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ABSTRACT 

 

Innovations are increasingly needed by companies to engage in new market competitiveness.  

Conscientious consumers are demanding sustainable products and services, and “new qualities” are 

requested, such as environmental protection, social equitability and economic viability. To satisfy 

this demand, companies are struggling to find innovative solutions to sustainability concerns.  

The present paper proposes an innovative and integrated approach, i.e., the Life Cycle Sustainability 

Assessment, a methodology that is still under development within the conceptual framework of Life 

Cycle Thinking (Kloepffer, 2008). Life Cycle Assessment, Life Cycle Costing and social Life Cycle 

Assessment are integrated here by means of a multicriterial and participative method, the Analytic 

Hierarchy Process.  

This case study is about growing Calabrian olives, which is the most important crop in terms of 

surface area at a regional level. The study focuses on an important agronomic practice, i.e., weeding. 

The functional unit is 1 hectare of cultivated surface, and the system boundary is “from cradle to farm 

gate”. The time boundary considered here is the expected life of an olive tree corresponding to 50 

years. All of the primary data have been gathered through specific in-field surveys with semi-

structured questionnaires to farmers and workers.  

Nine impact categories and quantitative indicators, direct and/or proxy, cover the three primary 

sustainability dimensions, i.e., environment, economy and society. Three scenarios have been chosen 

for their relevance to the Calabrian panorama as follows:  

- a control scenario (CS), which is represented by the conventional and traditional farming system, 

that commonly recurs according to the use of chemicals for weed and pest control; 

- a low-dosage/no-tillage (LDNT) scenario, as represented by a reduced use of chemicals; and 

- a zero chemical weeding (ZCW) scenario, representing the organic farming system.  

The results of the multicriterial analysis revealed that the greatest stakeholder concerns are 

environmental and social sustainability, especially in terms of toxicity and worker health. According 

to these preferences, low-dosage/no-tillage was the best scenario, with better performance for all of 

the selected categories except for job opportunities. 

Holistic sustainability assessments, especially those involving relevant stakeholders, are essential 

strategies for successfully satisfying and retaining customers, and the present epistemological hybrid 

proposal to the Life Cycle Sustainability Assessment could serve this purpose. 

 

Keywords: Agricultural innovations; Olive growing systems; Life Cycle Sustainability Assessment; 

Multi Criteria Decision Analysis; Participative techniques 

 

1. Introduction  

 

Sustainability has become the leading paradigm of current policies, management practices, and 

research themes in many fields. Consumers have become more conscientious, and they have oriented 

their preferences towards healthy and low-impact products. Therefore, companies are increasingly 

needing to re-engineer their production systems to satisfy this demand for products and services with 
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these “new qualities” (Ghobadian et al., 1994; Buzzell and Gale, 1987; Zeithaml, 2000; Enquist and 

Edvardsson, 2007; Annunziata and Vecchio, 2016; Silva et al., 2017).  

Agriculture is one of the primary responsible sectors in terms of sustainability concerns, and it is 

directly involved in the use and consumption of natural resources such as water and soil through the 

emission of GHGs and the use of pesticides and fertilizers, with impacts on human well-being in 

terms of food quality, access to resources, and rural economies (Benis and Ferrao, 2016). 

The so-called green products, i.e., those demonstrating (e.g., by means of certifications and labels)  

more environmental friendliness, have largely attracted a consensus in recent years in the global 

markets. Environmentally friendly behaviours among consumers have increased, with notable 

improvements within the food category (Greendex, 2014; Paul et al., 2016). Green consumers are not 

only concerned about environmental issues, but they are also socially responsible consumers who 

account for the socioeconomic consequences of their private consumption and trust that their 

purchasing power can bring about social change (Moisander, 2007; Joshi and Rahman, 2015).  

In recent decades, agriculture has been shown to be able to tolerate the challenge of the sustainable 

paradigm, with producers implementing principles of agro-ecological production, alternative food 

networks, and local food systems, together with productivist systems that have adhered to the 

principles of sustainability (Faure et al., 2013). These innovative agricultural systems not only consist 

of new technical or organizational solutions; the core issue in sustainable innovation is about how 

knowledge is produced and shared. Processes should be innovated by connecting scientific research, 

stakeholders, local actors and policy makers and fostering participation and collaboration between 

these different types of actors (Triomphe and Rajalahti, 2013). 

Entrepreneurship is considered to have great responsibility for sustainable innovations by putting into 

practice any analytical insights provided by research and by fostering processes that are socially 

inclusive and ecology oriented (Sarkar and Pansera, 2015). Companies are therefore requested to 

innovate and adapt to new market challenges; in turn, they could become economically resilient and 

gain more market shares (Klewitz and Hansen, 2014). Figure 1 illustrates some examples of possible 

innovations in agriculture according to three primary concerns of sustainability, i.e., the environment, 

the economy and the people.  

 

 
Figure 1 - Sustainability innovations in agriculture, primary examples.  

 

Even if this trinomial conception of sustainability has been strongly criticized because it does not 

catch interrelations between these and other dimensions, it remains the most frequently applied 
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concept because it is easily adapted to management and accounting contexts (Iofrida et al., 2016; De 

Luca et al., 2017).  

Defining and measuring innovation performances towards sustainability goals in the real world 

requires reliable evaluation tools to understand the direction in which any changes should be oriented. 

In fact, sustainable innovation is considered to be “any new or significant improvement of products, 

services, technological or organizational processes, commercialized or internally implemented, that 

not only provide economic benefits but also generate positive social and environmental impacts” 

(Calik and Barbudeen, 2016:449). Assessment practices are required to collect all these factors and 

account for several conflicting criteria, over a long-term perspective, while accounting for the 

foreground and background aspects of the system under scrutiny. 

Recently, the Life Cycle Sustainability Assessment (LCSA) has been conceived as an integrative and 

holistic methodology that can comply with these different issues. In taking into account 

environmental, economic and social constraints, the life cycle perspective enables an understanding 

of how impacts can shift among life cycle phases and which hotspots occur, and it can allow for 

comparisons among different solutions (scenarios) and therefore show how innovations can be 

successful. This approach has been conceived to help decision-making processes, to orient 

management practices and to communicate information to users such as stakeholders, shareholders, 

consumers, local actors, etc. The methodology is not yet standardized because it is still under 

development. The primary difficulties derive from the integration of different disciplines and their 

inherent epistemologies (Iofrida et al., 2016).  

The aim of the present study is to try to overcome this integration difficulty by means of a 

multicriterial method, the AHP by Saaty (1990). In fact, according to De Luca et al. (2017), many 

Life Cycle practitioners use the MCDA that, thanks to its flexibility, can help address subjective 

assumptions in an objective way, to consider the actors’ concerns and to resolve the trade-offs among 

the different dimensions of sustainability (Cinelli et al., 2014). The choice of the most appropriate 

MCDA method to apply is not obvious; for the purpose of this research, AHP has been chosen because 

it allows the user to obtain a set of relative weights without absolute assertions, to discard inconsistent 

answers and therefore preserve objectivity. 

The object of analysis is weeding management, one of the most important agronomic practices in the 

Mediterranean area, because it strongly influences the soil quality, water management and yields. 

This case study is about Calabrian olives growing (in particular, the hilly area of Gioia Tauro and its 

neighbours), the most important cultivation area at the regional level, and a representative crop of the 

entire Mediterranean area. Calabria is the second region in Italy in terms of olives growing area, with 

approximately 186,000 ha, representing the most important agro-food supply chain, contributing to 

economic development, especially in rural areas (Stillitano et al., 2016). However, the olive growing 

systems are characterized by obsolete productive structures that have high production costs (Strano 

et al., 2014) and low productivity, due to the lack of  mechanized agricultural practices such as 

pruning and harvesting (Bernardi et al., 2016). This economic weakness has also repercussions with 

on the social sphere; for example, agricultural workers generally receive low wages, and they are 

often illegally employed. The environment is also affected by the use of pesticides, fertilizers and 

other chemicals, with repercussions on workers health, as well. These failures make farms less 

competitive on the market. To increase their profitability, they must rationalize their management 

practices, by optimizing their resource use in a more effective and sustainable way. Different weeding 

practices are therefore compared to find the most (probably) sustainable solution. 

 

2. Life Cycle Sustainability Assessment (LCSA): theoretical background  
 

The Life Cycle Sustainability Assessment (LCSA) appeared in the life cycle discourse quite early. 

Kloepffer (2008) first discussed the problem of integrating multiple aspects (such as environmental, 

economic and social ones) into the Life Cycle (LC) perspective, especially when referring to the use 

of a functional unit, cut-off criteria and system boundaries. Since the beginning, there has been a 

specific and persistent reference to the “three pillars” approach of sustainability, i.e., environmental 
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protection, economic viability and social equity, and the LCSA has been proposed as the LC-oriented 

solution (Kloepffer, 2008; Finkbeiner et al., 2010; Valdivia et al., 2013; Hall, 2015).  

The first attempts at merging LC tools were written by O’Brien et al. (1996), who discussed an 

approach to jointly assess the social and environmental impacts (SELCA), while Zhou et al. (2007) 

combined the Life Cycle Assessment (LCA) with Life Cycle Costing (LCC). After them, Kloepffer 

(2008) provided the first definition of the LCSA. The author focused on the consensus gathered by 

the “three pillar model”, or Triple Bottom Line (TBL) when using business language (Elkington, 

1997), and defined the LCSA as the sum of all the LC tools. Therefore, LCSA = LCA + LCC + sLCA, 

with LCA as the environmental LCA, LCC as an LCA-type LCC, and social LCA (sLCA) as their 

social pair (Finkbeiner et al., 2010). Guinée et al. (2011) describe the LCSA as an LCA with a 

broadened scope from environmental impacts to the other “dimensions of sustainability”, but also a 

broadened object of analysis, from products and services to sectors, economic and social behaviours, 

physical and technological relations. 

The integration of the three methodologies requires new knowledge and research programs because 

the LCSA “is a transdisciplinary integration framework of models rather than a model in itself” 

(Guinée et al., 2011:90). Therefore, the primary challenge of the LCSA is to integrate different 

disciplines, with each one having its own epistemological questions, models and practices (De Luca 

et al., 2015c).  

However, upon reviewing the literature on this subject, a very different perspective emerges. To 

analyse the available scientific literature, publications were gathered using the Scopus research engine 

and ScienceDirect website under the keywords “Life Cycle Sustainability Assessment” AND 

“LCSA” for article titles, abstracts and article keywords. As a result, 69 scientific contributions fitting 

the topic were selected, and they were published from 2007 to 2016. The inclusion criteria were about 

a clear statement of conducting or discussing an LCSA methodology; the exclusion criteria concerned 

the absence of scientific indexing (doi).  

In trying to understand which concept of LCSA was primarily applied, the review found that 45% of 

the studies referred to a “holistic perspective” (Onat et al., 2014) as well as a “system analytic tool” 

(Finkbeiner et al., 2010) or “system wide approach” (Sala et al., 2013a, 2013b). Some authors report 

that most of the approaches have a reductionist nature, addressing the complexity of a broad 

evaluation by combining the final results instead of applying a truly merged methodology at the 

modelling phase (Stefanova et al., 2014). In confirming this argument, most of the analysed papers 

(60%) referred to the three pillars approach to justify the application of three separate evaluations 

(LCA, LCC, and sLCA). Furthermore, some authors clearly declared that the development of the 

LCSA lay in the improvement of each LC method, underlying the decline of sustainability in three 

separate dimensions (Klöpffer and Ciroth, 2011; Pesonen and Horn, 2013); therefore, the LCSA is 

never a hybrid methodology but primarily a sum of methodologies (Ren et al., 2015). The primary 

difficulty involved in integrating different assessment tools lies in the epistemological bases of these 

disciplines, which is the way that reality is intended and in how facts are analysed or interpreted 

(Phoenix et al., 2013; Iofrida et al., 2016).  

To resolve this issue, many authors applied separate LC tools and resorted to other methods to 

integrate the final LC results. As highlighted in a previous study by De Luca et al. (2017), the 

Multicriteria Decision Analysis (MCDA) methods are the most frequently applied to aggregate the 

final LC results, as highlighted by the fact that 65 scientific studies can be found for the period from 

1997-2016.  

Generally, the MCDA can represent an efficient tool in all the cases in which there is a need to 

guarantee several conditions. First, the goal is to achieve a rational and comprehensive comparison 

of alternatives that respond differently to various dimensions; then, it is to manage multiple 

conflicting objectives systematically, with several criteria or indicators that are characterized by 

incomparable units (Pohekar and Ramachandran, 2004). Finally, another condition is to identify 

widely acceptable solutions that are able to reconcile, balance, aggregate and/or integrate all the 

different objectives under consideration.  
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In that their study, De Luca et al (2017) found different typologies of integration between the MCDA 

and LC tools. In the first group, the MCDA methods were applied as a part of an LC framework, to 

complement the significance of evaluation results or to allow the combination and synthesis of 

different types of insights. In a second group, the LC results were considered as parts (indicators) of 

a wider multicriterial framework, while a third group considered the LC tools and MCDA methods 

on the same level and with the same importance, and therefore, they were fully merged.  

According to De Luca et al. (2017), the primary use of the MCDA method in LC studies has been to 

identify scenarios, to select impact categories, and, very often, to weight and assign scores to results 

or indicators. Furthermore, the MCDA methods have participative purposes, promoting the roles of 

stakeholders in the decision-making process, eliciting directly their preferences and, thus, providing 

transparent and unbiased information potentially useful for political actions based on contextual 

knowledge (De Luca et al., 2015b). Among all MCDA methods, AHP is a measurement method, 

based on the judgements of experts, that enable to derive priority scales based on relative weights 

(Saaty, 2008), generally used to evaluate alternatives and to solve complex decisional problems.  

 

3. Material and methods  

 

3.1. Case study description  

 

The object of analysis in this study is olive orchard management in the hilly area of “Gioia Tauro 

Plain” (GTP), one of the most representative olive growing areas of the Calabria region. It includes 

16 municipalities that are located on the western mountainside of “Aspromonte”; even if traditional 

olive groves remain the most widespread cultivation system (Bernardi et al., 2016), especially in hilly 

and mountainous areas, increasing attention is being paid to intensive systems (Stillitano et al., 2017).  

A preliminary territorial survey consisting of both desk and field research was performed to outline 

the olive growing peculiarities in the analysed area. Specifically, at the desk level, current official 

statistics have been used as reference, as well as previous studies by the same authors; while, at field 

level, privileged witnesses involved in olive growing operations have been consulted. As a result, the 

territorial analysis allowed us to highlight that the biggest concern about growing olives in the hills 

is related to weed control. This farming operation can have critical consequences from environmental, 

economic and social points of view. For example, mechanical weeding in hilly areas can be dangerous 

for tractor drivers and can contribute to soil degradation, the pauperization of nutritional reserves, 

GHG emissions due to root damage (Cerutti et al., 2015; Deytieux et al., 2012) and problems for the 

local population due to erosion and landslides.  

Chemical weeding might seem preferable, but this technique is not always suitable (e.g., in organic 

farming), and it has heavy effects in terms of human toxicity and ecotoxicity due to herbicide 

emissions and to soil degradation because it removes the grass cover. Furthermore, according to many 

authors, strong associations have been found between agricultural chemicals and diseases such as 

cutaneous melanoma, non-Hodgkin’s lymphoma, renal cell carcinoma, and Parkinson’s disease (Hu 

et al., 2002; Fritschi et al., 2005; Elbaz et al., 2009; Fortes et al., 2016). 

Commonly, weed control consists of the use of chemical herbicides with the mechanical removal of 

grass cover (Stillitano et al., 2016), therefore combining the above-mentioned negative effects.  

All of the primary data about inputs and outputs are derived from specific in field surveys that were 

conducted by means of custom-fitted questionnaires and face-to-face interviews with farmers. 

For the purpose of this study, a group of 30 farms, who were characterized as having an average 

surface of 5 ha, were analysed through a semi-structured questionnaire to gather data about ordinary 

olive grove management. In particular, this data collection was related to farm production, farm 

inputs, machinery use for farm management, direct and indirect cost items (wages, quotas, interests 

and land rent). Direct interviews with local entrepreneurs have allowed the measurement of potential 

social effects in these contexts. 

The farms included in this sample were chosen for their productive significance (representativeness 

of the territory) and their distribution in the area along the hilly side of the GTP. After the collection 
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of input and output data (Table 1, Supplemental Material 1), a standard management system was 

planned, and it defined the average farm inputs (types and quantities of agricultural inputs), 

machinery use for farm management (e.g., fertilizer application, tillage, pruning, etc.), working hours 

and other factors.  

Given all the farming operations, and with the objective of defining a more sustainable weeding 

technique, three different scenarios were designed as follows: 

- a control scenario (CS), as represented by the conventional and traditional farming system, that 

commonly involves the use of chemicals for weed and pest control; 

- a low-dosage/no-tillage (LDNT) scenario, as represented by a reduced use of chemicals and 

machinery; and 

- a zero chemical weeding (ZCW) treatment, representing the organic farming system in which weed 

control is only performed mechanically. 

The CS is characterized by the use of a high quantity of glyphosate (up to 6 Kg ha-1). The LDNT 

scenario entails a reduced quantity of herbicide (0.5 Kg ha-1), which is distributed only under the 

trees, drawing a 4-m-wide strip (2 m per side) and a respect strip of 3 m. The ZCW scenario consists 

of the use of a rotary cultivator, which removes the whole grass cover, in addition to the other 

mechanical operations.  

This study considered the entire agricultural life cycle, with a time boundary of 50 years (average 

data from interviews) and four primary phases (De Luca et al., 2014; Cerutti et al., 2015) as follows:  

- planting, which considers all the operations from the olive grove design to the planting of trees;  

- the growing phase, from the 1st to the 4th years, which includes all the operations necessary for the 

training system formation;  

- the production phase from the 5th to the 50th years, which includes different sub-phases consisting 

of increasing production (from the 5th to 15th years), constant production (from the 16th to 45th years) 

and decreasing production (from the 46th to 50th years); and 

- the end of life (50th year). 

An experimental plan was set up with a farm in the municipality of San Giorgio Morgeto (512 m 

a.s.l) as follows: three plots of 5 ha each were selected to apply the three different weeding scenarios. 

The plots were defined to reproduce an average ordinary farm in the area under study. The 

experimental management plan was applied for 4 seasons (2013-2016) to evaluate the potential 

effects of the weed control on the yield by also considering the natural alternation of olive yields. The 

experiments (with a weeding control) were performed during the constant production stage. 

 

Table 1 – Foreground Life Cycle Inventory 

 
Life cycle 

phase 
Operation Input/Output Unit CS LDNT ZCW 

E
n

v
ir

o
n

m
en

ta
l 

Tillage Diesel l ha-1 year-1 60.00 - 60.00 

Supplemental 

irrigation 

Electicity kw ha-1 year-1 266.00 

Water m3 ha-1 year-1 500.00 

Fertilization 
11-22-16 (N-P-K) Kg ha-1 year-1 1440.00 

Diesel l ha-1 year-1 15.00 

Weed Control 

Glyphosate Kg ha-1 year-1 6.00 0.50 - 

Diesel l ha-1 year-1 13.91 3.00 40.00 

Water m3 ha-1 year-1 2.00 1.00 - 

Pest Control 

Dimethoate 37.70 % l ha-1 year-1 4.50 

Diesel l ha-1 year-1 18.00 

Water m3 ha-1 year-1 6.00 

Copper oxycloride 37.50 % Kg ha-1 year-1 12.00 

Diesel l ha-1 year-1 12.00 

Water m3 ha-1 year-1 4.00 

Pruning Gasoline l ha-1 year-1 20.00 

Mechanical 

harvesting 
Diesel l ha-1 year-1 150.70 

Machinery 

maintenance 

Lubricant l ha-1 year-1 3.50 

Grease Kg ha-1 year-1 2.00 

E c o n o m i c Tillage Diesel € ha-1 year-1 60.00 - 60.00 
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Labor € ha-1 year-1 47.36 - 47.36 

Supplemental 

irrigation 

Electicity € ha-1 year-1 79.80 

Water € ha-1 year-1 60.00 

Fertilization 

11-22-16 (N-P-K) € ha-1 year-1 748.80 

Diesel € ha-1 year-1 15.00 

Labor € ha-1 year-1 10.93 

Weed Control 

Glyphosate € ha-1 year-1 36.00 3.00 - 

Diesel € ha-1 year-1 13.91 3.00 40.00 

Water € ha-1 year-1 0.24 0.12 - 

Labor € ha-1 year-1 25.50 10.93 25.50 

Pest Control 

Dimethoate 37.70 % € ha-1 year-1 40.50 

Diesel € ha-1 year-1 18.00 

Water € ha-1 year-1 0.72 

Copper oxycloride 37.50 % € ha-1 year-1 78.00 

Diesel € ha-1 year-1 12.00 

Water € ha-1 year-1 0.48 

Labor € ha-1 year-1 54.64 

Pruning 
Gasoline € ha-1 year-1 29.00 

Labor € ha-1 year-1 699.00 

Mechanical 

harvesting 

Diesel € ha-1 year-1 150.70 

Labor € ha-1 year-1 670.00 

Machinery 

maintenance 

Lubricant € ha-1 year-1 42.00 

Grease € ha-1 year-1 16.00 

S
o

ci
al

 

Tillage 

Hour of exposure to 

psychosocial risks factors 
hours ha-1 year-1 585.00 - 900.00 

Hours of potential employment hours ha-1 year-1 195.00 - 300.00 

Working needs imbalance dimensionless 0.33 - 0.33 

Supplemental 

irrigation 

Hour of exposure to 

psychosocial risks factors 
hours ha-1 year-1 - 

Hours of potential employment hours ha-1 year-1 - 

Working needs imbalance dimensionless 0.33 0.35 0.33 

Fertilization 

Hour of exposure to 

psychosocial risks factors 
hours ha-1 year-1 135.00 

Hours of potential employment hours ha-1 year-1 45.00 

Working needs imbalance dimensionless 0.33 0.35 0.33 

Weed Control 

Hour of exposure to 

psychosocial risks factors 
hours ha-1 year-1 525.00 15.75 - 

Hours of potential 

employment 
hours ha-1 year-1 105.00 3.15 - 

Working needs imbalance dimensionless 0.33 0.35 0.33 

Pest Control 

Hour of exposure to 

psychosocial risks factors 
hours ha-1 year-1 1125.00 

Hours of potential employment hours ha-1 year-1 225.00 

Working needs imbalance dimensionless 0.33 0.35 0.33 

Mechanical 

aided harvesting 

Hour of exposure to 

psychosocial risks factors 
hours ha-1 year-1 9660.00 

Hours of potential employment hours ha-1 year-1 2520.00 

Working needs imbalance dimensionless 0.33 0.35 0.33 

Pruning 

Hour of exposure to 

psychosocial risks factors 
hours ha-1 year-1 14070.00 8400.00 

Hours of potential employment hours ha-1 year-1 3990.00 

Working needs imbalance dimensionless 0.33 0.35 0.33 

Machinery 

maintenance 

Hour of exposure to 

psychosocial risks factors 
hours ha-1 year-1 1635.00 

Hours of potential employment hours ha-1 year-1 911.25 

Working needs imbalance dimensionless 0.33 0.35 0.33 

 

 

3.2. Life Cycle Assessment (LCA) as applied to the case study  

 

The environmental results were obtained through an LCA that was applied according to ISO norms 

(ISO, 2006). The functional unit (FU) was 1 ha of cultivated surface, and the system boundary 

consisted of the agricultural production “from cradle to farm gate”.  
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In the Life Cycle studies, the choice of FU is at the discretion of the practitioner, but it strongly 

depends on the objectives of the assessment, the addressees of the study, and the typology of the 

investigation. According to a review by Cerutti et al. (2015), surface FUs are preferred when 

management practices are under discussion.  

The temporal horizon encompassed the expected life of the olive growth over 50 years. Data for 

foreground processes were directly collected from the experimental design and included the fuel, 

lubricants and water consumption, typology of water distribution and related energy consumption, 

quantity, type, period and distribution modality of fertilizers and pesticides, distances of transport and 

masses of products dislocated, waste typology, mass and disposal modality, and all the inputs and 

outputs linked to weed control. Data on nitrous oxide and ammonia emissions were estimated 

according to Brentrup et al. (2000). The herbicide emissions were estimated as 100% of the active 

ingredient (Nemececk and Kägi, 2007). Data on the background processes were obtained from the 

Eco-invent V. 3.2 database (Wernet et al., 2016), and they were related to the fuel, lubricant, energy, 

fertilizers, pesticides, herbicides and capital goods production as well as waste processes. LCA 

elaborations were performed with SimaPro software (PRè, 2016). To identify the environmental 

impacts of each weeding operation, three impact categories were selected. First, the Climate Change 

from the IPCC 100a - 2013 method to highlight the impact related to the mechanical operations. The 

Toxicity (the sum of human, fresh water aquatic, marine aquatic and terrestrial ecotoxicity) was found 

using the CML baseline V3.03 method to uncover the effects of chemical herbicide use and Land Use 

(the sum of agricultural and urban land occupations) from the ReCiPe midpoint method to consider 

the area that was subjected to alterations during the orchard life cycle. Other impact categories should 

be considered, but the selection was limited to three to harmonize the integration of the different life 

cycle tools. A sensitivity analysis was performed by varying the principal inputs connected to the 

weeding operation. For the CS, the minimum dosage of glyphosate (4 Kg ha-1) was hypothesized for 

the ZCW scenario with a reduction of 25% of the fuel consumption, and the LDNT was a pejorative 

scenario with an increasing herbicide dosage of up to 1 Kg ha-1.  

 

3.3. Life Cycle Costing (LCC) as applied to the case study 

 

To identify the economic insights, a Conventional LCC (Ciroth et al., 2016) was applied. The system 

boundary and the functional unit were similar to those of the LCA. This approach is based on a cash 

flow model (ISO, 2008), and it allows for the rationalization of the long-term decision-making 

process when different investment alternatives are available. Because the study followed a farms 

perspective, only the real money flows were considered (Swarr et al., 2011; Martínez-Blanco et al., 

2014).  

As a first step in the analysis, all of the costs occurring over the life cycle of each weeding scenario 

were calculated (Supplemental Material 1). For this purpose, an economic inventory was created 

through the monetization of all the collected inputs and outputs. This collection was performed by 

multiplying the measured quantities by the unit prices of the last year. Therefore, this economic 

inventory was fully complementary to the environmental one, because each unitary process cost was 

split into its elementary components (Falcone et al., 2016); in particular, costs related to the planting 

(investment costs) and operating costs of each production stage and disposal costs were analysed. 

The total cost was classified into variable and fixed costs. The following variable costs were 

accounted for in the production process: fertilizers, pesticides, herbicides, fuels and lubricant 

consumption by machinery, human labour costs needed during agricultural operations, outsourced 

cost items (e.g., expert consultancies, transport and outsourced cultivation practices), and interests on 

advanced capital. The fixed costs included the ownership costs of the machinery and land investments 

(i.e., the depreciation, insurance and maintenance), rent for land use, interests on capital goods, taxes 

and administrative overheads (De Luca et al., 2015b; Falcone et al., 2015; Stillitano et al., 2017).  

Here, the input cost was calculated according to the current market prices (i.e., 2015). The family 

labour cost was estimated in terms of the opportunity cost and was equalized to the employment of 

casual workers according to the local current wage. The rental cost for land use was deduced from 
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the average local rental prices while accounting for the interests on advance capital and capital goods, 

where interest rates of 4.5% and 2% were applied, respectively. The administrative overheads were 

estimated to be 5% of the gross production value, which corresponds to the annual total revenues 

(Stillitano et al., 2016). The total revenues for the entire life cycle of each scenario were then 

calculated by multiplying the olive yield by its market price, which referred to the  last harvest season 

(De Gennaro et al., 2010; Mohamad et al., 2014), i.e. 2015/2016, including EU Agricultural Policy 

subsidies. In particular, the olive prices were provided by the investigated farmers and they reflected 

the market prices in the province of Reggio Calabria. 

All of the costs and revenues were discounted for the entire life cycle of 50 years. To select a discount 

rate, the opportunity cost approach in terms of alternative investments with a similar risk and time 

was used. Specifically, we assumed a discount rate equal to 1.8%, which was similar to the average 

return rate of Italian government bonds in 2014. During the life cycle, we assumed constant prices, 

and therefore, we could exclude adjustments for inflation (Emblemsvåg, 2003; Hussain et al., 2005). 

Thus, three economic categories were identified, i.e., Profitability, Life cycle costs and Investment 

feasibility, which corresponded to the following indicators: the Gross Margin (GM), Discounted Life 

Cycle Costs (DLCC) and Net Present Value (NPV). The first indicator was calculated by subtracting 

the variable costs from the total revenues. The discounted life cycle costs were determined by 

summing up the investment costs, the present value of the operating costs of each production phase, 

and disposal costs; this indicator has been applied to estimate the overall cost of the different 

scenarios, with the purpose of recognizing the primary processes responsible for most of the economic 

impacts. The cash flow assessments generated at different stages of the project lifespan can provide 

information on its viability; thus, the NPV was chosen as an indicator of the investment feasibility 

and represents the sum of discounted future cash flows incurred during the whole life cycle. It is also 

one of the most frequently applied and appropriate indicators in the LCC literature (Foolmaun and 

Ramjeawon, 2013; Hossaini et al., 2014; Yu and Halog, 2015).  

The selected indicators were able to assess the primary economic hotspots during the entire life of the 

olive growing systems, and therefore, they provided information on more effective management for 

long-term sustainability. 

As a final step, sensitivity analyses were performed by changing the olive selling prices, the discount 

rate, and the primary input used in the experimentation phase (weed control) to demonstrate how the 

economic results are related to these variables. The sensitivity analysis concerning the olive price 

change was performed by assuming a range between 0.50 and 0.80 € Kg-1 and by excluding public 

subsidies, to reflect the market price dynamics in a free market. To explore the effect on the economic 

indicators from the discount rate fluctuations, a range of ±0.4 percentage points (p.p.) was used. 
Finally, a sensitivity analysis of the results to the variation in inputs used in the weed control operation 

(see section 3.2) was conducted. 

 

3.4. Social Life Cycle Assessment (sLCA) as applied to the case study 

 

The LCA and LCC have their roots in disciplines belonging to the so-called “hard sciences”, and 

therefore, post-positivist paradigms are predominant (Iofrida et al., 2016). This approach is probably 

the primary reason why the LCA and LCC first reached a methodological consensus, and standardized 

procedures were established in ISO 14040:2006 and ISO 14044:2006 for LCA and in ISO 15686-

5:2008 and Norwegian standard NS 3454 for LCC, but only for buildings and constructed assets. This 

is not the case for sLCA, which, despite being proposed during the nineties, did not yet have a 

common methodological procedure. A broad number of different methodological proposals have 

been set up with attention to the most diverse aspects, such as company responsibilities or impacts 

derived from the very nature of the life cycle, a local perspective or global one, with lists of primarily 

static indicators that were chosen according to very different criteria.  

The sLCA proposed here has been conceived to be epistemologically near the other methodologies, 

to facilitate their integration from a holistic perspective. Therefore, the assessment methodology 

chosen here belongs to mixed-methods research (Tashakkori and Teddlie, 2010), i.e., it combines an 
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“impact pathway” (Feschet et al., 2013; Macombe et al., 2013; Silveri et al., 2014; Bocoum et al., 

2015; Iofrida, 2016) and a type 1 impact assessment (e.g., UNEP-SETAC, 2009; De Luca et al., 

2015b). Both positive and negative indicators have been chosen (Di Cesare et al., 2016). 

In detail, the “social health” impact category is used for people who are directly involved in the life 

cycle, i.e., all types of workers, such as farmers, experts, employees, and labourers. Consumers have 

been excluded in accordance with the system boundaries of the other LC tools. Here, the source of 

impacts under consideration is the very nature of the life cycle, and farm responsibilities 

(organization, management, decisions, and internal policies) are not taken into account. The impacts 

found here are assessed in terms of psychosocial risk factors (Cox et al., 2000; Gasnier, 2012; Silveri 

et al., 2014; Amiri et al., 2015), i.e., the hours of potential exposure when someone works under 

conditions that can lead to health problems. These risks are measured in terms of the odds ratio (OR) 

and are classified by the strength of association. For each life cycle phase, an inventory sheet reported 

how many hours of work were necessary (the average of the interview data) for each task. Each task 

was then related to one or more working condition (noise, vibrations, stress, open-air work, and use 

of chemicals) (Callea et al., 2014). A literature review has been conducted to gather those studies and 

correlate these conditions with the psychosocial risks (see Supplemental Material 1). Only 

psychosocial risk factors with strong associations were taken into account (1.7<OR<8).  

The second impact category enlarges the perspective and evaluates the impact on local employment 

by means of studying the employment hours during the whole life cycle. This is also one of the most 

accepted and applied indicators. It was calculated by taking averaged data from interviews with 

farmers from the case study. As in other agricultural sectors, olive growing is represented by small 

farms with a low capacity for long-term hiring; most of the workers involved here are seasonal or 

temporary for a specific task (such as harvesting, pruning, etc.). 

The third impact category has a wider perspective and refers to the impact on the national welfare, in 

terms of social security contributions paid by farmers. Here, the category reveals the behaviour of the 

farmer, who in some cases might resort to contracting illegal work to save money; other times, they 

might hire fictitious workers to provide them with social aid and subsidies to the detriment of national 

revenues. The indicator applied here is the ratio between the working hours declared by the farmers 

and the working needs available in the literature. If the ratio is less than 1, it probably means that the 

farmers use illegal work. Even if this indicator represents a personal behaviour, it is also an indirect 

evaluation of the overall assets of olive growers in the Calabria region, as determined by farmers. 

 

3.5. Life Cycle Sustainability Assessment (LCSA) as applied to the case study by means of Multi-

Criteria Decision Analysis (MCDA) 

 

In conducting sustainability assessment studies, the greater the complexity of the system, the more 

several factors will have to be taken into account. This is the case for the multifaceted feature and 

several functions of the agricultural contexts (De Luca et al., 2015c) in which the composite set of 

farming operations requires consideration of all the different typologies of impacts within the 

environmental, economic and social domains and in accordance with a holistic approach. In an 

attempt to identify the best way to combine the sustainability assessment tools, such as the LCA, LCC 

and sLCA, the MCDA methods are attracting a great amount of interest for their several potential 

abilities to support choices and improve their quality in difficult contexts. Specifically, they support 

the overcoming of subjective elements as well as support for the interpretation phase represented by 

other benefits of combining the MCDA and LC methodologies (Falcone et al., 2016; Gaudreault et 

al., 2009; Hermann et al., 2007). An in-depth and extensive overview of MCDA approaches that were 

applied to LC studies can be found in De Luca et al. (2017), which highlight the primary synergies 

and advantages of the approaches in combination in terms of the LCSA methodological advances. 

Among all the different methods belonging to the general umbrella of the MCDA, the Analytic 

Hierarchy Process (AHP) introduced by Saaty (1980) is a well-known technique that was widely 

implemented in many scientific fields and is applicable for valuing the different criteria, when the 

nature of alternatives is non-continuous.  
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AHP allows organizing multi-objective real problems in a rational framework hierarchically 

configured, i.e. decomposing the problem in sublevels more easily comprehensible and subjectively 

evaluable (Bushan and Rai, 2004). This method was created to better organise and transfer the 

viewpoints by the decision-makers. Indeed, to consider all of the components of a complex choice 

could be arduous and, consequently, to prioritise alternative solutions for assuming rational decisions 

becomes complicated for decision-makers.  

The primary phases of AHP method can be explained as follow. First, the hierarchical tree of the 

problem have to be structured, with criteria and alternatives to evaluate. The general objective of the 

analysis represents the main root of this capsized tree, while each criterion is a node with possible 

sub-criteria at a descendant level. At the bottom of the tree, all alternatives are assigned to every 

criterion, depending by its mutual correspondence, i.e. by the performances of each solution in respect 

to each evaluation criterion. The second phase consists of formulating and collecting judgments by 

experts and/or decision makers. Essentially, the AHP assigns a value/weight for each criterion 

according to the decision maker’s preferences expressed through pairwise comparisons of criteria 

(Saaty, 1980). The decision-makers state their subjective opinion expressing the value of one single 

pairwise comparison at a time (Triantaphyllou and Mann, 1995). The preference - or relative 

importance - for each criterion is formulated in qualitative terms according to a scale of rating that 

attributes numerical values from 1 to 9 to the follow opinions: equally important, weakly more 

important, strongly more important, very strong more important, extremely more important (Saaty, 

1980). The third phase is the building of a square matrix with rank equal to the number of criteria 

considered. The matrix elements aij are obtained comparing the criterion i with criterion j according 

to the above-mentioned scale as reported in the Table 2. Finally, in the last phase, the criteria weights 

and the scenarios performance scores are combined, and an overall score for each alternative is 

determined by a weighted sum of the scores obtained for each criterion. Then a ranking of scenario 

analysed is performed by prioritizing the sequence of alternatives.  

 

Table 2 - Scale of rating for pairwise comparison (Saaty, 1980; 2008). 

 
Relative importance of ith 

criterion in respect to the jth 

criterion 

Meaning Description 

1 Criterion i and j have equal importance 
Two criteria contribute 

equally to the overall goal 

3 Criterion i is weakly more important than j 
Subjective experience and knowledge 

slightly prefer one criterion over another 

5 Criterion i is strong more important than j 
Subjective experience and knowledge 

strongly prefer one criterion over another 

7 Criterion i is very strong more important than j  

Subjective experience and knowledge very 

strongly prefer one criterion over another; 

its dominance is demonstrated 

9 Criterion i is extremely more important than j 

The evidence favouring one criterion over 

another; is of the highest possible order of 

affirmation 

2,4,6,8 
Intermediate values between the two adjacent 

judgements 
In case of compromise  

Reciprocal values 

If criterion i has one of the above values when 

compared with criterion j, then j has the 

reciprocal value when compared with i 

Reflecting dominance of second alternative 

compared with the first 

 

In the case study analysed in this paper, the first phase of the AHP, i.e., the creation of a hierarchical 

structure through the decomposition of the decisional problem into levels and sublevels, coincided 

with the framework of the sustainability dimensions (first level) and impact categories (second level) 

quantified through LC tools.  
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The second AHP phase consisted of pairwise comparisons at each level. Since AHP is based on 

subjective preferences, it is noteworthy to pay close attention to the participation of the actors 

consulted in the decision making process. The choice of which stakeholders include in the analysis is 

a critical phase that considerably influence the results of the research that, therefore, are strictly 

context-dependent (De Luca et al., 2015b). Indeed, the specific weights elaborated for each criterion 

accurately reveal the preferences of stakeholders about the relative importance of criteria and, then, 

reflect the classification of scenario analysed in multiple dimensions. Generally, the categories of 

stakeholders should be defined in accordance with specific characteristics coherently linked to the 

nature of the decisional problem. For example, they should have a direct and significant interest in 

the field under study, as well as they should be aware for the implications of changes of the context. 

Furthermore, they should have specific knowledge and technical expertise to state judgments about 

the specific issues treated.  

For the purpose of this paper, 15 experts on olive farming systems of Calabria were involved to 

express their opinion on the value of impact categories considered for the sustainability assessment. 

The stakeholders were composed of three main typologies of actors directly affected to the olive-oil 

production chain: researchers, technicians, and producers (five people per typology). Within the 

group of researchers, individual interviews were administrated to exponents with specific expertise 

in scientific sectors of agronomy, arboriculture, agricultural mechanization, rural economy, and food 

industry. Among the technicians, agronomists with professional experience as consultants of olive 

farms have been consulted while, as producers, five olive growers have been chosen because of their 

managerial skills and aptitude to farming innovations witnessed by their participation with academic 

teams in several research projects. Each of them assigned a preference to the impact categories and 

sustainability dimensions according to the above-mentioned pairwise comparison approach (Saaty, 

1980); in Table 3 an example of interview scheme used in the case study is provided and its equivalent 

square matrix to elaborate the weights of criteria.   

 

Table 3 - Example of interview scheme and matrix for pairwise comparisons between sustainability 

impact categories 

 
Using the following terms (1) equal, (3) weak, (5) strong, (7) very strong, (9) extreme, that express 

the relative importance of the category per row, compared to the other per column, please state your 

opinion on these comparison: 

Social dimension Social health Job opportunities Contribution to 

national welfare 
Social health 1 values from 1 to 9   values from 1 to 9   

Job opportunities 
reciprocal 

values 
1 values from 1 to 9   

Contribution to national 

welfare 
reciprocal 

values  
reciprocal values 1 

 

Matrix (3 × 3) Social health Job opportunities Contribution to 

national welfare 
Social health 1 a12   a13 

Job opportunities 1/a12 1 a23   

Contribution to national 

welfare 
1/a13 1/a23 1 

 

In order to elaborate AHP weights, each element of each pairwise comparison matrix was normalized, 

and a consistency ratio (CR) was calculated (Saaty, 1980); answers with CR values greater than 10% 

were discarded to avoid incongruity of judgments. Each impact category weight has been re-weighted 

according to the values assigned by respondents to the three sustainability dimensions.  

Simultaneously to the AHP analysis and once each LC tool was applied, according to the method 

illustrated in the previous sections, an assessment matrix was created by using the results of previous 

LC analysis and, then assembling all performances of the scenario per each criterion belonging to the 

environmental, economic and social dimensions. Not all of the indicators have the same direction, 
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some are positive, as for example, the gross margin and fair employees’ treatment, and others are 

negatives, like such as all the environmental indicators or life cycle costs.  

Therefore, to give all the data the same significance, the indicators were minimized or maximized, 

according to their negative or positive meaning. Then, such heterogeneous data were normalized, 

namely they were converted into a-dimensional indices through a min-max normalization function 

(De Luca et al., 2015b). Normalized data of sustainability performances quantified with LC analysis 

were weighted with AHP results to obtain the final evaluation of olive growing management 

scenarios.   

 

4. Results  

 

4.1. Environmental results 

 

The results of the environmental analysis showed that, in term of GHGs, the LDNT scenario causes 

lower emissions, followed by the CW scenario (+1.23%) and then MW (+6.08%). In terms of toxicity, 

the results were very similar (better scenario: LDNT +0.66%, CW +0.94 MW), and most of the 1,4 

dichlorobenzene eq. emissions were attributable to the “Marine aquatic ecotoxicity” sub-category, 

which represented approximately 99.9% of the total toxic emissions for all the scenarios. In terms of 

land use, the LDNT scenario was considerably better than that of CW and MW, using approximately 

23% less land compared to the other scenarios. This result was due to the choice of considering 

occupied land as only the share of the surface affected by farming practices (Table 4). 

 

Table 4 - Environmental assessment 

 

Life Cycle 

tool 

Impact 

Categories 
Indicators Unit of Measure 

Positive 

or 

negative 

Olive growing scenarios  

CS LDNT ZCW 

LCA 

Climate change GHGs Kg CO2 eq ha-1 50yr-1 - 3.65E+05 3.60E+05 3.82E+05 

Toxicity Toxic emissions Kg 1,4-DB eq ha-1 50yr-1 - 4.67E+08 4.64E+08 4.68E+08 

Land Use Land occupation m2yr ha-1 50yr-1 - 6.49E+05 5.00E+05 6.50E+05 

 

To evaluate the sensitivity of the results with regard to the weeding operation, a sensitivity analysis 

was performed by varying the physical quantity of inputs and outputs involved in the weeding. The 

results showed which variations introduced into the life cycle inventory could produce mild-intensity 

effects, with positive and negative deviations from the baseline scenarios that never exceeded 0.6% 

(in the CS scenario, the sensitivity result in terms of climate change was better with respect to the 

baseline at just 0.58%). Even though the variations in the CS and ZCW scenarios were ameliorative 

while being detrimental in the LDTN, the LDTN remains the best scenario (Table 5). 

 

Table 5 - Environmental sensitivity analysis  

 

Life Cycle 

tool 

Impact 

Categories 
Indicators Unit of Measure 

Positive 

or 

negative 

Olive growing scenarios 

CS LDNT ZCW 

LCA 

Climate change GHGs kg CO2 eq ha-1 50yr-1 - -0.580% +0.047% -0.198% 

Toxixity Toxic emissions kg 1,4-DB eq ha-1 50yr-1 - -0.094% +0.042% -0.177% 

Land Use Land occupation m2yr ha-1 50yr-1 - -0.014% +0.001% -0.004% 

 

 

4.2. Economic results 

 

From an economic perspective, the LDNT scenario achieved the best performance compared to the 

others for all the examined indicators, causing less overall impact throughout its life cycle. Since both 
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the olive yields and market prices were similar for the three systems, the differences in margins and 

net present values were determined by finding the differences in the costs. The LDNT was the least 

costly system, due to the lower weed control cost (in terms of input) and no-tillage farming (in terms 

of lower labour cost), followed by the CS and ZCW systems. Conversely, the ZCW scenario had the 

highest labour cost because of the greater number of tillage operations performed to remove the grass 

cover as well as high fuel consumption. Thus, these results indicated that mechanical weed control 

was more expensive than herbicide application.  

The lower costs incurred over the entire life of the LDNT system also led to increases in farm 

profitability and investment feasibility. The research results highlighted that this scenario was the 

most profitable and economically feasible alternative since it showed the higher values of the GM 

and NPV indicators, which were equal to 143,727.28 € ha-1 and 42,631.84 € ha-1, respectively (Table 

6, Supplemental Material 1).  

Table 6 - Economic impacts results 

 

 

However, the simulations performed by excluding European subsidies and considering only the 

current olive market price (i.e., 0.50 € Kg-1) revealed reduced economic returns and negative NPV 

values for all the systems (Table 7), suggesting that these scenarios were not economically suitable 

in the long-term. Conversely, an increase equal to 0.10 € Kg-1 in the olive price positively affected 

the viability of each investment; in the LDNT scenario, the GM and NPV indicators increased by 

approximately 0.38 p.p. and 3.5 p.p., respectively, while in the CS and ZCW systems, they increased 

by 0.39 p.p. and 2.8 p.p. 

A sensitivity assessment of the discount rate variation showed a constant impact on all the indicators 

and for each scenario with respect to the base-case scenario (i.e., 1.8%). Specifically, by assuming a 

discount rate of 1.4%, increases of 19%, 9% and 23% were found for the GM, DLCC and NPV 

indicators, respectively. When considering a discount rate of 2.2%, decreases of 17%, 8% and 20% 

were achieved. This trend indicates that a small change in the discount rate leads to a strong impact 

from the discounting of future values on the present values.    

With regard to the sensitivity analysis and the input used during the weed control operation, the 

following results were obtained: 

- for the CS scenario, a decrease in the herbicide amount (i.e., 4 Kg ha-1 of glyphosate instead of 6 

Kg ha-1) led to a decrease of 0.13% for the DLCC indicator, while there were increases of 0.17% 

and 0.61% for GM and NPV, respectively;  

- regarding the LDTN solution, a change in the herbicide input from 0.5 Kg ha-1 to 1 Kg ha-1 led to 

a 0.02% increase in the DLCC indicator and positive variations equal to 0.03% and 0.10% in the 

GM and NPV, respectively; and  

in the case of the ZCW scenario in which a lower fuel consumption (i.e., 30 l ha-1 instead of 40 l ha-

1) was considered for the mechanical removal of the grass cover, the DLCC indicator decreases by 

0.58%, while the GM and NPV increase by 0.76% and 2.6%, respectively. 

 

Table 7 - Sensitivity analysis on economic results 

 

CS LDNT ZCW 

Life 

Cycle 

tool 

Impact 

Categories 
Indicators 

Unit of 

Measurement 

Positive 

or 

negative 

Olive growing scenarios  

CS LDNT ZCW 

LCC 

Profitability GM  € ha-1 50yr-1 + 141,391.04  143,727.28  141,006.35  

Life Cycle 

Costs 
DLCC € ha-1 50yr-1 - 184,174.96  181,838.72  184,559.65  

Investment 

feasibility 
NPV € ha-1 50yr-1  + 40,295.60  42,631.84  39,910.91  
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Parameter 

change 

GM DLCC NPV GM DLCC NPV GM DLCC NPV 

(€ ha-1 50yr-1) (€ ha-1 50yr-1) (€ ha-1 50yr-1) 

Olive 

price  

(€ Kg-1) 

0.50  88,932.10 - -12,163.34 91,268.34 - 
-  

9,827.10 
88,547.41 - 

-

12,548.03 

0.60  123,220.11 - 22,124.66 125,556.35 - 24,460.90 122,835.42 - 21,739.97 

0.70  157,508.11 - 56,412.67 159,844.35 - 58,748.91 157,123.42 - 56,027.98 

0.80  191,796.11 - 90,700.67 194,132.36 - 93,036.91 191,411.43 - 90,315.98 

Discount 

rate (%) 

1.4  168,940.20 201,456.94 49,559.54 171,276.44 198,891.64 52,124.84 168,555.51 201,863.50 49,152.98 

2.2  117,300.40 168,930.96 32,270.00 119,636.65 166,796.29 34,404.68 116,915.72 169,296.10 31,904.87 

Weed control 

input 

 141,638.37 183,927.63 40,542.92 143,682.87 181,883.13 42,587.42 142,081.68 183,484.32 40,986.24 

 

4.3. Social results 

 

To assess the “social health” impact category, 18 data sheets have been compiled, i.e., an inventory 

of working hours for each LC phase of each scenario. Working tasks, such as tillage, pruning, 

harvesting, fertilization, etc., have been associated with types of working conditions, including the 

noise, vibrations, high physical demand, temporary work, outdoor working environment, 

organophosphate insecticide exposure, high psychological demand (quantity of work, intellectual 

requirements, and time constraints), glyphosate exposure, and copper pesticide exposure. Upon 

updating a previous scientific literature review by Iofrida (2016), scientific references were found 

regarding the association (as expressed in an odds ratio, or OR) between one or more of these working 

conditions with health risks (Supplemental Material 2). In considering only the strong associations 

(1.7<OR<8), significant intensities of association were found for cardiovascular diseases, 

musculoskeletal diseases, lower self-esteem, psychological distress, disability, osteoarthritis, chronic 

bronchitis, cutaneous melanoma, non-Hodgkin’s lymphoma, renal cell carcinoma, and Parkinson's 

disease. The strongest associations were found for the effort-reward imbalance and cardiovascular 

diseases with an OR of 6.15 (Siegrist, 1996) and the glyphosate and sun exposure with cutaneous 

melanoma with an OR of 4.68 (Fortes et al., 2016). In adding together all the working hours, it was 

found that 1 ha of olive growing over a life cycle of 50 years could potentially expose some people 

to a disease with strong associations at 58,801.9 hours in the CS scenario, 52,913.65 hours in the 

LDNT scenario (best performance), and 54,276.9 in the ZCW scenario (Table 8). However, it should 

also be clarified that, if considering only diseases with mortal courses, the ZCW scenario would be 

the most socially sustainable, because the chemicals have a serious impact on human health. 

 

Table 8 - Social indicators results 

 

 

 

The second impact category, “job opportunities”, is intended to be the contribution of the olive 

growing sector to local employment and is measured in the hours of hired workers, according to the 

Life 

Cycle 

tool 

Impact 

Categories 
Indicators Unit of Measure 

Positive 

or 

negative 

Olive growing scenarios  

CS LDNT ZCW 

sLCA 

Social health 
Hours of  risk 

exposure 
hours ha-1 50yr-1  - 58,801.90  52,913.65  54,276.90  

Job 

opportunities 

Employment 

hours 
hours ha-1 50yr-1  + 12,103.08  11,758,33  12,103.08  

Contribution to 

national welfare 

Fair employees 

treatment 
dimensionless  + 0.665  0.646  0.665  
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declarations of the interviewed farmers. The CS and ZCW scenarios showed the best performance, 

with approximately 12,103 hours of work per ha for the entire agricultural life cycle (50 years). There 

is little difference compared to the LDNT scenario, and it is primarily due to the mechanical farming 

operations. The third impact category is about the contribution of the farms to the national welfare by 

means of social security payments paid by farmers. This impact has been evaluated through a proxy 

indicator, i.e., the ratio between the hours of work declared by farmers and the average working hour 

requirements calculated according to the literature and local expert suggestions. A high value (>1) 

could indicate possible fictitious hiring (agricultural workers can receive national subsidies in 

particular conditions); a low value (<1) could indicate possible undeclared work. In the present case 

study, the CS and ZCW scenarios showed the best performances, at closer to 1 than the LDNT 

scenario. 

 

4.4. LCSA results with AHP applications to reconcile conflicting aspects of sustainability in a 

participative way  

 

After the measuring of all of the environmental, economic, and social indicators, the overall 

sustainability degree of olive growing management scenarios associated to innovative agronomic 

practices was evaluated using the multicriteria method with the AHP approach here presented. As 

already explained the AHP technique allowed for the weighting of each sustainability dimension and 

impact category according to the viewpoint of authoritative stakeholders in the area of study. Tables  

9, 10, 11 and 12 show an example of pairwise comparison matrix fulfilled (corresponding to the 

answer of one interviewed) for each level of hierarchical framework (sustainability dimensions and 

impact categories) and the equivalent results about the average weights obtained. Single results for 

each level of AHP framework obtained from single interview to stakeholder are presented in Table 

12. The AHP permitted for the transformation of qualitative judgements into quantitative elements 

(the weighting of each category), and, therefore, for the synthesizing of stakeholder priorities (De 

Luca et al., 2015c). Each impact category (level 2) weight has been re-weighted according to the 

values assigned by respondents to sustainability dimensions (level 1), as presented in Figure 2.  

 

Table 9 - AHP weights of the three sustainability dimensions 

 
Sustainability 

dimensions 
Environmental Economic Social 

Average 

weights 

Environmental 1 5 3 0.452 

Economic 1/5 1 1/5 0.171 

Social 1/3 5 1 0.377 

 

Table 10 - AHP weights of the environmental impact categories 

 
Environmental 

dimension 

Climate 

change 
Toxicity Land Use 

Average 

weights 

Climate change 1 5 3 0.323 

Toxicity 1/5 1 1/5 0.437 

Land Use 1/3 5 1 0.241 

 

Table 11 - AHP weights of the economic impact categories 

 
Economic 

dimension  
Profitability 

Life cycle 

costs 
Investment 

feasibility 
Average 

weights  

Profitability 1 5 3 0.272 

Life cycle costs 1/5 1 1/3 0.171 
Investment 

feasibility 
1/3 3 1 0.377 
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Table 12 - AHP weights of the social impact categories 

 
Social dimension  Social health Job opportunities Contribution to national welfare Average weights  

Social health 1 5 3 0.509 

Job opportunities 1/5 1 1/5 0.357 
Contribution to national 

welfare 
1/3 5 1 0.134 
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Table 13 - AHP results per stakeholder interviewed 

 

Level 1 - AHP 

framework 

Sustainability 

dimensions  

Stakeholders interviewed 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 

Environmental  0.429 0.600 0.075 0.281 0.455 0.429 0.114 0.651 0.685 0.046 0.198 0.726 0.726 0.618 0.753 

Economic 0.143 0.200 0.602 0.135 0.091 0.143 0.405 0.223 0.080 0.167 0.076 0.076 0.076 0.086 0.063 

Social 0.429 0.200 0.324 0.584 0.455 0.429 0.481 0.127 0.234 0.787 0.726 0.198 0.198 0.297 0.184 

                                  

LCA impact 

categories - 

Level 2  

Climate change 0.223 0.460 0.600 0.180 0.161 0.460 0.067 0.221 0.067 0.234 0.067 0.701 0.715 0.618 0.067 

Toxicity 0.651 0.319 0.200 0.778 0.779 0.221 0.715 0.319 0.218 0.685 0.218 0.215 0.218 0.297 0.715 

Land Use 0.127 0.221 0.200 0.042 0.060 0.319 0.218 0.460 0.715 0.080 0.715 0.085 0.067 0.086 0.218 

                                  

LCC impact 

categories - 

Level 2  

Profitability 0.715 0.319 0.067 0.076 0.184 0.323 0.278 0.460 0.143 0.158 0.223 0.198 0.234 0.637 0.060 

Life cycle costs 0.067 0.221 0.715 0.726 0.063 0.110 0.391 0.221 0.429 0.766 0.651 0.726 0.080 0.105 0.779 

Investment 

feasibility 
0.218 0.460 0.218 0.198 0.753 0.567 0.330 0.319 0.429 0.076 0.127 0.076 0.685 0.258 0.161 

                                  

sLCA impact 

categories - 

Level 2  

Social health 0.258 0.584 0.067 0.672 0.753 0.731 0.405 0.701 0.455 0.161 0.685 0.715 0.701 0.701 0.046 

Job opportunities 0.637 0.281 0.715 0.257 0.184 0.188 0.481 0.202 0.091 0.779 0.234 0.218 0.097 0.202 0.787 

Contribution to 

national welfare 
0.105 0.135 0.218 0.070 0.063 0.081 0.114 0.097 0.455 0.060 0.080 0.067 0.202 0.097 0.167 
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Figure 2 -AHP weights for sustainability dimensions and “weighted weights” of impact categories 

 
 

Figure 3 presents the results of the overall sustainability assessment carried out integrating LC tools 

and MCDA technique. As mentioned in the methodological paragraph, the sustainability score was 

obtained by multiplying normalized LC data per AHP weights. The LDNT scenario shows the best 

performance, which was probably influenced by the reduced mechanical operations. It is necessary 

to take into account that the use of chemical herbicides is the subject of a long scientific debate 

(Portier et al., 2016), and therefore, the results should be interpreted with caution. However, the LCSA 

methodology presented here showed its effectiveness in comparing farming practices, and it is 

suitable for assessing many types of innovations (in technology, processes, and management 

practices). Improvements are certainly possible because the methodology can be adapted to different 

contexts and actors.   

 

Figure 3 - Integrated sustainability performance of olive growing scenarios 
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5. Discussion 

 

Olive growing sustainability issues have been addressed by many Life Cycle practitioners, with a 

growing interest in recent years, with attention to all aspects of olive oil production and by-products, 

transportation, reuse and consumption (Notarnicola et al., 2017). In fact, Banias et al. (2017) 

published a systematic literature review about the use of environmental tools in the life cycle of olive 

oil, while taking into account the farming phase at the orchard level, the production of olive oil, and 

packaging, transportation and reverse logistics.  

In general, the farming phase (with pesticide use and waste/by-product production being the most 

high-impact operations) and the production of olive oil are the phases with the highest environmental 

focus from the scientific community (Banias et al., 2017).  

Romero-Gàmez et al. (2017) calculated and evaluated the potential environmental impacts associated 

with olive oil production from the extraction of the raw materials to the oil mill gate. They compared 

traditional systems with intensive and super-intensive systems and found that fertilizers were the 

highest contributors in all the impact categories, especially in the intensive but non-irrigated 

conventional system. Organic farming showed the lowest impacts but to the detriment of productivity; 

integrated production was the best olive production system from an overall environmental and 

productive point of view, especially the traditional mechanized systems (Romero-Gamez et al., 2017). 

Tsarouhas et al. (2015) analysed the olive oil production in Greece, and they found that the cultivation 

of olive trees and the production of olive oil are the sub-systems that are responsible for most of the 

environmental impacts. Christoforou and Fokaides (2016) investigated different scenarios for the 

torrefaction process of olive husks, finding a potential improvement in terms of environmental 

impacts by employing renewable energy sources for heating purposes. Hanandeh and Gharaibeh 

(2016) investigated olive oil production in northern Jordan, and they highlighted that soil 

management is the primary contributor to environmental impacts, and lower mechanization and solid 

waste use for energy purposes would reduce the impacts. Guermazi et al. (2017) affirmed that waste 

disposal is one of the primary environmental concerns, and therefore, olive oil by-products require 

specific management, especially mill wastewater, which is responsible for the emission of greenhouse 

gases. Benavente et al. (2017) analysed the hydrothermal carbonization (HTC) of olive mill waste, 

finding that thermal treatment is more environmentally advantageous than biological treatment, and 

incineration with energy recovery has a lower impact than HTC, but operational challenges remain. 

Therefore, in the literature, few studies can be found about the joint use of life cycle tools and MCDA 

applied to olive oil production, except for Recchia et al. (2011) and De Luca et al. (2015c). Olive 

growing has attracted the attention of LCA practitioners who have analysed every aspect of 

environmental performance, but little attention has been paid to all the aspects of an integrated 

concept of sustainability (De Luca et al., 2016).  

Many authors have affirmed that the farming phase is the most significant one, especially concerning 

the use of fertilizer and soil management. For this reason, this study focused on the use of chemicals 

in weed management.  

Weed control represents a relevant issue in the LCA of agricultural productions because of its relevant 

influences on all areas of protection. In several LCA studies on herbaceous crops, weed control has 

emerged as the main contributor to environmental impacts (Deytieux et al., 2012; Bacenetti et al., 

2016). In perennial crops, weed control is generally placed in the background analysis, and it is 

considered one of the principal hot-spots that characterize orchard management, along with 

fertilization, pest control and mechanical operations (Cerutti et al., 2015). This study, which is related 

to the whole life cycle of 1 ha of olives, showed the contribution of weed control to orchard 

management. In fact, weeding was the main farming operation discriminating the three olive growing 

scenarios. Although the environmental results confirmed that the principal hot-spots were represented 

by fertilization (for approximately 70% of the total impacts), mechanical harvesting and pest control, 

the differences in the eco-profiles of the different scenarios were attributed exclusively to weeding. 

Therefore, changing this farming operation could help to mitigate the environmental impacts of 

agricultural production and should not be neglected by LCA practitioners. As underlined by 
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Salomone et al. (2015), weed control represents a critical farming operation for LCA practitioners 

because of different issues. This is due for example to the lack of specific data on herbicide 

production, and the need to manage complex dispersion models, which could be the reasons why 

many authors exclude specific mentions about weeding from LCI (e.g., Avraamides and Fatta, 2008; 

Tsarouhas et al., 2015). Our findings confirmed the results of the few papers on olive groves that 

explicitly address weed control, such as for example Salomone and Ioppolo (2012), who highlighted 

that most of the ecotoxicity emissions could be attributed to “Marine aquatic ecotoxicity” due to the 

impact of fertilization, pest control and mechanical operations. Concerning GHG emissions, and by 

scaling down our results (from an average yield of 15,000 Kg ha-1 year-1 to 1000 Kg of harvested 

olives), the emission of CO2 eq/1,000 Kg of olives was, on average, equal to 477.6 Kg, confirming 

the findings of Salomone and Ioppolo (2012). Likewise, in terms of toxicity, our results assume values 

that were considerably higher, in particular due to applying larger amounts of fertilizers and 

pesticides. The CS and ZCW scenarios could be compared with conventional and organic scenarios, 

respectively, as analysed by Mohamad et al. (2014). Contrary to their results, the CS scenario showed 

better performances than the ZCW. Our results could be explained by the lower dosage of glyphosate 

and a different mechanical weeding technique.  

Similar results can be found in Iraldo et al. (2013), who attributed the relevant contribution of toxic 

emissions to weed control. From the land use point of view, the LDTN scenario yields better results, 

but, to perform a deeper land use assessment, the analyses should be integrated by specific indicators 

as suggested by Saad et al. (2013). The inclusion of other indicators such as the Soil Organic Content 

or Erosion Potential could considerably emphasize the results. 

As expected from the results of this case study, the greatest contributors to the economic impact of 

olive production was the harvesting and pruning operations, which involve higher farm labour and 

machinery ownership costs, in accordance with other studies (Mohamad et al., 2014; Sgroi et al., 

2015; Stillitano et al., 2016; 2017; Castillo-Ruiz et al., 2017). The other cost items with high impacts 

were fertilization and phytosanitary treatments in terms of input costs. In particular, to fight biotic 

factors, due to the humid microclimate of the orography and the high-density planting, a higher 

number of pesticide applications were necessary. Therefore, the weed control activity had a lower 

impact on the total orchard cost when performed through both tillage and chemical products.  

However, the purpose of this study was to highlight the effects of different weed control techniques 

on the economic results. Thus, our results indicated that reducing the inputs for weed control 

associated with no-tillage management decreased the costs during the entire olive production cycle 

(LDNT scenario). Conversely, when chemical weed control (CS scenario) is considered, the results 

are poorer due to the higher use of herbicides. Where mechanical weed control (ZCW scenario) is 

assumed, the results are worse because of the high human labour requirements and fuel consumption 

involved in removing the grass cover. Several researchers have shown that human labour and fuel 

consumption are the most important cost items in soil management within agricultural production 

systems (Hemmati et al., 2013; Palese et al., 2013; Falcone et al., 2016).  

Our results are not consistent with those reported by Mohamad et al. (2014), who found mechanical 

weed control to be better at reducing costs than the use of herbicides. As observed in the study by 

Pergola et al (2013), in which the authors considered that spontaneous weeds were mowed at least 

twice a year by using agricultural machinery (sustainable system scenario), weed control operations 

together with disease control and harvesting consumed the largest amount of inputs, endorsing the 

results obtained by our ZCW scenario. 

The economic sensitivity analysis (Table 7) highlighted that each investigated scenario was strongly 

influenced by the uncertainty connected to the assumption of data invariance (i.e., the olive price, 

discount rate, and primary input used under experimental conditions) during the reference period. The 

economic findings showed that the investments in olive growing were not economically sustainable 

at the current market prices (De Gennaro et al, 2012) and when excluding EU subsides. These findings 

indicated that the olive groves under study were strictly dependent on public subsides, confirming the 

insights obtained by other studies (Xiloyannis et al., 2008; Oxouzi et al. 2012; Di Vita et al., 2015).  
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Sensible variations in the economic viability of the examined investments were achieved when a 

discount rate change was assumed. As noted by Hussain et al. (2005), a small percentage of variation 

in the discount rate can have a large impact on the present values.   

On the other hand, only slight changes on results were obtained by considering variations of input 

used in the three different weeding scenarios. In both cases, LDNT scenario remained the best 

solution overall.  

From a social point of view, the use of chemicals for weed management were found to potentially 

expose workers to fewer hours of work (and therefore, to an overall lower risk to their health), but 

from a qualitative point of view, it exposes them to worse conditions due to exposures to the risk of 

potentially mortal diseases. In all scenarios, harvesting and the use of tractors have a greater impact 

in terms of hours, but they principally expose workers to the risk of musculoskeletal disorders, while 

their exposure to chemicals, even if during fewer hours, exposes them to more dangerous diseases, 

such as cancers, non-Hodgkin lymphomas, and Parkinson’s disease.  

The involvement of stakeholders in weighting has been of the utmost importance for overcoming this 

trade-off among the sustainability dimensions and categories of impacts. The results have shown that 

the actors are strongly concerned with toxicity and the social health of workers. To improve their 

products and gain access to more markets by meeting these new requirements for ethics and 

environmentally friendly products, farmers and managers should take these “sustainability qualities” 

into account. These will also improve their economic and environmental performances.  

 

6. Conclusions 

 

The aim of this study was to assess innovations in terms of olive farming systems, by accounting for 

all aspects of sustainability through an integrated and participative LCSA proposal. The assessment 

was conducted by comparing three types of scenarios that were applied in a representative olive area.  

From the environmental point of view, the CS and ZCW scenarios had the worst results respectively 

due to the use of herbicide (CS) and diesel consumption (ZCW) for weeding operation. The LDNT 

represented the best solution, but, further research should be done by including other impact 

categories. In particular “land use assessment” would require the implementation of specific 

indicators that consider also the impacts on the “quality of soils”. The sensitivity analyses 

demonstrated that also by reducing the input of the worst scenarios and increasing those of the better 

ones, the ranking did not change.  

Future developments of the research could also include further weed control techniques, such as 

alternative herbicides and other mechanical weeding operations, in order to expand the range of 

possible choices, coherently with the agronomic techniques that can be actually implemented in the 

olive growing. 

The economic assessment performed showed that although the weed control phase has not a sensible 

impact on the total orchard cost, the large use of herbicides (CS scenario) as well as mechanical weed 

control (ZCW scenario) negatively affected the results. Particularly, the removal of grass cover by 

using machines was the technique most responsible for the costs increasing because of the recur to 

human labour and fuel consumption. Therefore, weed management performed by using reduced 

herbicide applications in combination with no-tillage (LDNT scenario) is the less expensive solution. 

In addition, this study demonstrated how the economic feasibility of the olive growing investments 

in the study area strongly depends on public subsides, since, at the current market condition, olive 

price is not profitable for farmers. However, the economic sensitivity analysis proved how these 

results can be affected by the methodological choices and input data quality. In this sense, new 

weeding control techniques should be further investigated in order to explore more management 

models that could reduce costs and improve farm profitability. 

From a social point of view, LDNT scenario is the best one only in terms of psychosocial risk factors, 

but it is highly recommended to reduce or eliminate chemicals for weeding and pest control, due to 

the possible risk of mortal disease.  
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The methodology applied here is an example of user-friendly tools that are applicable in many 

contexts and by many types of users with minimal knowledge about LC tools. Room for improvement 

remains, especially concerning the choice of indicators under consideration.  

Sustainability is considered as the new total quality, and sustainable production is considered to be a 

means to create innovation while respecting the environment, preserving economic viability and 

satisfying social requirements (Germani et al., 2016). Therefore, integrative methodologies are highly 

suitable as decision-making support tools, especially when innovation strategies are requested. The 

participation of local actors allowed to make sustainability assessments consistent with local realities 

and to give an interpretive legitimization to the analysis. The originality of the present work also 

comes from the use of the “weighted weights” of each impact category according to the preferences 

of actors for one or another sustainability dimension. The MCDA methods enabled the LCSA here 

applied to deal with subjective assumptions in an objective way, to account for actor values and to 

overcome trade-offs among the different dimensions of sustainability. However, further 

improvements are possible, for example, by considering more indicators or by involving the actors in 

the construction of the methodology through the empowerment processes of social learning. 
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