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Abstract

:

To achieve food security goals, water accounting seems to be one of the most powerful tools to deal with water scarcity management. Thus, indicators, such as virtual water and water productivity, can be considered complementary rather than competing indicators to assess water demand efficiency use. Water computation is, therefore, a crucial tool to understand the overall tendency of water consumption and to assist the decision makers in their decisional process about water efficiency use in different phases of production. In this perspective, this paper aims to evaluate water use throughout the value chain of the olive oil sector, which is the first strategic agro-industrial sector in Tunisia. This evaluation will be undertaken while taking into account various crucial issues concerning the main two production phases in terms of the importance of water consumption (agriculture and processing phase). In the agriculture phase, the rainfed and irrigated modes will be compared, and in the processing phase, three different processing systems will be evaluated. Thirty surveys with farmers and nine surveys with olive oil mill owners were undertaken in the arid region of Sfax: one of the most important olive oil producers in Tunisia. The results show the importance of the theoretical framework adopted in clarifying the state of water consumption in a strategic sector, such as the Tunisian olive oil sector. In addition, the different calculated indicators highlight the importance of the application of a whole technical package and a controlled and efficient use of water to improve the economic profitability and the necessity to revise the irrigated olive growing extensions’ policies under arid conditions. In addition, in the processing phase, the continuous-two phase system is emphasized as the most relevant system in terms of water efficiency use. This system is proposed to be encouraged by policy makers in future olive mill installations.
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1. Introduction


With climate change and a population increase, the acute scarcity of water has increasingly become a food security concern. Thus, climate change, risks on water resource shortages, and the accelerated water demand require a common and rational management to preserve this valuable resource. It is, therefore, important to analyse water management from several perspectives (agronomic, economic, environmental, and political points of view). In fact, in the last decades, supply management policies were the most implemented in managing water. This is based on a strong mobilization of water resources within the construction of dams, hill lakes, wells, irrigated perimeters, etc. This supply management policy has proven to be insufficient to solve the problems of water scarcity in many regions. In addition, other innovative solutions, such as the use of non-conventional resources (desalination of sea-water and wastewater recycling), have remained limited and costly [1,2]. Therefore, it was an inevitable shift to a new policy based on water demand management. Indeed, it was essentially to save water, rationalize its use, and maximize its productivity [3,4]. In this context, water computation seems to be a crucial tool to understand water demand tendencies at both regional and national scales and to deal consequently with food security goals and climatic change challenges. Therefore, “Virtual water” and “Water productivity” are two indicators that can be considered the most powerful indicators in water accounting, and they are able to assist decision-making policies. These two indicators, which will be explained below, are complementary rather than competing concepts [1,4,5].



In this perspective, virtual water is considered to be water used in the production process of an agricultural or industrial product [6]. It is “virtual” since it is often not physically present in the final product, which is why it has not always been counted in trade. This indicator is implemented to describe the potential of a water-scarce country to achieve food security by purchasing part of its food needs from international markets rather than using limited water resources to produce all of its food needs [6]. The “virtual water” perspective is compatible with the concept of integrated water management, in which many aspects of water supply and demand are considered to determine the optimal use of limited water resources. Virtual water therefore has an intrinsic strategic acceptance, affecting agricultural policies and water resource management policies, particularly in arid and semi-arid countries, particularly in the evaluation of some strategic orientations [1,2]. In a convergent way, water productivity aims at measuring the efficiency of water use (i.e., how much a cubic meter of water is able to produce in terms of the product or in terms of the economic benefit). Water productivity is therefore defined as the ratio between production and the amount of water consumed in the production process. In its overall acceptance, the notion of water productivity in the agricultural sector focuses on the idea of “more crop per drop” [7,8]. In fact, these concepts and indicators have only reinforced the studies on water accounting representing a value-added information to better understand and address the issue of water scarcity and its food, livelihood, and environmental implications.



Water indicators have been successfully assessed in several studies by taking into account its international implications on agri-food product transactions (import and export) [1,9,10]. Virtual water was used also in several studies as an indicator to analyze water management and allocation issues, especially in countries facing water scarcity [1,2,11,12]. It is considered an adjustment variable to structural deficits and an instrument to reshape the sectorial allocation of water [13]. In the same context, studies of [14,15,16,17] demonstrate the importance of virtual water in decision making about exporting food products and the accounting of water in trade transactions. Other researchers have studied the assessment of virtual water in some productive systems, such as the cereal sector [1,18] and olive growing sector [19]. Other studies were focusing in several methodological issues and in various case studies on water productivity [20,21,22,23,24,25,26].



In Tunisia, water is considered a limited resource and unevenly distributed in space and time, especially in arid areas. Indeed, the average annual rainfall varies from less than 100 mm in the extreme south and more than 1500 mm in the extreme north of the country. Tunisia is currently experiencing a critical situation with regard to the availability of renewable water resources. With a share of 355 cubic meters per capita/year, the country is classified below the threshold of absolute water scarcity, fixed at 500 cubic meters per capita per year [11]. In these specific conditions, the olive tree was always considered a hardy species that has been able for a long time to withstand high levels of water stress in the arid and semi-arid climates characterizing the areas of Tunisia where the olive tree has experienced the most significant extensions (central and southern Tunisia). However, the prolonged hydric deficit, or the drought, can impact the plant to various degrees, having negative repercussions on the productivity of the olive tree and on the regularity of productions. Various cultural interventions can be implemented to mitigate the impact of these difficult climatic conditions. These interventions are generally related to the adequacy between the development of the olive tree and the capacity of the environment to feed it, in particular to the provision of irrigation water and other safeguarding interventions [27,28,29]. This explains the diversification in recent years of olive production systems. In fact, in Tunisia, in addition to the conventional production system in rainfed systems, we can observe the existence of other production systems that are conducted in irrigated systems, namely the intensive system, the dynamic system, and the super high-density system, in addition to other systems conducted in organic or biodynamic modes [30,31,32].



Olive cultivation plays a very important social role in Tunisia, with more than 310,000 growers accounting for 20% of the active population in the primary sector [33]. Olive oil is a strategic product both for Tunisian agriculture and for its economy as a whole. Indeed, it is the first agri-food product to be exported. In the period of 2015–2019, the production of olive oil was estimated at 196,000 tons, of which 165,000 tons were exported, representing 84% of the total produced. The volume of oil exported by Tunisia represents 20% of olive oil world exports (without taking into account intra-community exports). The export of olive oil occupies first place in the Tunisian agrifood trade balance, both in quantity and in the value of the exports, and represents more than 50% of the total value of the agrifood exports of the country [34]. Furthermore, this sector significantly strengthens the industrial and commercial infrastructure of the country. In fact, it contributes to the constitution of a very important processing industry, ensuring the processing of olives to obtain olive oil, the extraction of oil pomace, refining, and packaging. There are 1672 olive oil mills representing the most important activity of the olive industry in Tunisia with a milling capacity of about 71,203 tons per day [33,34,35]. Three main extraction systems currently coexist: the traditional system, the continuous system with two phases, and the continuous system with three phases. The continuous system is the most dominant with around 70% of the total number of olive oil mills and 92% of the total milling capacity; the three-phases extraction system is the system that requires the most water quantity for olive milling and produces the most important amount of waste-water [33,34,35]. It is very important to highlight that the olive processing industry consumes significant volumes of water, especially in the solid–liquid separation phase (horizontal decanter) in the three-phase system. Significant quantities of water are also used in the olive washing, in vertical centrifuge operations, and, in a reduced degree, in the olive oil mill-cleaning [33,34,35].



As the most agri-food products, olive oil production requires large quantities of water throughout its value chain, from the agriculture phase to the obtention of the final product [2,11,31,35]. A good understanding of the functioning of the olive oil value chain and its decomposition as well as the estimation of the quantities of water consumed along the olive oil chain can probably provide the necessary elements to understand the distribution of this consumption in order to better manage this scarce resource and to determine the critical phases where interventions can have a positive impact in order to reduce the water needs [36]. The management of water resources should help to strengthen the objectives of food security, especially in a country like Tunisia, which suffers from a water shortage increasingly accentuated by climate change and an overexploitation of water resources.



Following the above, the introduction of water computation brings with it a different vision of water accounting, which requires the use of different analytical tools. Thus, in the production and processing phase, water accounting is a central component to reveal the efficiency of water demand use throughout the value chain. In this context, this paper aims to evaluate water efficiency use throughout the Tunisian olive oil value chain. To deal with this purpose, (i) an estimation of virtual water and water productivity in the agricultural phase in rainfed and irrigated olive growing system will be undertaken, and (ii) an estimation of the same indicators will be undertaken in the transformation phase in the case of the three most important trituration systems. The evaluation will consider both water consumption and economic profitability to highlight opportunity costs linked with different alternatives.



In accordance with the study objectives, this paper is structured as follows: after this, introduction, the materials, and methods are described, setting out the conceptual and technical characteristics of the study; following this, the results and the discussion are reported; and to finish, the corresponding conclusions are drawn.




2. Materials and Methods


To deal with the study’s purposes, a methodology based on an agroeconomic approach was adopted. Thus, the methodology was based on an integrated approach through the main water accounting indicators: virtual water and water productivity. The integration of these two concepts was interesting taking into account their perfect harmony in a scientific acceptance. Three key issues were examined: (i) the virtual water used or consumed by the olive plantation and the water biophysical productivity in rainfed and irrigated olive growing systems; (ii) the virtual water consumed and biophysical water productivity in the phase of olive oil transformation in the case of traditional olive mill system, three phase system, and two phase system; and (iii) economic impact based on the study of economic water productivity indicators. The associated indicators were calculated in the case of irrigated and rainfed olive growing systems in the region of Sfax and in the case of olive oil mills of the same region. To obtain more concise information, the evaluation targeted farms of different surfaces’ strata and olive oil mills of different processing systems.



2.1. Sample and Study Area


This study focused on the region of Sfax, a region that belongs to arid bioclimatic stage where the average annual rainfall is about 200 mm (the location map of the study area and additional hydrological information’s are available in Appendix A). Olive growing represents a principal component of the agriculture of the study area where olive tree is generally extended over a sandy–silty to sandy–limono–clay soil. In Sfax, olive growing surfaces represent 83% of the total arboriculture, and the average planting density of traditional rainfed olive is about (17–34 trees/Ha) with very low yields, which increasingly affects the economic viability and sustainability of the olive sector [37]. In addition, the irrigated olive growing area is limited in this zone due to the accentuated problem of water availability.



Concerning olive oil processing industry, it was very important to outline the relevance of the Sfax region by gathering the largest number of olive oil mills (23% of the total national numbers of mills) with a trituration capacity of (10,750 tons of olives per day).



The sample was of 30 olive growing farms: 16 representing the rainfed system and 14 representing the irrigated system. These farms were from four different surfaces’ strata (these strata were represented proportionally to the overall distribution of farms in the study area): M1: 0–5 Ha, M2: 5–10 Ha, M3: 10–50 Ha, M4: more than 50 Ha (the sample was represented in the following proportions: M1: 33%, M2:24%, M3: 25%, and M4: 18%).



The sample of mills was about 9 mills. Of different processing systems, there were 7 of three phases, 1 of two phases, and 1 traditional system (these proportions were in concordance with the overall distribution of olive oil mills in the region). The sample considered in both phases was limited to a reduced number given the complexity and the high level of detail required by the data to be collected.



Face-to-face surveys were directed with farmers and olive mill owners in the period April and May 2018. Indicators were calculated based on data from surveys and primary data collected from the CRDA (abbreviation of its name in French: “Commissariat Régional de Développement Agricole”) of Sfax (Appendix B).



Agricultural surveys contained items about olive growing systems and olive yields, water consumption, farms revenue derived from olive or olive oil sales, productions costs (tillage, harvesting, inputs costs, irrigation, etc.), whereas mill surveys contained several headings, including processing system, quantity of olives processed per year, quantity of water consumed per year, sources of income (services, sale of olive oil, and sale of olive by-product), and costs associated with olives processing (purchase of olives, labor, electricity, price of water consumed, and cost of evacuating olive oil waste water).



Climatic data, such as crop coefficient value per crop (Kc) and any agronomic data, such as rooting of the olive tree and water storage capacity of the soil, were taken from FAO data basis and study results of the Olive Institute of Tunisia [38,39,40]. The potential crop evapotranspiration value (ETp) and rainwater data were from the Tunisian National Institute of Metrology data basis and regional data of the CRDA of Sfax.




2.2. Estimation of Virtual Water for Olive Value Chain


2.2.1. Estimation of Virtual Water in Agricultural Phase


For olive cultivation, virtual water corresponded to the total quantity of water used by this crop during one year to produce olives. This virtual water was drawn from the soil, which received rainfall and possibly irrigation water. The calculation was based on FAO56 method [38,39]. Virtual water calculation details are given in Appendix C.



In this study, the virtual water estimation was undertaken in three steps:




	-

	
the estimation of the monthly water stocks Si in the soil available for the crop;




	-

	
the estimation of the monthly Actual Evapotranspiration AETi of the crop;




	-

	
the estimation of virtual water used per unit of product obtained from the crop.









Estimation of Monthly Water Stocks (Si) in Soil Available for Cultivation


The water stock in soil (Si) available at the end of each month i for cultivation was estimated using the following equation system:


    S i  =       0                                                                               ;       s i    S  i − 1   +   EP  i  +      I   i  −   ETM  i  ≤   0        S  i − 1   +   EP  i  +  I i  −   ETM  i          ;       i f         0 <  S  i − 1   +   EP  i  +  I i  −   ETM  i  < U R − chaque   ile          azinement   du   solulturepar   plusieurs   é tapes  :  but   de   la   p é riode   i          UR                                                                         ;         i f                    S    i − 1   +   EP  i  +  I i  −   ETM  i          



(1)




where:




	
EPi was the effective precipitation for the month i. EPi = c Pi; with c = 0.8 and Pi: the total precipitation recorded during the month i;



	
ETMi was the maximum monthly crop evapotranspiration, which represented the monthly water requirement of the crop during the month i. ETMi = Kci ETPi; with Kci: the crop coefficient during the month i and ETPi: the potential evapotranspiration (or reference evapotranspiration ET0) during month i;



	
Ii was the amount of irrigation water brought to the crop during month i. In the case of a rainfed crop, Ii = 0 since irrigation was not applied.



	
UR was the water storage capacity of the soil (useful reserve), which depends on the nature of the soil and the depth of rooting of the crop.









Estimation of the Monthly Actual Evapotranspiration AETi of the Crop


The actual monthly evapotranspiration AETi of the crop in month i was estimated using the equation system:


    AET  i  =         EP  i  +      I   i  +  S  i − 1                       i f       EP  i  +      I   i  +  S  i − 1   <   ETM  i          ETM  i                                                                i f       EP  i  +      I   i  +  S  i − 1     3     ETM  i         



(2)







Thus, the actual annual evapotranspiration AET, which represented the total amount of water consumed by the crop (olive growing) during a year, was given by the equation:


  AET =   ∑   i = 1   12     AET  i   



(3)







If the crop was not irrigated, the Ii in Equation (2) was zero, and the actual annual evapotranspiration produced was denoted here by AETp.




Estimation of the Virtual Water Used per Unit of Product Obtained from the Crop


Virtual water VW1 (in m3/Kg) in agricultural was water consumed per Kg of agricultural product (olive) was estimated using the following equation:


    VW  1  =   10    AET   R   



(4)




where AET was in mm (multiplied by 10 we obtained the water consumption in m3/Ha) and R, which represented the yield of the crop, was in Kg/Ha.





2.2.2. Estimation of Virtual Water in Processing Phase


The estimation of virtual water used to produce one Tn of olive oil can be summarised in the following equation:


    VW  2  =   VWpr   Tr    



(5)




where:



VW2 corresponded to the virtual water in m3 used per Tn of olive oil.



VWpr was the quantity used in the trituration of one Tn of olive in the mill. This quantity corresponded to the washing water of the olives + the cleaning water of the oil mill + the water added during the trituration in the case of three phases olive oil mills (in the case of traditional olive oil mills and two phases’ mills, no water was added in this phase).



Tr was the trituration rate, which corresponded to the rate of oil contained in one kg of olive. In our case, the rate considered was about 21%, which was the average reported by surveyed olive oil mills corresponding to “chemlali”, which was the most transformed variety by the mills of the region.





2.3. Economic Evaluation of Water Productivity


The economic evaluation of water used in the main phases of olive oil value chain in Sfax was estimated through two indicators: biophysical water productivity expressed in Kg/m3 in agricultural phase and in Tn/m3 in the processing phase and the economic water productivity in TND/m3 (TND: Tunisian Dinars), which was the Gross Margin per m3 of water consumed. Water consumed considered in this step was water consumption estimated in the previous section. These indicators allowed for an economic evaluation of the biophysical and economic profitability of the water consumed by the plant and in the processing phase leading to interesting conclusions while making comparisons: (i) in agricultural phase between irrigated and rainfed olive growing systems and between the different groups of farms and (ii) in the processing phase between different processing systems.



The gross margin was mainly chosen as the most suitable economic indicator to allow the most reliable comparison between different production systems using practically the same cost composition directly related to the production process. In this sense, it was important to underline the importance of the share of variable costs in total costs. Thus, according to the International Olive Oil Council’s study on olive production costs [41], variable costs accounted for 75% of total olive growing costs in the case of Tunisia. Nevertheless, perhaps in other studies, it will be interesting to include the fixed charges specially to visualize their weight in relation to the other headings forming the total cost.



The calculated indicators are explained in the following equations:



2.3.1. Water Productivity Indicators in the Agricultural Phase


Biophysical Water Productivity in agriculture phase estimated in Kg/m3 (BWPag) was obtained with the following equation:


    BWP   ag   =  R  10    AET     



(6)




where:



AET was in mm (multiplied by 10 we obtain the water consumption in m3/Ha) and R, which represented the yield of the crop, was in Kg/Ha; i.e., R: olive yield in Kg/Ha.



Economic Water Productivity in agricultural phase estimated in TND/m3 (EWPag) was obtained with the following equation:


    EWP   ag   =   GM  P   



(7)




where:



GM: Gross Margin in TND/Ha = Revenue (TND/Ha)—Variable Costs (TND/Ha);



Revenue: was the multiplication of the Quantity Produced (Kg) of olive by the Unit Price of 1 Kg of olive (TND).



NB: For each of the calculated parameters, the weighted averages were estimated. We refer here to the results calculated in each stratum, which represent the average of farm results in proportion to the olive production of each farm. The same will be applicable in the following section to the results from the indicator calculation in relation with the processing system (case of mills of three phase system).




2.3.2. Water Productivity Indicators in Processing Phase


Biophysical Water Productivity in processing phase estimated in Tn of olive/m3 (BWPag) was obtained with the following equation:


    BWP   pr   =   QT   VWpr    



(8)




where:



QT: was the total quantity of olive processed in the mill in Tn.



VWpr: water used in the processing phase in m3 estimated in the Equation (5).



Economic Water Productivity in processing phase estimated in TND/m3 (EWPpr) was obtained by the following equation:


    EWP   pr   =   MBF   VWpr    



(9)




where:



MBF: Mill benefit in TND = Revenue (TND)—Olive Mill Costs (TND);



Revenue: was the multiplication of the Quantity Produced of olive oil (Tn) by the Unit Price of one Tn of olive oil (TND) + sale of olive pomace.



Concerning Olive Mill costs, costs considered were purchase of the olives, labor cost, cost of water, cost of electricity, and cost of waste–water evacuation.






3. Results


The results will be presented in three sections: (i) the estimation of virtual water in both agricultural and processing phases and their implications to explain hydric performances of the olive trees conducted in irrigated and rainfed modes, and virtual water contained in one Tn of olive oil from different processing olive mills’ systems. This can shed light on the relevance of strategic choices of the country with regard to the extensions of the surfaces of olive trees in irrigated mode in Tunisia and at the same time on the adopted processing systems; (ii) the estimation of economic water productivity to focus on water use efficiency and cost opportunities in different olive growing modes and in different processing systems; and (iii) aggregated results obtained to see the distribution of the quantities of water consumed throughout the different phases of production in order to indicate the systems and phases of greater consumption where water economies should be deployed.



3.1. Virtual Water and Water Productivity in Agricultural Phase


In irrigated farms, the weighted average volume of virtual water used is estimated at 0.87 m3/Kg of olive. The farms that use less virtual water are those in the M3 stratum that consume 0.35 m3 to produce 1 Kg of olive compared to 0.6 m3/Kg in the M1 stratum, 0.69 m3/Kg for the M2 stratum, and 1.45 m3/Kg for the M4 stratum farms. These results clearly show that the irrigated farms in the M3 stratum are the most efficient from the point of view of water management and the control of the crop package. Indeed, the farms in the M3 stratum are the farms that consume less water and produce the highest amounts of olive (Table 1). In the rainfed mode, the weighted average volume of virtual water used is 0.93 m3/Kg of olive. The farms that use less virtual water are those in the M2 stratum that consume 0.66 m3 to produce 1 Kg of olive compared to 1.27 m3/Kg in the M1 stratum: 1.25 m3/Kg for the M3 stratum and 0.73 m3/Kg for the M4 stratum farms. M2 (5–10 ha) and M3 (10–50 ha) are registered as the most efficient strata. These strata correspond to the farms, of which the size is between 5 Ha and 50 Ha and is the most represented stratum at the level of the study area (about 50% of the total farms’ area). These farms represent a very important structural asset at the regional level and represent the more specialized farms in the region.



To estimate virtual water consumed in the agriculture phase in one kg of olive oil which is the final product, we considered the extraction rate of 21%. The observed results in the Table 1 show that in term of average in rainfed system the water consumption is about 4.24 m3 of water to produce one Kg of olive oil whereas in irrigated system this amount is about 4.14 m3 to produce one Kg of olive oil. This interesting result show clearly the importance of controlled irrigation in improving production performances and can be explained by the highest registered yields in irrigated mode. These values are different in the different strata, this demonstrates the possibilities to decrease water consumption through the same production system with only the application of more adapted technical package.



As is explained above, economic water productivity is assessed based on two indicators: biophysical water productivity and economic water productivity.



In irrigated farms and concerning biophysical water productivity, 1 m3 of water consumed produces an average of 1.15 Kg of olives with an economic water productivity of 1.33 TND/m3. The farms of the M3 stratum have the best values of water productivity with an average of 2.88 Kg/m3 but have less economic water productivity 0.82 TD/m3, whereas farmers of the M4 stratum present less biophysical water productivity (0.69 Kg of olive/m3 of the water) but the highest economic water productivity was 1.81 TND/m3 (Table 1). In a rainfed olive growing system, 1 m3 of water consumed produces an average of 1.08 Kg of olives, which corresponds to an economic water productivity of an average of 0.78 TND/m3. The farms with the highest water productivity are those of the M2 stratum with 1.52 Kg/m3 and an economic water productivity of 1.26 TND/m3. These farms of 5 ha to 10 ha are in fact the typical rainfed olive farms with an important degree of specialization and control of the technical package (Table 1).




3.2. Virtual Water and Water Productivity in Processing Phase


Concerning that the virtual water in the processing phase is evident, the wastes registered in the case of three phase system, consuming 4.84 m3 in one tone of olive oil produced, whereas the gap is very big comparing with the tow system with 2.14 m3/Tn of olive oil and the traditional system with 1.91 m3/Tn of olive oil. However, there is great variability between the different three phase oil mills: the virtual water varies from 3.52 to 7.90 m3/Tn of olive oil. This shows the difference between the oil mills in terms of technicity, equipment, and know-how in water use. The traditional system shows better results in terms of virtual water but is important to indicate the reduced processing capacity of this system and the lowest quality of olive oil produced (Table 2). No irrefutable conclusions can be drawn before studying both biophysical and economic productivity of water in the processing phase.



The registered biophysical water productivity from the system is of 0.97 Tn of olive/m3 in the three phase system, 2.22 Tn of olive/m3 in the two phases, and 2.5 Tn of olive/m3 in the traditional system. The average of the biophysical productivity of water weighted according to the quantity of olives crushed shows that the two phase continuous chain system allows an improvement of 1.23 Tn of olives per m3 comparing with the three phase system.



Economic water productivity registered values in the processing phase are about: 173 TND/m3 in the three system, 310 TND/m3 in the two system, and 275 TND/m3 in the traditional system. The three phase system presents the lowest economic productivity value compared to the other two processing systems. However, there is a great variability between the different three phase oil mills, with economic productivity varying between 90 TND/m3 and 265 TND/m3 (Table 3). Finally, it is important to indicate that the average economic water productivity in the two phase system provides an improvement of 137 TND/m3.




3.3. Recapitulation of Water Accounting through Olive Oil Value CHAIN


Figure 1 presents a summary of the results along the value chain of virtual water, biophysical water productivity and economic water productivity in agriculture phase, and processing phases. It shows the importance of the quantity of water used in the agricultural phase compared to that consumed in the processing phase. Thus, to produce one Kg of olive oil, we need, in the agriculture phase, 4.24 m3 in a rainfed and 4.12 m3 in an irrigated system. In the processing system, this quantity varies between 4.84 m3/Tn of olive oil in the three phase system and 1.91 m3/Tn of olive oil in the traditional system. In m3/Kg of olive oil, these quantities are, respectively: 0.0048 and 0.0019, which are insignificant quantities compared to those consumed in the agricultural phase. However, if we take into account the costs related to water consumption, we can deduce that the total costs are almost equal. This is due to the difference between the price of water in agriculture and in the processing industry. In our case, the price of irrigation water varies between 0.12 TND/m3 and 0.25 TND/m3 while the price of water in the agro-industrial sector varies between 0.816 TND/m3 and 1.6 TND/m3.





4. Discussion


This work has the originality to combine several sound indicators of water accounting (virtual water and water productivity) and, at the same time, examine water efficiency consumption throughout the value chain of olive oil. These concepts were generally used separately and in only one phase of production, in most cases in the scientific literature [1,2,19], in spite of the complementarity of their conceptions and the relevance of the conclusions that can be drawn from their integrated use throughout the whole value chain. Water accounting and the study of its economic productivity is a fundamental step in understanding the success factors that can lead to good decisions about food security, especially in a context of water scarcity.



In the region of Sfax, the different calculated indicators (virtual water, biophysical water productivity, and economic water productivity) highlight:



In the agriculture phase, the importance of the application of a whole technical package and a controlled and efficient use of water in order to improve the profitability of olive cultivation [30,31]. Certainly, the excessive supply of water can in no way lead to higher profitability on olive farms conducted on an irrigated system because of the high cost of production of this system and because of the possible loss of water outside the period of high needs of the plant [30,31,32]. However, a suitable combination of inputs with the full crop technical operations (pruning and tillage) is necessary to improve productivity. Indeed, generally the farms that provide controlled water doses accompanied with an adequate technical package are the most productive and the most economically profitable contributing, therefore, to a better management of the water resource. Indeed, when comparing irrigated and rainfed systems is clearly shown in the high quantities of virtual water per kg of olive in a rainfed system. This is due to the low yields of the olive tree per hectare in a rainfed olive growing system comparing with irrigated system. This makes the virtual water per Kg of olive a significant amount compared to the irrigated mode. Therefore, it seems obvious that controlled irrigation water inputs and an adequate technical package can contribute to the improvement of the values of water consumed per Kg of olive produced [1,2,30,42]. Therefore, the comparison of the two olive growing systems (irrigated and rainfed) demonstrates a higher economic water productivity in irrigated farms (in terms of production and in terms of benefit). It is very interesting to highlight the variability of these parameters in each same system. This makes it interesting to consider the possibility of improving results in the studied area (for example, through complementary irrigation in the rainfed mode in the critical phase of the plant instead of a complete intensification of the system or through the best control of the production factors). This will allow an improvement in production without compromising many production factors and additional production costs [32]. In reality, good production is not only conditioned with the high supply of water, but also with the full control of the technical package and with the control of water doses proportionally with plant’s needs [29,30,31]. In addition, the observed deficit in biophysical water productivity (kg/m3) in the farms of the Sfax governorate can be perfectly compensated with a better economic efficiency in terms of profit by the control of the balance between costs and benefits. This can be done either through good input management or through more efficient marketing policies (or both together).



Then, the overall weighted average of virtual water in olive growing farms (rainfed and irrigated) in the study area (southern Tunisia) is about 0.9 m3/Kg while this value is about 2.32 m3/Kg of olives in the northern zone, especially in the Zaghouan region [39]. In this same northern area, producing 1 Kg of soft wheat requires a virtual amount of water of about 1.14 m3 [1,2,39]. These results highlight and reinforce the importance of strategic choices on crop allocation based on cost opportunity in order to achieve food security goals at the national level. Indeed, it seems more profitable in terms of water security and in terms of cost opportunity to adapt strategic choices to the climatic stage [1,2,42,43].



In the processing phase, three phase oil mills in the Sfax region recorded lower biophysical productivity values than the two phase oil mill, which shows the importance of the two phase system as the system of the future for improving the water productivity of oil mills. However, despite the water optimization that it theoretically allows, this system seems to be still unexploited in Tunisia [44]. However, it is important to point out that this study includes only a limited number of oil mills and that the study should be extended to draw more relevant conclusions. In relation to the economic productivity, there is a great variability between the different three phase oil mills. This shows the great possibilities that three oil mills have to improve within the improvement of technical performances. The improvement of economic productivity can be achieved either by improving water management or by improving the economic performance [44]. In addition, the average economic water productivity shows that the two phase system provides significant improvement compared with the three phase system. This is explained by the better water optimization obtained in this system in addition to the contribution of the two phase system to the improvement of the economic benefits through: (i) the improvement of the quality of the olive oil, which will undoubtedly have a positive impact on the income from oil sales, and (ii) through the minimization of the costs saved within the elimination of water waste mainly generated by three phase system. Therefore, the two phase system is very important, not only for the more efficient use of water, but also for the highest quality of its olive oil [44,45,46,47,48]. These results, in addition to those of virtual water, encourage once again the recommendation to adopt the two phase system for new oil mill implantations.



The traditional or pressure system shows a higher average of biophysical water productivity than the two continuous chain systems (three phase and two phase), which is to be expected, as the pressure is less water intensive, as water is usually only used for cleaning or centrifugation. However, this water saving is obtained in detriment of the final quality of the product because if it allows for water saving, this system presents great disadvantages from the point of view of quality and reduced processing capacity and requires more labor. This is why, being no longer competitive, it tends to disappear in Tunisia as in the other olive oil producing countries [44,45,49].



In a global vision, the agricultural and processing phases are the two most water-intensive phases to produce olive oil, which is why this study focuses on them. The values of virtual water, biophysical water productivity, and economic water productivity in both phases vary according to farm conducting systems and on mill processing systems. These differences thus show the alternatives and the scope for improvement. In fact, it is relevant to highlight the important quantities of water used in the agricultural phase compared to those consumed in the processing phase [50]. However, the costs associated with these quantities are almost the same given the different pricing systems in agriculture and the agroindustry [44,45,51].




5. Conclusions


The undertaken study emphasizes the importance of the conducting modes and the control of the production techniques for saving water in the production of olive oil, both in the agricultural phase and in the processing phase. The agricultural phase is always the most critical phase in terms of water consumption, so an intervention at this phase seems indispensable to reduce the pressure on the water resource.



This study opens up a wealth of opportunities for further research. These include more in-depth studies (i) of water accounting throughout the Tunisian olive oil value chain in different regions of the country, (ii) of the same issues in most diversified production systems, and finally, (iii) of the understanding of the technical and economic efficiency of the studied farms and olive oil mills in relation to water use.
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Figure A1. Study area localization and hydrological information [52]. 
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Table A1. Agricultural phase additional information.
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Olive Growing Systems

	
Water Variables

	
Economic Variables in Agricultural Phase




	
AET (mm)

	
Annual Irrigation (m3/Ha)

	
Olive Yields Tn/Ha

	
Revenue

(TND/Ha)

	
Gross Margin (TND/Ha)

	
Costs

(TND/Ha)






	
Irrigated

	
M1

	
302

	
2094

	
5.03

	
3521

	
2597

	
924




	

	
M2

	
185

	
486

	
2.68

	
3554

	
2760

	
794




	

	
M3

	
200

	
930

	
5.7

	
3420

	
1640

	
1780




	

	
M4

	
160

	
765

	
1.1

	
3385

	
2896

	
489




	

	
Average

	
205

	
991

	
2.4

	
3709

	
2726

	
983




	
Rainfed

	
M1

	
228

	
0

	
1.8

	
1340

	
627

	
713




	

	
M2

	
100

	
0

	
1.5

	
1850

	
1260

	
590




	

	
M3

	
312

	
0

	
2.5

	
2039

	
1528

	
511




	

	
M4

	
135

	
0

	
1.85

	
1973

	
1593

	
380




	

	
Average

	
185

	
0

	
1.98

	
1990

	
1443

	
547








Source: Calculated by the authors based on surveys and CRDA Sfax data basis 2018.
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Table A2. Processing phase additional information.






Table A2. Processing phase additional information.





	
Processing System

	
Olive Mill

	
Quantity of Olive

Triturated (Tn)

	
Total Water Consumption (m3)

	
Total Annual Economic Benefit (TND)






	
Three phase system

	
H1

	
1701

	
1361

	
258,600




	
H2

	
5338

	
7967

	
972,000




	
H3

	
14,367

	
13,061

	
2,729,750




	
H4

	
6101

	
4519

	
406,720




	
H5

	
1834

	
3057

	
642,000




	
H6

	
1446

	
1364

	
146,000




	
H7

	
1862

	
2069

	
548,200




	
Two phase system

	
H8

	
7281

	
3310

	
1,026,000




	
Traditional system

	
H9

	
336

	
135

	
37,000








Source: Calculated by the authors based on surveys directed by olive oil mills.
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Figure A2. Excel spreadsheet original page. 
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Figure 1. Accounting water decomposition in the olive oil value chain. Source: Elaborated by authors from results. 
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Table 1. Water accounting parameters in agricultural phase (irrigated and rainfed olive growing in the study area).
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Estimated Parameters

	
Olive Growing System

	
Farms’ Strata

	
Weighted Average




	
M1

	
M2

	
M3

	
M4






	
Virtual Water

	
Virtual Water (m3/Kg olive)

	
Rainfed

	
1.27

	
0.66

	
1.25

	
0.73

	
0.93




	
Irrigated

	
0.6

	
0.69

	
0.35

	
1.45

	
0.87




	
Virtual Water (m3/Kg of olive oil)

	
Rainfed

	
6.04

	
3.14

	
5.95

	
3.47

	
4.24




	
Irrigated

	
2.85

	
3.28

	
1.66

	
6.9

	
4.14




	
Water productivity

	
Biophysical Water Productivity (Kg/m3)

	
Rainfed

	
0.79

	
1.52

	
0.80

	
1.37

	
1.08




	
Irrigated

	
1.67

	
1.45

	
2.86

	
0.69

	
1.15




	
Economic Water Productivity (TND/m3)

	
Rainfed

	
0.275

	
1.26

	
0.49

	
1.18

	
0.78




	
Irrigated

	
0.86

	
1.38

	
0.82

	
1.81

	
1.33








Source: Elaborated by authors from surveys.
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Table 2. Virtual Water in the processing phase (different systems).
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Processing System

	
Olive Mill

	
Virtual Water in Processing Phase




	
Virtual Water (m3/Tn Olive)

	
Weighted Average

Virtual Water (m3/Tn Olive)

	
Virtual Water (m3/Tn Olive Oil)

	
Weighted Average Virtual Water (m3/Tn Olive Oil)






	
Three phase system

	
H1

	
0.8

	
1.02

	
3.81

	
4.84




	
H2

	
1.48

	
7.04




	
H3

	
0.9

	
4.29




	
H4

	
0.74

	
3.52




	
H5

	
1.66

	
7.90




	
H6

	
1.06

	
5.04




	
H7

	
0.9

	
4.28




	
Two phase system

	
H8

	
0.45

	
0.45

	
2.14

	
2.14




	
Traditional system

	
H9

	
0.40

	
0.40

	
1.91

	
1.91








Source: Elaborated by authors from surveys.
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Table 3. Water productivity in processing phase.






Table 3. Water productivity in processing phase.





	
Processing System

	
Olive Mill

	
Biophysical Water Productivity

(Tn Olive/m3)

	
Average

Biophysical Water Productivity per System

	
Economic Water Productivity TND/m3

	
Average Economic Water Productivity per Processing System TND/m3






	
Three phase system

	
H1

	
1.25

	
0.97

	
190

	
173




	
H2

	
0.67

	
122




	
H3

	
1.10

	
209




	
H4

	
1.35

	
90




	
H5

	
0.60

	
210




	
H6

	
1.06

	
107




	
H7

	
0.9

	
265




	
Two phase system

	
H8

	
2.22

	
2.22

	
310

	
310




	
Traditional system

	
H9

	
2.50

	
2.50

	
275

	
275








Source: Elaborated by authors from surveys.
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