF associated with
OMWW. It constitutes an important input in the advance towards the sustainability of
the olive oil sector. The results constitute relevant inputs to further adequate wastewater
management in these industries, and also facilitate the search for solutions to minimize
negative environmental impacts and promote cleaner production through comprehensive
environmental management systems.
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