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Executive summary 

 

In the line of Action 7, a complete Life Cycle Analysis (LCA) in terms of raw materials 
consumption, energy use, transport and greenhouse gas (GHG) emissions is carried out for all 
processes considered in Italy and Spain (Actions 3-6) in order to define:  

a) agricultural and environmental feasibility of using agricultural waste (AW) for crop 
cultivation in open field and in protected cultivations (greenhouse) in Mediterranean 
countries and  

b) the potential reduction of carbon footprint 

LCA is carried out by compiling an inventory of relevant inputs and outputs of a system (the 
inventory analysis), evaluating the potential impacts of those inputs and outputs (the impact 
assessment) and interpreting the results (the interpretation) in relation to the objectives of the 
study. The GaBi 6 software, an LCA tool developed by PE International, was used to model the 
system and to evaluate its environmental impact.  

The main subsystems in the assessment included:  

• Agricultural waste production and management 

• Agricultural waste application on soil (either after treatment and/or composting) 

• Cultivation of plants  

Based on the system boundaries and the “cradle to gate” approach, different phases/sub-
phases were user defined/created using available LCA software within each studied case. The 
main phases included: compost production (CP) and transport (CT), nursery phase and 
transport, waste transport, waste utilization and full production of each crop. This latter included 
the sub-phases of cultivation operations in open fields, fertilizers production and transport, 
pesticides production and transport, the agricultural machinery and the irrigation system. For 
greenhouse cultivation of the studied crops, the greenhouse phase was also considered. 

Five environmental impact potentials were assessed in the present study: global warming 
potential, acidification potential, eutrophication potential, ozone layer depletion, photochemical 
ozone creation potential and cumulative energy demand as an energy flow indicator. 

In order to cover the data requirements for the inventory, different data sources were used to 
obtain representative production data. Furthermore, in evaluating the environmental impact, 
consideration is given to the net environmental balance between the environmental benefits and 
assigning burdens, including waste management and utilization aspects, associated with the 
adaptations throughout the various cultivation phases of the crop products being considered. 

The LCA identified the phases of the process and the related inputs and output in terms of 
energy, emissions, raw materials, natural resources, transport and waste. LCA results revealed 
the existence of three crucial phases/sub-phases that are the most impacting ones; the 
industrial compost production, the irrigation system and the greenhouse structure. The main 
reasons to the higher impact associated to these phases were the high energy and water 
consumption as well as the great volume of non-recycled materials needed.  

The importance of including compost production in the assessment was demonstrated as it was 
the major GHG and energy contributor. The use of compost produced from AW for the organic 
fertilization of horticulture/cereal crops can be an interesting alternative for this by-product, 
although it would be necessary to propose some improvements for the reduction of the 
environmental impacts during the composting process at industrial scale.  



4 

 

Overall, the present study showed the viability of the application of LCA to evaluate the 
environmental impact caused by an agricultural practice and can be extended to 
horticultural/cereal cultivations in the open-field and in greenhouse in other Mediterranean 
countries. 

A draft version of this deliverable was initially prepared on 30/4/2014. The present deliverable is 
an improved version of the initial one.  
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1. Introduction 
 
The assessment of the environmental impacts of agricultural activities is a fundamental task to 
promote sustainability. Within the framework of the European Union to integrate environmental 
sustainability along with economic growth, the use of Life Cycle Assessment (LCA) studies has 
been considered as a decision-supporting tool to evaluate different scenarios and highlight the 
environmental hot spots in the life cycle of a product or a system (Guinée et al., 2002; Tarantini 
et al., 2009).  

Life cycle assessment (LCA) is a standardized method for the assessment of the potential 
environmental, human health and resource scarcity impacts associated with products and 
services throughout their life cycle, including raw material extraction as well as transportation, 
production, use and end-of-life treatment. LCA can identify improvements on the environmental 
performance of products in different life cycle stages, on decision-making, support marketing 
and communication activities (Guinée et al., 2002; Hauschild et al., 2005).   

According to Directive 2008/98/EC, waste production should be reduced while recycling and re-
use should be promoted. Composting is the most common biological treatment option 
accounting for 95% of current biological treatment operations (European Commission, 2008; 
ORBIT/ECN, 2008). The use of compost produced from AW for the fertilization of crops is an 
interesting alternative management option for these wastes. However, the minimization of the 
environmental impacts should be considered; environmental indicators, such as soil quality (e.g 
in terms of organic matter, water content and salinity) or erosion degree must be also be taken 
into account.  

The functional structure of the LCA framework includes all life cycle stages and measures and 
integrates typical inputs and outputs. When many impact categories (e.g. global warming 
potential, acidification, ozone depletion, eutrophication) are taken into consideration, a thorough 
LCA analysis may become a quite complex process (ISO, 2006; Chang et al., 2012). 

The LCA study was initially developed in order to assess the environmental impacts of industrial 
processes and thereafter was applied also in agricultural processes which differ in the following 
issues. Agriculture is very intensive in terms of land use while agricultural production relies 
mainly on natural resources, is seasonal in many regions and is strongly related to soil 
characteristics, water availability, climatic conditions and the presence/absence of weeds, insect 
pests and pathogens. Therefore, various adaptations and assumptions regarding system 
boundaries, allocation and environmental impacts may be considered for agricultural activities 
(Nemecek and Kägi, 2007).  

For the development of a sustainable waste management model or strategy, environmental, 
economic and social aspects should be considered. The model can be either simple, if aiming at 
optimization of single flows or process parameters, or complex in order to evaluate alternative 
waste management strategies (Morrissey and Browne, 2004).  

Various studies have focused on the LCA of waste management systems and practices or on 
the comparison of different management options mainly related to sewage sludge, municipal 
solid wastes and various emissions (Lundin et al., 2000; Christensen et al., 2007; Banar et al., 
2009; Cherubini et al., 2009; Luoranen et al., 2009; Chang et al., 2012; Righi et al., 2013; Dong 
et al., 2014). However, limited LCA studies have been carried out on AW management and 
alternative application on soils (Djekic et al., 2014; Ten Hoeve et al., 2014). 
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Figure 1. Life cycle representation of a material production (http://www.gabi-software.com). 

 

According to Laurent et al. (2014), LCA applications have been mostly limited to developed 
countries, indicating that a number of environmental problems related to waste management in 
developing countries, e.g. occupational health impacts from informal collection and recycling 
have not been investigated. 

2. Software for LCA  
 
Several commercial software tools have been developed for LCA to estimate emissions, 
promote public awareness on emissions as well as identify methods for their mitigation. These 
assessment tools may be provided by government agencies, non-governmental organizations 
and private companies. GaBi and SimaPro developed by the PE International and SimaPro UK, 
respectively, are the most popular software for LCA. Other waste system modelling tools such 
as EASEWASTE, ORWARE, WRATE or WAMPS have been used in previous studies (Laurent 
et al., 2014). In the present study GaBi 6 software, was used. 

 

2.1 GaBi software  
 
GaBi software models every element of a product or system from a life cycle perspective so that 
the best informed decisions on the manufacture and lifecycle of a product can be made. It also 
provides an easily accessible database detailing the energy and environmental impact of 
sourcing and refining every raw or processed element of a manufactured item. In addition, it 
looks at the impact on the environment and presents alternative options for manufacturing, 
distribution, recyclability, pollution and sustainability (http://www.gabi-software.com). 

The GaBi professional database derives from industry sources, scientific knowledge, technical 
literature and internal patent information creating a solid foundation for assessing materials, 
products, services and processes. All standard impact methodologies are included, such as:  

 CML (Center of Environmental Science of Leiden University) 1996 and 2001 

 EDIP (Environmental Design of Industrial Products) 1997 and 2003  

http://www.gabi-software.com/
http://www.gabi-software.com/


7 

 

 EI (Eco-indicator) 1995 and 1999 

 TRACI (Tool for the Reduction and Assessment of Chemical and Other Environmental 
Impacts) 

 IO2+ v2.1 

 UBP method (method of Ecological Scarcity) 

 ReCiPe method (for the transformation of the long list of LCI results into a limited number 
of indicator scores) 

GaBi calculates the potential environmental impacts as well as other important quantities of a 
product system based on plans. A plan corresponds to the system with its boundaries. The 
system being studied is made up of processes representing the actual processes taking place. 
Flows represent all the material and energy flows passing through the processes, to and from 
the system. They define the input/output flows of the system. Flows are calculated based on 
mass, energy and cost. Resources consumed and environmental impacts are obtained by 
balancing the results based on a GaBi6 flowchart (http://www.gabi-software.com).  

In GaBi all flows must be defined as elementary or non elementary. Elementary flows are 
entering the techno-sphere directly from nature and exit the techno-sphere directly to nature. 
Non elementary flows are flows moving only within the techno-sphere and do not enter or exit 
directly from/to the natural world.  

The cradle-to-gate assessment takes into account the life cycle stages from raw material 
extraction up to distribution of the final product, while the cradle-to-grave assessment takes into 
account all life cycle stages from raw material extraction up to disposal at end of life. It is noted 
that cradle-to-gate boundaries can vary according to the position of the ‘gate’. According to 
British Standard Institution (BSI, 2011) two standard types of assessment (cradle-to-gate and 
cradle-to-grave) are used for the definition of system boundaries as shown in Figure 2. 
Depending on the goal of each study, LCA can include only selected life cycle stages, e.g. from 
raw material extraction to final processing (cradle-to-gate’ analysis). 

 

 

Figure 2. Boundaries determined in cradle-to-gate and cradle-to-grave assessment 

 

The following five types of processes are included in GaBi in accordance to the EU ILCD 
(International Reference Life Cycle Data) system. Processes are categorized as seen in Figure 
3, in order to better understand their roles within a product system.  

http://www.gabi-software.com/
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 u-so (unit process single operation) or gate-to-gate process; this process type contains only 
the data for one specific process step and no LCI (Life cycle inventory) data. 

 u-bb (unit process black box); refers to a multifunctional process or group of processes. For 
example, the entire production chain of the compost rather than the individual collection and 
transport processes. 

 agg (LCI result); contains the entire life cycle data for part of or for the complete life cycle of a 
product system and is often referred to as a cradle-to-gate or system process. 

 p-agg (partly terminated system); contains all LCI data for the process except for one or more 
product flows that require additional modelling. For example, the steel wire process is a partly 
terminated system because all of the inputs and emissions of the process are accounted for 
except for the type of steel being used to make the steel wire. This process type is 
sometimes referred to as a partly linked process. 

 aps (avoided product system); this can be a confusing process type because all input and 
output flows are set to negative values or all inputs are converted to outputs or vice versa. 
This kind of dataset is typically used during modelling allocation and shows the way that the 
use of certain materials and energies is avoided by the product system under study. 

 

LCI result

System process

Aggregated dataset

Cradle to gate or grave

Partly terminated system

Partly linked process

Unit process with at least 
one product flow requiring 
modelling

Unit process single 
operation

Unit process

Basic process

Gate to gate process

Unit process black box

Unit operation

Multifunctional processes

Process chain or plant level

Avoided product system

Unit process

Negative flows or outputs 
converted to inputs and 
vice versa

Product/s

emissions

 

Figure 3. Processes in GaBi in accordance to the European Union’s ILCD system 

 

An “operational guide to the ISO standards” was published in 2001, by CML describing the 
methodology to be applied for conducting an LCA project according to the ISO standards. The 
aim was to link the impact assessment factors proposed for the problem oriented approach in 
CML 2001 to the Ecoinvent data in order to avoid discrepancies and differences in 
interpretations. 
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2.2 Ecoinvent database 
 

The Ecoinvent database (http://www.Ecoinvent.org/) with its modular structure, supplying unit 
process raw data, is suited to support descriptive as well as decision-oriented life cycle 
assessments. It comprises an up-to-date Life Cycle Inventory (LCI) in the areas of agriculture, 
waste treatment, energy supply, transport, biofuels and biomaterials, bulk and speciality 
chemicals, construction materials, packaging materials, basic and precious metals, metals 
processing, information and communication technology and electronics. The high-quality 
generic LCI datasets are based on industrial data and have been compiled by internationally 
renowned research institutes and LCA consultants. 

The Ecoinvent database system consists of the components shown in Figure 4. The central 
database contains LCI data and Life Cycle Impact Assessment (LCIA) methods such as the 
ecological footprint. The database is located on a server and is accessible via the Internet. The 
query tool is used to interrogate the database and download datasets from the central database. 
It enables the search for individual processes, for processes of a certain economic sector (e.g., 
transport or energy sector) or for data from a certain institute. General information (so-called 
meta information) about the processes (technology, age of data, geographic coverage etc.) is 
accessible to everybody whereas the quantitative LCI data is only accessible for registered 
Ecoinvent members. TUC is registered and pays the required fee to obtain updated data. 

 

 

 

Figure 4. The basic structure of Ecoinvent database system (Frischknecht et al., 2007) 

 

For the impact assessment step of LCA, a set of impact categories and the characterization 
methods and factors for an extensive list of substances (resources from nature/emissions to 
nature) are recommended. For example, in order to use the impact assessment EDIP 1997 
method together with the data from a database like Ecoinvent, the equivalency factors from the 
EDIP 1997 method have to be linked to the respective elementary flows within Ecoinvent. The 

http://www.ecoinvent.org/
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EDIP 2003 is an evolution of the EDIP 1997 method and includes spatially differentiated 
characterization modeling (Frischknecht et al., 2007; Hischier et al., 2010).  

3. LCA Methodology  
 
In the line of Wastereuse, an LCA study has been carried out to evaluate the consumption of 
raw materials (agricultural waste, energy, water etc.) and emissions of pollutants (CO2, CH4, 
SO2 to air etc.) as well as improve and optimize the application of treated or untreated AW on 
crop land in open field and in protected cultivation in Mediterranean countries.  

A complete LCA regarding AW application on land includes the following stages: AW production 
and collection, treatment and application, secondary waste management and disposal, all of 
which together comprise a large and complex system.  

The leading standards for LCA are the international standards ISO 14040 and ISO 14044. The 
key methodological aspects of an LCA are summarized in a five-phase procedure, as discussed 
in detail in the deliverable “Methodology for identification of carbon footprint (through evaluation 
of existing methodologies)” prepared by TUC (2012):  

i) goal definition,  

ii) scope definition,  

iii) life cycle inventory (LCI),  

iv) life cycle impact assessment (LCIA) and  

v) interpretation of results, reporting and critical review. 

An overview of LCA is presented in Figure 5. The inventory data and the methodology used in 
the present LCA study are discussed in the following sections.  

 

 

Figure 5. Overview of LCA (GaBi EDU, 2009) 

 

 



11 

 

3.1. Goal and Scope definition 
 
The main objective of the present study was to analyze the environmental burdens of several 
cultivated crops in Mediterranean countries related to the options considered in Actions 3-6 of 
the project. More specifically, an assessment of crop production in Spain and Italy using 
agricultural wastes such as compost in both open field (OF) and standard greenhouse (GH) 
cultivation option is performed in order to assess and improve the current agricultural practices, 
equipment and techniques concerning their impact on the surrounding ecosphere and natural 
resources. In addition, the main components affecting the environmental impacts were identified 
with respect to the data inputs and the best environmental practices are recognized without loss 
of product yield.  

In the scope definition the product system and all assumptions are described. The system 
boundaries, choice of impact categories and data quality requirements as well as the 
methodology used to set up the product system are also described. 

The product, eg. crop production yield, its function as well as the demands the product is 
supposed to fulfill have to be defined. This is very important when products with different 
functionalities are to be compared. The functional unit is a key element of the LCA, as it is a 
measure of the function of the system and is also used for comparison. It gives the definition of 
the functional outputs of the product system. The main purpose of the functional unit is to 
provide a reference to which the inputs and outputs can be related. All the environmental 
impacts are normalized and compared according to this value. The functional unit of the present 
study is 1 kg of each crop produced. 

 
The present study has focused on four cultivation cases representative of the actual 
crop/horticulture production in three different sites in Italy and Spain: 
  
Scenario 1: implementation of agricultural cultivation practices in open field production of 
lettuce in Italy (Albenga) (OF_IT) 

Scenario 2: implementation of agricultural cultivation practices in greenhouse production of 
lettuce in Italy (Albenga) (GH_IT)  

Scenario 3: implementation of agricultural cultivation practices in open field production of barley 
in Spain (Albacete) (OF_ES) 

Scenario 4: implementation of agricultural cultivation practices in greenhouse production of 
lettuce in Spain (Murcia) (GH_ES)  
 
Agricultural waste application management scenarios using both treated AW and conventional 
fertilizers were modelled and compared in all studied cases. 
 

3.2. System description/boundary 
 

The system boundaries define which processes in the life cycle are included or excluded from 
the assessed system in order to ensure that all relevant processes, and hence their potential 
environmental impacts, are included in the assessment. The system boundaries are assigned 
by cut-off criteria which are used to define the parts and materials included in or excluded from 
the system in LCA. In the present study, the cradle-to-gate system was used as defined in 
section 2.1 to model both crops (Figure 6).The main system flows of this study are: i) inputs 
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including energy provided from the local grid and the resource materials (soil, water, crop 
seeds, untreated and treated AW etc.), ii) the processes of the system (waste collection and 
management/utilization and implementation of cultivation practices) and iii) the outputs of 
cultivation practices implementation (crop yield, emissions and secondary wastes).  

 

 

Figure 6. Scheme of the system boundaries for the cultivation systems in the life cycle 
assessment used in this study 

 

The broader the boundaries the more precise study is carried out; however more data are 
required and the inventory can be managed with difficulty. Since the agricultural data sources 
do not provide information on transport modes and distances for the material inputs, the LCA 
modeling involves certain assumptions. Often a combination of different cut-off criteria has to be 
used to ensure that relevant processes are taken into account. If needed, the system 
boundaries may be redefined. 

Based on the system boundaries, different phases were user defined/created using GaBi 
software within each studied case (Figure 7). The main phases included: compost production 
(CP) and transport (CT), nursery phase (NP) and transport (NT), waste transport (WT) and 
utilization (WU) and full production of each crop (FC) (Figure 8). This latter includes the sub-
phases of cultivation field operations (FO), fertilizers production (FP) and transport (FT), 
pesticides production (PP) and transport (PT), the agricultural machinery (AM) and the irrigation 
system (IS). For greenhouse cultivation of the studied crops, the greenhouse phase (GP) was 
also considered.  
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Figure 7. Phases and sub-phases created using GaBi software and included in the present LCA 
study 

 

Figure 8. Flow diagram of the main phases included in the LCA study 

Details of the conditions and data sources used in the involved phases are given in the 
subsections that follow. 
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3.3. Data Collection 
 

The most effort-consuming step of an LCA study is the collection and collation of data in order 
to build the life cycle inventory. The quality of data sets used in the analysis influences the 
reliability of the results and may be assessed through the matrix of data quality indicators, eg. 
completeness, geographical correlation, as suggested by Weidema and Wesnaes (1996). 
Primary data from field tests or secondary data from literature may be collected or existing 
commercially or publicly available databases may be used. The collected data must be related 
to the functional unit and validated.  

In the present study, data collection follows the guidance provided by ISO 14044, clause 4.3.2. 
The calculation procedures described in ISO 14044 are applied consistently throughout the 
study. According to the definition of the scope of the study, all relevant inputs and outputs 
related to the crop production are identified and quantified. 

The studied system as defined in section 2.1 requires an in-depth data-collection process of 
both experimental and bibliographic data. In order to cover the data requirements for the 
inventory, different data sources were used to obtain representative production data. Many of 
the data used in the present study are primary data derived from the on-going cultivations of the 
project in the experimental fields located in CERSAA/Albenga/Italy (44°04'05.54''N - 
8°12'45.51''E), Finca las Tiesas/Murcia/Spain (39º 3´ 4,68" N- 2º 4´46,54" W) and Finca Tres 
Caminos/Albacete/Spain: (38º 06´ 34.3" N - 1º 02´16.7" W) using AW application for sustainable 
agricultural production (Figure 9). Data from these experimental fields can be considered 
representative of the local agricultural production (Nemecek and Erzinger, 2005). Table 1 
summarizes the origin and the quality of the LCA data used in the present study. 

 

Figure 9. Map of demonstration areas of the Wastereuse project created by TUC using ArcGIS 
10.1 
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Table 1. Origin, quality and type of data used in the present study 

Phase Processes Type Source of data 

Compost production 
(CP) 

Organic waste collection SD Ecoinvent v. 3, 2013 

 Composting process ED Data supplied by CEBAS-CSIC 
and CERSAA 

 Composting facility infrastructure 
and machinery 

SD, LD Federici et al, 2009; Ecoinvent v. 
3, 2013; 

 Transport of raw materials GD Professional database, 2013 

Nursery phase (NP) Greenhouse cultivation LD, GD Antón et.al., 2005; Professional 
database, 2013 

 Transport of raw materials GD Professional database, 2013 

Waste Utilization (WU) Landfill emissions SD Ecoinvent v. 3, 2013 

    

Full crop production 
(FC) 

   

Cultivation operations 
in open fields (FO) 

Agrochemicals application 
Treated AW application 
Machinery operation 
(Land preparation/ploughing, 
planting, tillage, pruning, harvest) 
Water and energy (diesel –
electricity) consumption 
Farm waste management 

ED Data supplied by CEBAS-CSIC 
and CERSAA 

Fertilizers production 
(FP) 

Type of fertilizers used ED Data supplied by CEBAS-CSIC 
and CERSAA 

 Production of fertilizers SD, GD Ecoinvent v. 3, 2013, 
Professional database, 2013 

 Doses of application ED Data supplied by CEBAS-CSIC 
and CERSAA 

Pesticides production 
(PP) 

Type of pesticides used ED Data supplied by CEBAS-CSIC 
and CERSAA 

 Production of pesticides SD, GD Ecoinvent v. 3, 2013, 
Professional database, 2013 

 Doses ED Data supplied by CEBAS-CSIC 
and CERSAA 

Agricultural machinery 
(AM) 

Production of Machinery SD Ecoinvent v. 3, 2013 

 Waste management SD Ecoinvent v. 3, 2013 

Irrigation system (IS) Type of irrigation water supply 
 

ED, LD Data supplied by CEBAS-CSIC 
and CERSAA 
Hischier et al., 2010. 

 System used (pumping, electricity) SD Ecoinvent v. 3, 2013 

Greenhouse phase 
(GP) 

Greenhouse building/infrastructure SD, LD Ecoinvent v. 3, 2013; Antón et 
al., 2005; 

 Operation and maintenance ED Data supplied by CEBAS-CSIC 
and CERSAA 

 Waste management (plastics, steel) SD Ecoinvent v. 3, 2013 

    

ED: Experimental raw data, SD: Specified database, GD: Generic database, LD: Literature data 
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Ecoinvent v.3, 2013 and Professional database, 2013 were also used for all transport processes 
included in the different phases and sub-phases. Details of the conditions and data source used 
for the studied phases and sub-phases are given in section 4. 

3.4. Assigning burdens 
 
In evaluating the environmental impact, consideration is given to the net environmental balance 
between the environmental benefits and assigned burdens, including waste management and 
utilization aspects, associated with the adaptations throughout the various cultivation stages of 
the crop products being considered. To this end, and in accordance with the objectives of the 
present study, the cut-off method was used for the utilization of the produced waste from all 
studied cultivation cases, as defined by Ekvall and Tillman (1997). For each phase and sub-
phase, the burdens for which this is directly responsible are assigned. Based on this method, 
there is no uncertainty in the extraction of raw materials or the related production and transport 
processes. In the case of waste utilization, landfilling of all waste materials is primarily 
accounted for all the waste produced from the phases being studied. No allocation criteria were 
used. All the data collected refers to the production of the studied crops, as a function of the 
chosen functional unit. 

Special appraisal is also given to the environmental burdens generated in the AW/compost 
production and transport since there is significant spatial and temporal variation of these organic 
fertilizers in terms of quality, processing and transport between the two countries (Italy and 
Spain). However, in order to overcome those data shortcomings, normalization of the compost 
production characteristics is done via scale up to a reference industrial plant adapted from the 
Ecoinvent database. The industrial scale refers to a compost plant over a lifetime of 25 years, 
constructed for a treating capacity of 10.000 t of biowaste per year. These characteristics were 
similar to those of other biowaste/AW processing plants, so that the obtained results can be 
extrapolated to other Mediterranean countries such as Greece, France etc. In addition, 
comparison between composting and production of mineral fertilizers is also considered. 

 

3.5. Life Cycle Impact Assessment methodology and Impact categories 
 

The Life Cycle Impact Assessment (LCIA) identifies and evaluates the amount and significance 
of the potential environmental impacts arising from the LCI. LCIA addresses not only the toxic 
impacts from chemical emissions but also the impacts associated with emissions of air 
pollutants (global warming, ozone depletion, acidification) or waterborne pollutants 
(eutrophication and oxygen depletion), as well as the environmental impacts from different 
forms of land use (noise and radiation), and the loss of renewable and non-renewable 
resources. Some LCIA methods also include the human health impacts from the occupational 
exposure during process operation in the life cycle (Wenzel et al., 1997; Hauschild et al., 2005). 

For an LCIA, the inputs and outputs are first assigned to impact categories and their potential 
impacts are then quantified according to characterization factors; the following steps include 
classification and characterization. The optional steps of the study are normalization, grouping 
and weighting.  

The LCIA is implemented using the following four steps.  

• Step 1: Selection of impact categories 
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After the impact categories are selected, according to their relevance to the study, LCI results 

are assigned to one or more impact categories. Thereafter, the substance emissions from the 

inventory are assigned to the impact categories according to their ability to contribute to different 

environmental adverse effects. If more than one substances contribute to the same impact 

category, they must be classified as contributors to this category. For example, CO2 and CH4 

are both assigned to the impact category global warming potential. After assigning the LCI 

results to the impact categories, characterization factors have to be applied to the relevant 

quantities. Each emission has its own characterization factor. Characterization factors used are 

determined by different scientific groups based on different methodologies and philosophical 

views of the environmental issues. Two of the most widely used impact category methodologies 

are TRACI in the USA and CML in Europe, as already discussed in section 2.3 (PE 

International, 2010). 

• Step 2: Characterization  

Characterization is following, where the impact from each emission is expressed as an impact 

score in a unit common to all contributions within the impact category, e.g. kg CO2-equivalents 

for all greenhouse gases). Thereafter, the contributions from different substance emissions can 

be summed within each impact category and the inventory data is translated into a profile of 

environmental impact scores and resource consumptions.  

• Step 3: Normalization  

In this step, the impact scores and resource consumptions are related to a common reference in 

order to facilitate comparisons across impact categories. Normalization expresses the 

magnitude of the impact scores on a scale which is common to all the categories of impact.  

• Step 4: Evaluation  

In this step a ranking or weighting of the different environmental impact categories and resource 

consumptions reflecting the relative importance they are assigned in the study, is performed. 

In the present study, the software used for life cycle impact analysis was the commercial GaBi 

version 6 (PE International, 2010), taking into consideration the classification and 

characterization that defines the norm ISO 14040 (1997), which specifies the general 

framework, principles, and basic needs to perform an LCA study. In the case of the 

classification phase, each burden is linked to one or more impact categories, while in the 

characterization phase, the contribution of each burden to the impact categories is calculated by 

multiplying the burdens with a characterization (Guinée, 2001). Each of the involved production, 

transport and cultivation phases is separately modeled using details of the performance of each 

individual unit with its own mass and energy balance. The demand for energy and the 

production of wastes are also estimated based on the experimental raw data.  

The LCA flow diagrams for the open-field and greenhouse cultivation cases studied, concerning 

main and sub-phases are summarized in Figures 10a,b and 11a,b, respectively. 
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a) 

 

b) 

 

Figure 10. Crop life cycle modelling of the a) main phases and b) sub-phases considered for the 

environmental impact assessment of open-field cultivation cases. 
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a) 

 

b) 

 

Figure 11. Crop life cycle modelling of the a) main phases and b) sub-phases considered for the 

environmental impact assessment of greenhouse cultivation cases. 
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The impact categories calculated in the present study are listed in Table 2. Five impact 

categories which had been defined according to CML 2001 (Guinée, 2001), as well as the 

cumulative energy demand (Frischknecht and Jungbluth, 2003), as an energy flow indicator, 

were estimated. These impact categories were selected because of their relevance with 

agricultural production and related energy processes (Torellas et al., 2012). Furthermore, these 

categories were selected due to their similarities with LCA studies for open field and 

greenhouse production done for other similar crops in Spain and Italy (Antón, et al, 2005; 

Martinez-Blanco et al. 2011); Due to the lack of reliable data, toxicity categories, such as, 

Human Toxicity, Terrestrial Eco-toxicity, Aquatic Eco-toxicity of the CML (2001) calculation 

approach, were not assessed. 

Table 2. Environmental impact categories and respective measurement units 

Impact category Acronym Units 

Acidification potential  AP kg SO2eq∙y
-1 

Eutrophication potential  EP kg PO4eq∙y
-1 

Global warming potential (100 years)  GWP kg CO2eq∙y
-1 

Ozone depletion potential  ODP kg CFC11eq∙y
-1 

Photochemical ozone creation potential  POCP kg C2H4eq∙y
-1 

Cumulative energy demand CED MJ eq∙FU-1 

FU: Functional Unit 

All emission factors from crop production comply with the methods of IPCC (2006). All individual 
GHGs are converted to a common scale based on the 100 year Global Warming Potential 
(GWP) using the IPCC (2006) coefficients and are expressed as CO2 equivalents (CO2eq).  

The GWP reflects the relative effect of GHGs in terms of climate change considering a fixed 
time period, such as 100 years (GWP100). The GHGs are converted to CO2 equivalents (CO2eq 
- a normalization unit of all gases to the global warming potential of CO2 over a 100-year time 
frame) taking into consideration their relative contributions to global warming. Table 3 shows the 
GWPs and common sources of some of the most important GHGs (EC, 2007; SKM Enviros, 
2011). In general, CO2, CH4 and VOC contribute to global warming, while SO2 to photochemical 
ozone creation and acidification.  

GWP is the simplest method for the characterization of the global climate change impact. It is a 
holistic estimation of the total emissions of GHGs, expressed as carbon dioxide (CO2) 
equivalents, as the result of a defined action over the project’s life cycle or a specified period of 
time (Strutt et al., 2008). Thus, CO2 equivalent is a common metric unit used to compare the 
emissions from various GHGs based on their GWP. Within this context, GHGs of concern 
include, but are not limited to, CO2, methane (CH4), nitrous oxide (N2O), and fluorinated gases.  

For GWP calculations, all GHGs are commonly converted to equivalents of CO2 gas emissions; 
thus, CO2 equivalent becomes the base unit in many GWP analyses. CO2 has an assigned 
GWP of 1 and is used as the reference gas to which all other GHGs are compared. For 
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example, the GWP of CH4 is 25 meaning that one tone of CH4 will cause the same amount of 
warming as 25 t of CO2. 

 

Table 3. GWP and common sources for some of the most important GHGs in a 100-year time 
horizon (Forster et al., 2007)  

GHG GWP Anthropogenic sources 

Carbon dioxide (CO2) 1 
Fossil-fuel combustion, Land-use 
conversion, Cement Production 

Methane (CH4) 25 
Agriculture, landfilling, wastewater and 
sludge treatment, Livestock 

Nitrous oxide (N2O) 298 
Nitrogen fertilizers, Dry manure, 
Combustion, Industrial processes 

Hydroflurocarbons (HFCs) 
and hydrochlorofluoro-
carbons (HCFCs) 

77–14,800 
Liquid coolants, 

Foams 

Perfluorocarbons (PFCs) 7,390-17,700 
Refrigerant manufacture and use, aluminium 
and magnesium smelting 

Sulphur hexafluoride (SF) 23,900 
Aluminium and magnesium smelting, high-
voltage switching equipment, Dielectric fluid 

 

Ammonia emissions to air (eg during the spreading of compost from manure) contributes to 
acidification and eutrophication of sensitive ecosystems; its impact is mainly local and regional. 

Acidification is caused by the emission of gases into the air and may cause adverse 
environmental effects when combined with other chemical molecules to form “acid rain” which 
impacts soil. All the emissions of NOX, NH3 and SO2 related to the inputs considered are 
expressed in kg SO2eq∙y

-1 (Jan et al., 2012). 

Nitrate (NO3) is either supplied to the soil by fertilizers or produced by micro-organisms in the 
soil via the mineralization of organic matter. As nitrate is easily dissolved in water, the risk of 
leaching is high and may contribute to eutrophication, toxicity related impacts to humans and 
N2O generation. Nitrous oxide is produced as an intermediate product in the denitrification 
process (conversion of NO3 into N2) by soil micro-organisms or as a by-product in the 
nitrification process (conversion of NH4 into NO3). N losses in the form of N2O are closely linked 
to the nitrogen cycle in agriculture; N2O is a greenhouse gas with a high impact. During 
denitrification processes in soils, NOx may also be produced (Schmid et al., 2000; Nemecek and 
Kägi, 2007). 

Eutrophication potential refers to the transport and leaching of macronutrients such as 
phosphorus and nitrogen, through the water or the air, to other ecosystems affecting the 
development of living organisms, e.g. the biodiversity. Uncontrolled application of chemical 
fertilisers and untreated waste such as manure may cause these undesirable effects. 
Eutrophication potential is expressed in kg PO4eq∙y

-1 (Van der Werf et al., 2009). 

Photochemical ozone creation potential is the phenomenon of nitrogen oxide reaction with other 
volatile organic substances under UV radiation and the formation of photochemical oxidants, 
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which are the major causes of the atmospheric pollution known as smog (expressed as kg 
C2H4eq∙y

1). 

The cumulative energy demand (CED) impact category was ultimately calculated, according to 
the method described in Hischier et al. (2010), in order to assess the energetic performance of 
the studied crop cultivations. 

4. Life cycle inventory 
 

The LCI analysis is the phase, which builds on the requirements as defined according to the 
goal and scope in order to relate the data collected with flows to and from the processes of the 
waste management system. Thereafter data are processed to create a comprehensive emission 
and resource consumption inventory and the model of the system (EC, 2010). To complete the 
life cycle inventory, experimental data, bibliographical sources and the available LCI databases 
(Professional and Ecoinvent) of the GaBi 6 software were used. Where possible, field emissions 
in every dispersion medium (water, soil and air) were estimated using specific models (IPCC, 
2006; Nemecek and Kaegi, 2007), starting with the primary data that were provided by open-
field and greenhouse cultivations. The data for energy use necessary to calculate the 
cumulative energy demand for each unit process were obtained from the Ecoinvent database.  

In the present study, agricultural cultivation practices were implemented in two demonstration 
areas located in Spain (Murcia and Albacete) and Italy (Albenga) between April 2013 and June 
2015. Since cultivations for the three demonstration areas have not been completed yet, data 
obtained from partners so far were taken into account for LCA analysis. Updates to LCA data 
will be performed periodically so as to include any new values which derive from the on-going 
cultivations. The main LCA parameters, phases and sub-phases of the agricultural cultivation 
practices are described below in detail.  

 

4.1. Functional unit 
 

A mass-based functional unit is adequate if the overall agricultural stages of the life cycle of an 
agricultural product are evaluated (Mila i Canals et al., 2006; Hayashi, 2013). In accordance 
with the scope of the present study, the functional unit selected in the present study is the 
production of one kg of crop product (lettuce or barley) by taking also into consideration the 
quality of the final product. Therefore, only the commercial product was taken into account as 
the final crop product. This functional unit was used as reference in order to normalize the 
inputs of the system as well as the output flows in all studied cases. 

 

4.2. Product yield  
 

Different yields were obtained from each cultivation case shown in Table 4. Open-field and 
greenhouse yield values were quite similar for lettuce cultivation in Italy, whereas a noticeable 
decrease of yield for greenhouse cultivation of lettuce was observed in Spain. Overall, product 
yield showed typical values in levels expected for the production of lettuce and barley in both 
demonstration areas (Morra, 2010; MARM, 2011). Wastage (Total yield – Commercial), which is 
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the loss from handling and decay, varied from 1.7 to 6.0 %, while no wastage was observed for 
barley production in open-field (Spain).  

 

Table 4. Wastage of the different cultivation cases studied in both demonstration areas. 

 

 

 

*Lettuce, **Barley 

 

4.3 LCI main phases and sub-phases 
 
All transport in the different phases and sub-phases was considered to be by road. In fact, the 
issue of return transport is extensively evaluated in the present study, even though it is 
recognized that return transport plays a major role in cost but a rather minor role in 
environmental comparisons when short-distances are considered. However, in the case of 
pesticides and fertilizers, associated environmental burdens for all impact categories were 
extremely high, since in the Mediterranean countries nitric acid, potassium nitrate, potassium 
sulfate and pesticides (herbicides, fungicides) used are produced and transported from long-
distances (mainly from north-central Europe). Truck/lorry transportation included the operation 
of the truck/lorry, its maintenance and recycling.  

 

4.3.1. Compost Production (CP) 
 

This phase included the inputs-outputs of the composting process. Since compost derives from 
ΑW (outputs generated by other agricultural systems), the raw materials for these inputs are 
assumed to enter the farming systems considering the environmental burdens from their 
processing/production as well as AW collection and related transport. However, it is important to 
mention that the phase of compost production is regarded as an integrated waste management 
system, contrary to chemical/mineral fertilizer production which is accounted as a major source 
of primary GHG emissions. Data for compost production were scaled up from pilot/reference to 
industrial plant operation in order to create a real base reference scenario. In this phase, the 
burdens of waste are considered using the cut-off approach (landfilling, dumping). 

 

 

Parameter Unit 
Cultivation demonstration 

areas 

Italy Spain 

Open-field  OF_IT OF_ES 

Total yield t/ha 53* 5.42** 

Commercial yield t/ha 50* 5.42** 

Greenhouse  GH_IT GH_ES 

Total yield t/ha 58,5* 23* 

Commercial yield t/ha 55* 22.6* 
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a. Compost characteristics of Italy  

Data from the EU project LIFE05 ENV/IT/000845 TIRSAV PLUS were used for the compost 
production in terms of energy consumption, raw materials acquisition and generation of waste 
(Federici et al, 2009). The composting process lasted 4 months and took place in a pilot plant. 
The starting mixture included (on fresh weight basis): OMW (84%) + waste wool (5%) + olive 
leaves and twigs from the mill (5%) + wheat straw (3%) + pigeon manure (3%). The water 
content of the initial mixture was 60% and was maintained to 40-45% during the process by 
watering the pile. In order to enable aeration and cooling, the pile was mechanically turned two 
times per week. 

 

b. Compost characteristics of Spain  

The compost used in both cultivations in Spain derived from a mixture of goat and sheep 
manure with 39.25% moisture and 2.18% N (dry weight), 26.88% organic carbon, 53% P and 
3.78% K.  

 

4.3.2. Compost Transport (CT) 
 
All composts were transported from the composting facilities to the cultivation fields using 3.5-16 
t lorries. Table 5 show the distances from production sites to crop farm in each cultivation case 
studied. 

 

Table 5. Distances for compost transportation from production sites to crop farm in each 
cultivation case studied  

 

 

 

*Lettuce, **Barley 

 

4.3.3. Nursery phase (NP) 
 

For the efficient modelling of an integrated crop cultivation system, the nursery phase was 
created and included in this study. Despite the fact that the nursery phase adds complexity to 
the LCA modelling, a considerable underestimation of the environmental impacts of the final 
product is seen, if only the full production cultivation period is considered (Cerutti, 2013). Data 
for the nursery phase were mainly taken from the Ecoinvent database, and include greenhouse 
cultivation using a heating system, irrigation, fertilization, and transport burdens. Nursery plants 

Parameter Unit 

Cultivation demonstration 
areas 

Italy Spain 

Open-field  OF_IT OF_ES 

Distance km 900* 182.6** 

Greenhouse  GH_IT GH_ES 

Distance km 900* 50* 
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were grown in order to re-plant them in the open fields and the greenhouse. In the case of 
barley production, data for seed production were taken from the Ecoinvent database based on 
the fact that 400 seeds/m2 were needed for open field cultivation.  

4.3.4. Nursery transport (NT) 
 

In both open-field and greenhouse cultivations in Italy, nursery plants were transported along a 
short distance of 5 km to the main production field. On the other hand, the distance between the 
nursery facility and crop production in Spain, is 25 and 40 km, for barley and lettuce cultivation, 
respectively. All transportation included a payload being “full” for outgoing transports and 
“empty” for return transport using typical vans. 
 

4.3.5. Waste transport (WT) 
 
Farm waste materials (plastic, biowaste) were driven to the closest landfilling facility (9 and 17 
km distance for the Italian and Spanish fields, respectively) with a lorry of 3.5-16 t M.A.L. 
(maximum authorized load).  

4.3.6. Waste utilization (WU) 
 
Various waste treatments were developed in the whole waste-loop system depending on the 
type of waste considered in each phase/sub-phase. These different waste types produced in the 
farm were considered based on their initial source (Anton, 2011): greenhouse structure (steel, 
and glass); organic (crop debris) and polycarbonate mulch film. However, in the waste utilization 
phase, special emphasis was given to the management and transport of crop debris (pruning 
etc) and plastic/inorganic debris derived only from agricultural activities to landfilling. All the 
other waste streams, including waste from greenhouse infrastructure and composting, are 
treated individually based on the cut-off method (see 3.4). The construction of the landfill site 
and road access, the machinery operation, and the land used, were all considered for a lifespan 
of 50 years according to Doka, 2007. During operation of the landfill site, diesel is consumed for 
activities such as waste compaction, regular covering and maintenance of the leachate recovery 
system. The waste disposed at the landfill causes GHG emissions, mainly consisting of CO2 
and CH4. Recycling processes for all plastic and steel materials were not considered.  

 

4.3.7. Full production of each crop (FC) 
 

Specific data describing the cultivation practices, agricultural machinery operations, waste 
(residue), compost, pesticides and fertilizer management were taken from CEBAS-CSIC and 
CERSAA along with generic data from the databases included in GaBi v.6. The main inputs of 
the FC are shown in Table 2. The amount of commercial fertilizer and its composition did not 
vary significantly for the studied crops (lettuce and barley) in both demonstration areas (Table 
6). N application rate for all cultivations is fairly low (58.5–80 kg ha-1), except for OF_ES (118 kg 
N-fertilizer ha-1). Among fertilizer doses, K2O application rate (28-200 kg ha-1) is higher than N 
(58.5–118 kg ha-1) and P2O5 (23.8–90 kg ha-1) for the most cultivation cases. Fertilizers are 
applied through commercially available compositions, such as ammonium sulfate. The average 
use of the major groups of pesticides, i.e. herbicides, fungicides and insecticides, was very 
similar in all crops evaluated (except for OF_ES). 
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The supply chain for both fertilizers and pesticides including production and transportation to the 
point of use was also incorporated in the FC phase in order to assess the GHG emissions 
during the pre-farm cultivation stage. 

 

Table 6. Application doses of compost, fertilizers, pesticides and irrigation water for each 
cultivation case studied in both demonstration areas 

*Lettuce, **Barley 

 
The management of data used and the design of the seven sub-phases included in the FC 

phase for all cultivation cases studied in the present study, are described below. 
 

a) Cultivation in open field operations (FO): This sub-phase included the cultivation tasks 
(typical in each crop and demonstration area) considered in the present LCA for open field and 
greenhouse cultivation. Specifically, field operations include the maintenance of crops, 
transplanting, tillage, fertilizing, application of plant protection products and harvesting. These 
operations generate emissions from fuel burning, consumption of resources and environmental 
impacts from machinery use in agricultural processes. Soil tillage comprises deep ripping, 
ploughing, disking prior to planting and after harvest. Pest management is accomplished by 

Parameter Unit 
Cultivation demonstration areas 

Italy Spain 

Open-field  OF_IT OF_ES 

Compost t/ha 20* 21** 

N fertilizer (as N)  kg/ha 75* 118** 

P fertilizer (as P2O5) kg/ha 80* 84** 

K fertilizer (as K2O) kg/ha 200* 28** 

Herbicides kg/ha 4* 0.078** 

Fungicides kg/ha 2* 0.12 

Insecticides kg/ha 3* Not applied 

Irrigation water m3/ha 800* 2450** 

Greenhouse  GH_IT GH_ES 

Compost t/ha 15* 26* 

N fertilizer (as N)  kg/ha 80* 58.5* 

P fertilizer (as P2O5) kg/ha 90* 23.8* 

K fertilizer (as K2O) kg/ha 100* 105.0* 

Herbicides kg/ha 4* 0.0* 

Fungicites kg/ha 1* 3.7* 

Insecticides kg/ha 1* 0.0* 

Irrigation water m3/ha 250* 2500* 
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cultivating and field spraying of pesticides. For the application of compost, pesticides, and 
fertilizers the use of small diesel-powered tractors was assumed in the present study. For all 
cultivation cases, at the FO phase, consideration was given to the transport of materials in the 
field farms via a small van with a 0.6 t M.A.L.  

b) Fertilizers production (FP): As for compost production, FP has been identified as the 
“hotspot” due to the intensity and the distance traveled to deliver the raw materials. Data on this 
sub-phase were taken from the Ecoinvent database v.3 (Swiss Centre for Life Cycle Inventories, 
2013), including the production infrastructure, transport of raw materials, type of the chemical 
components required, and the management/treatment of the generated waste.  

c) Fertilizers transport (FT): Concerning the transportation of the different fertilizers used in 
the present study, a distance of 300 km from the production site to the farmland via trailer truck 
(28 t M.A.L) is considered for both types of cultivations in Italy. On the other hand, a distance of 
20 and 12 km from the production site to the farmland via trailer truck (28 t M.A.L) is considered 
for open-field and greenhouse cultivation, in Spain, respectively.  

d) Pesticides production (PP): The data on the manufacture of pesticides is from the 
processes inventoried in the Ecoinvent database v.3. As in the case of fertilizers production, this 
phase includes the infrastructure required for production; transport of prime and intermediate 
materials to the plant; synthesis of the chemical components required, and disposal or treatment 
of the waste generated.  

d) Pesticides transport (FT): All pesticides are accounted to be transported 300 km by semi-
trailer truck and 200 km by single-unit truck in all cultivation cases. Transport processes were 
calculated on the basis of the amount of pesticide applied in the field as shown in Table 6. 

e) Agricultural machinery (AM): This sub-phase included the production, maintenance, repair, 
transport and waste management of the agricultural machinery (tractors and ploughs), while 
harvesting tools (harvesters) were considered for all four cultivation cases. Farm machinery that 
consumes less than 500 MJ/ha was regarded as light duty machinery, according to Nemecek et 
al., 2004. Data for this sub-phase (emissions and energy consumption) were taken from the 
Ecoinvent database v.3 (Swiss Centre for Life Cycle Inventories, 2013).  

f) Irrigation system (IS): Emissions and energy consumption linked to irrigation are: (i) direct 
emissions relating to infrastructure, pumping energy consumption and direct water consumption; 
and (ii) indirect emissions such as agrochemical leaching (fertilizers, pesticides). All inventory 
data concerning irrigation were obtained from the study by Hischier et al. (2010) and Ecoinvent 
database v.3. The total supply of water to the soils included pumping of groundwater for drip 
and overhead irrigation with an open loop system. Pumps consumed electricity to pump 
irrigation water from nearby wells and to spread it over the fields. Rainfall was not considered in 
all cultivation cases. 

g) Greenhouse phase (GP): The greenhouse cultivations were studied in experimental plots of 

200 (0.02 hectares) and 500 m2 (0.05 hectares) in Italy and Spain, respectively, equipped with 

the necessary structures. Since in greenhouse cultivations there is great variability in the kinds 
of materials used (glass cover, plastic cover, etc.), as well as in geometry (single span, multi-
span, arched roof, flat roof, etc.), the specific dimensions and operating parameters for the 
greenhouses considered in this study, were provided by the Spanish and the Italian partners. 
The structure of the greenhouse is made from steel and glass. For this study, it was assumed 
that the metals used in the structure of the greenhouse were made from virgin materials. All 
structural material (aluminum and steel) were assumed to have a life span of 25 years. The 
plastic covered greenhouses were assumed to have a life span of 4 years.  
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5. Results and discussion 
 

5.1 Analysis of the cumulative impacts for each cultivation in both demonstration 
areas 
 
In the interpretation step, the results were analyzed according to the scope and goal of the 
study, to identify the most significant aspects of the product system, to determine which 
activities cause the most intense environmental impacts and what conclusions can be drawn. 
Along with the interpretation step, the results are collected into a report according to ISO 
standard, describing the entire LCA methodology followed. The final step in an LCA study is the 
critical review. A critical review is required in case a study compares competitive products. 

The outcome of the interpretation may be a conclusion to be used as recommendation to the 
decision makers considering also the environmental and resource impacts together with other 
decision criteria (like economic and social aspects) (Hauschild et al., 2005). 

The absolute values of each impact category and the cumulative energy demand for the four 

studied crop systems are shown in Table 7 (results are expressed in units/FU). For example, 

the production of 1 kg of lettuce in greenhouse cultivation in Italy has an overall impact in CED 
of 3.15 MJ, GWP100 is 0.205 kg CO2 eq., AP is 0.000965 kg SO2 eq., EP is 0.000854 kg PO4 
eq., ODP is 3.12E-08 kg CFC-11 eq. and POCP is 0.000301 kg C2H4 eq. The results obtained 
show that, in a general overview, impact categories were different for the open-field cultivations 
in the two countries, while the greenhouse cultivations of lettuce showed quite similar results in 
both demonstration areas.  

 
Table 7. Environmental impact categories and energy demand of the studied cultivation cases 

for the production of 1 kg crop (lettuce or barley). 

 Italy Spain 

Impact Category 
Open-field* 

(OF_IT) 

Greenhouse* 

(GH_IT) 

Open-field** 

(OF_ES) 

Greenhouse* 

(GH_ES) 

Acidification potential (AP) 
[kg SO2eq∙FU-1] 

1,20E-03 9,65E-04 6,63E-04 1,13E-03 

Eutrophication potential 
(EP) [kg PO4eq∙FU-1] 

1,09E-03 8,54E-04 5,62E-04 1,01E-03 

Global warming potential 
[kg CO2eq∙FU-1] 

2,43E-01 2,05E-01 1,71E-01 2,25E-01 

Ozone depletion potential 
[kg CFC-11eq∙FU-1] 

2,42E-08 2,12E-08 7,17E-09 2,35E-08 

Photochemical ozone 
creation potential [kg 
C2H4eq∙FU-1] 

3,98E-04 3,01E-04 8,74E-05 3,58E-04 

Cumulative energy demand 
[MJeq∙FU -1] 

2,98E+00 3,15E+00 2,11E+00 3,47E+00 

* Lettuce, ** Barley, FU: Functional unit 
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The values for the majority of the impact categories for lettuce production were higher for the 
open field than for greenhouse cultivation. Specifically, with regard to the crop production 
system differences, the open field cases OF_IT had larger impacts than GH_IT, with differences 
up to 70%, due to the higher lettuce yield in the latter. For the ES cases, the major GH_ES 
impacts compared to OF_ES were caused by the large amount of AW/mineral fertilizers applied 
and the extra burdens (approx. more than 10%) related to the greenhouse technology. The 
OF_IT had bigger impact than GH_IT case, except for CED. For open-field (OF), the differences 
were in the range of 29-48%, apart from ODP, with a difference of 70%, and POCP, with a 
difference of 78%. For greenhouse (GH), the differences were of 11-32%, apart from POCP 
(65%). For the category POCP, in both production systems, the differences were considerably 
higher (more than 24%) due to VOCs emissions. Compost production, compost transport, 
nursery phase and cultivation practices were the phases with major environmental contributions 
concerning the corresponding emissions. In order to understand where environmental - energy 
burdens come from and in which specific life phase/sub-phase they are concentrated, a 
contribution analysis has been carried out and is presented below.  

 

5.2 Contribution analysis of the cumulative impacts for each cultivation in both 
demonstration areas 
 

5.2.1. Open field cultivation in Italy (OF_IT) 
 

Figure 12 presents the results of the impact assessment phase for the open-field cultivation of 
lettuce in Italy (Albenga). In this figure, results are given for every impact category and show the 
percentages of for each agricultural phase examined to the cumulative impact (100% 
corresponds to the values reported in Table 7).  

As can be seen in Figure 12, the highest contribution impact was for the compost production 
phase (CP), which represented 29-74% of the cumulative impacts for all the impact categories 
considered, except for photochemical ozone creation potential (POCP). Especially for this 
category, the compost production phase was responsible for approximately 92% of the 
cumulative impacts due to the emission of VOCs. This is followed by fertilizers production 
phase, with an impact between 9% and 25% of the cumulative, for all categories except for 
ozone depletion potential (ODP). In the case of ODP, the field cultivation phase is responsible 
for 39% of the cumulative impact due to pesticides, fungicides and herbicides application. The 
compost production phase represents also a significant burden in the ODP, contributing 29%, 
followed by the agricultural sub-phase (10%).  

The transport of compost to the crop field is the main cause for the transport impact, 
contributing 2-8% to all impacts (except for POCP), as a result of the greater distance (900 km) 
required compared to the other transport phases (waste, fertilizers, pesticides, and nursery 
transport) and the high weight of cargo per functional unit (0,4 kg.FU-1). The other transport 
phases contributed to the cumulative impacts less than 1%. The farm waste utilization phase 
contributed 6% and 4% to CED and GWP, respectively and less than 1% to the other impacts.  

On the other hand, significant energetic impacts were perceived in the agricultural and fertilizers 
production sub-phases in terms of CED (12% for each one sub-phase), mainly due to emissions 
derived from raw material extraction and their processing.  
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Figure 12. Contribution to cumulative environmental impacts of the open field cultivation of 
lettuce in Italy (EP: Eutrophication; GWP: Global warming potential; ODP: Ozone depletion 
potential; POCP: Photochemical ozone creation potential and CED: Cumulative energy 
demand). 

 

5.2.2. Greenhouse cultivation in Italy (GH_IT) 
 

Figure 13 presents the results of the impact assessment phase for the greenhouse cultivation of 
lettuce in Italy (Albenga). In this figure, results are given for every impact category and show the 
percentages of each agricultural phase examined to the cumulative impact (100% corresponds 
to the values reported in Table 7). 
As in the case of OF_IT: 

 Compost production (CP) is the phase of the greenhouse cultivation of lettuce in Italy 
with the highest contribution to all impact categories, except for ODP. Compost 
production creates the major burden in POCP (88%) and EP (63%) for the lettuce 
production and the lowest share (23%) in ODP compared to other impact categories.  

 This phase was followed by: Cultivation practices sub-phase (FO), with a contribution of 
17-48% to the cumulative impact for all the impact categories considered, apart from 
POCP; greenhouse sub-phase (GP) that contributed 19% to acidification potential (AP); 
fertilizers production (FP) and agricultural machinery sub-phases, with impacts between 
6 and 9% for the former and between 4 and 7% for the latter, for ozone layer depletion 
potential (ODP), acidification potential (AP) and global warming potential (GWP). These 
results are mostly related with emissions derived from fertilizers and compost 
application.  
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Figure 13. Contribution to cumulative environmental impacts of the greenhouse cultivation of 
lettuce in Italy (EP: Eutrophication; GWP: Global warming potential; ODP: Ozone depletion 
potential; POCP: Photochemical ozone creation potential and CED: Cumulative energy 
demand). 
 

According to the LCA results obtained in the present study:  

 The greenhouse sub-phase showed high impact over the environmental profile, 
especially in terms of AP and GWP, with contributions of 19% and 9%, respectively. 
However, for cultivation phases and sub-phases related to greenhouse infrastructure 
and operation, the greenhouse sub-phase represents 7% of the cumulative impact in 
CED, but there is zero contribution from heating except for nursery heating before 
planting. In that case, the nursery phase exhibited 8% of the cumulative impact for CED 
due to the high electricity consumption.  

 The agricultural machinery (AM) and fertilizer production (FP) sub-phases had the same 
contribution (11 %) to the cumulative impact for CED. The reason is the use of fossil 
fuels for their production as well as for the transport of raw materials. The contributions 
of the remaining impact categories and stages were below 4%. 

 

5.2.3. Open field cultivation in Spain (OF_ES) 
 

Figure 14 presents the results of the impact assessment phase for the open-field cultivation of 
barley in Spain (Albacete). In this figure, results are given for every impact category and show 
the percentages for each agricultural phase examined to the cumulative impact (100% 
corresponds to the values reported in Table 7).  
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Figure 14. Contribution to cumulative environmental impacts of the open field cultivation of 
barley in Spain (Albacete) (EP: Eutrophication; GWP: Global warming potential; ODP: Ozone 
depletion potential; POCP: Photochemical ozone creation potential and CED: Cumulative 
energy demand). 
 

As observed in Figure 14, relevant differences on the contributions from phases and sub-
phases can be identified: 

 The compost production phase (CP) had the major impacts on option OF_ES 
representing 20-64% of the cumulative impacts for all the impact categories, apart from 
POCP, for which the contribution was 89%.  

 This was followed by cultivation practices sub-phase (FO), which contributed 13-37% to 
the cumulative impacts for all categories, apart from POCP as a result of agricultural 
practices (tillage, agrochemical/compost application and harvesting operations).  

 Emissions from fertilization production sub-phase (FP) due to ammonia and nitrates 
(N2O and NOx) contribute most to AP (14%) and GWP (21%); nursery phase (NP) had 2-
5% of the cumulative impact for AP, EP, ODP and CED; and agricultural machinery sub-
phase (AM) contributed 17% to CED. 

 Among sub-phases, irrigation system (IS) was responsible for 11%, 12% and 21% of 
AP, GWP and CED due to the high energy consumption required for pumping 
groundwater. The contributions to the remaining categories and phases/sub-phase were 
3% or less. 
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5.2.4. Greenhouse cultivation in Spain (GH_ES) 
 

Figure 15 presents the results of the impact assessment phase for the greenhouse cultivation of 
lettuce in Spain (Murcia). In this figure, results are given for every impact category and show the 
percentages of each agricultural phase examined to the cumulative impact (100% corresponds 
to the values reported in Table 7).  
 

 

Figure 15. Contribution to cumulative environmental impacts of the greenhouse cultivation of 
lettuce in Spain (Murcia) (EP: Eutrophication; GWP: Global warming potential; ODP: Ozone 
depletion potential; POCP: Photochemical ozone creation potential and CED: Cumulative 
energy demand). 
 

A similar order of magnitude for values in all impact categories was found also for GH_ES as in 
the case of GH_IT:  

 With the only exception the higher contributions of the sub-phases of irrigation and 
greenhouse production due to its construction and operation.  

 Considering the GH_ES cultivation case, the compost production phase (CP) had the 
biggest burdens, 35-64% of the cumulative impact for AP, EP and Global warming 
potential (GWP), and a relevant contribution, about 24%, for the ODP category.  

 In the case of POCP category, the compost production phase was responsible for 
approximately 90% of the cumulative impacts due to the emission of VOCs. For all the 
categories (except for POCP and CED), cultivation practices sub-phase (OF) 
represented 20-36% and the greenhouse phase (GP) 14-29%.  

 The agricultural machinery sub-phase (AM) contributed 2-5% to the cumulative impacts 
for all the categories except for CED (12%). Fertilizers represented 8% of the cumulative 
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contribution to AP in the product system and were the fourth major contributor to global 
warming, accounting for 7 %.  

 The nursery phase (NP) had between 3 and 8% of the cumulative impact for AP, EP, 
ODP, and CED.  

 The other phases included in the lettuce production system accounted for low 
contributions to the impact categories: waste management was responsible for between 
0.10 and 3 % (except for CED where its contribution was 6 %); pesticides between 0.03 
and 0.61 %; burdens of pesticide and mineral transport were negligible, with all values 
near 0 %. 
 

5.3. Environmental assessment of the cumulative impacts for the four crop 
cultivations – Crucial phases/sub-phases and suggestions 
 

The identified key phases and sub-phases of the contribution analysis serve as the starting 
point for planning abatement measures that reduce GHG emissions from the studied cultivation 
cases. Since the impact categories included in Table 7 correspond to different crops (lettuce 
and barley), comparative conclusions can be mainly drawn pertinent to the differences seen for 
each impact on the three cultivation cases of lettuce production. 

The categories AP and EP have values up to 10-fold higher in OF_IT with respect to GH_IT. 
This was mainly due to the greater use of mineral/organic fertilizers and water consumption for 
irrigation in OF_IT. On the other hand, the contribution of pesticides was generally low (always 
less than 3%) in all categories, due to their very limited use in all four cultivation cases.  

The impact of category GWP proved especially high in all studied cases in the production of the 
fertilizers. As in the fertilizer phase, the highest percentages of impact were found in OF_IT 
(21%) due to the greater mean consumption of mineral fertilizers. The substances that have 
contributed to this impact are the emissions of NH3, SO2, and NO2 into the air, with ammonium 
being the emission of greatest importance in all treatments. This ammonium is generated by 
fertilizer manufacture (mainly ammonium nitrate). The lowest GWP value was for OF_ES, 
largely as a result of the relatively low energy due to less agricultural activities required but also 
because of low agricultural related emissions. GWP had high impact values for GH_IT and 
GH_ES cases. The air emissions of CO2 produced this high impact, due to the manufacture of 
steel as well as plastics/glass for greenhouse structures. The impact on the categories ODP and 
POCP was practically equal in GH cases as a consequence of fertilizer production and 
greenhouse infrastructure.  

Since the compost transport affects the environmental performance, as shown by the 
contribution analysis, and accounts for 1-4% of the fossil-affected CED category, the possibility 
of reducing the distance between the composting facility and the crop field sites can be 
considered. 

The compost production phase (CP), the irrigation system sub-phase (IS) and the greenhouse 
sub-phase (GP) were three of the phases/sub-phases with the highest impact contributions in 
the four cultivation cases. All these “crucial phases/sub-phases” in terms of high energy and 
environmental impacts were studied in detail. 

a) Compost production (CP): The contribution of the composting process to 
environmental impacts was especially high, varying from 23% (in ODP) to 92% (in 
POCP). As reported in previous studies, compost production is the most responsible 
process for environmental impacts associated with crop cultivation-related activities 
(Weidema et al., 2006; Martinez-Blanco et al., 2011; Colon et al., 2012). Therefore, the 
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CP can be confirmed as one of the most significant contributor in environmental impacts 
and energy use of lettuce/cereal cultivations. As a result, special attention was paid in 
order to include a realistic baseline scenario based on industrial production and using 
data which in turn revealed that energy consumption in the composting facility, industrial 
infrastructure, organic waste collection and treatment were the highest contributors to 
most of the categories. Even though compost production is considered the best 
alternative for processing organic waste, allowing the recovery of the nutrients without 
producing environmental damage, this study showed that its industrial production 
contributes a lot in terms of energy and GHG emissions. However, the reduction of its 
environmental footprint could be achieved by reducing energy use in the composting 
facility; improving or reducing the organic waste collection transport distance, such as 
promoting composting of domestic biowaste where possible (Martínez-Blanco et al., 
2011) and minimizing the content of the non-organic materials contained in municipal 
solid waste, which in turn could improve the facility’s treatment capacity and decrease 
the amount of dumped solid waste in the compost plant. 
 

b) Irrigation system (IS): Another important contributor for all the studied systems is the 
irrigation system (contributing up to 21% in CED for OF_ES). The greatest impact from 
irrigation was found in the OF_ES system, up to 21% in the cumulative impact of CED, 
mainly due to the high water consumption (2500 m3.ha-1) and in turn energy 
consumption for pumping groundwater, the manufacture and processing of the elements 
needed for the irrigation system (steel in pumps and injectors, polyethylene in pipes and 
polyvinyl chloride in electro-valves) and the low product yield. The reduction of the 
impact of the irrigation system should be considered (Torellas et al., 2012) as a priority 
to improve the environmental impact of cultivation mainly in open fields by the a) use of 
recycled materials or of materials with longer service life b) optimization of water use in 
the irrigation system, as it is a scarce resource or by implementing closed-loop systems 
(a water saving (per m2) of 21% is estimated for the total water volume consumed) and 

c) reducing irrigation rates and/or water in total. 

 
c) Greenhouse sub-phase (GP): As it can be seen from the contribution analysis shown 

in 5.2, the greenhouse phase entailed an impact contribution of 7- 28% for all the impact 
categories (except for ODP). Among the components considered in GP, the steel frame 
structure and the energy consumption were the contributors with the highest impacts. 
However, extension of greenhouse life span for further 5 years can reduce 
environmental impacts of the GP, waste management and energy consumption. The 
reduction of the impact due to GP might be achieved by improving the structure, by 
optimising the dimensions of its components and by seeking to reduce the materials 
used with the consideration of using recycled materials and/or materials with a longer 
service life (Antón et al., 2005). 

 
Finally, there is another possible area of improvement for each phase/sub-phase where the fuel 
or thermal energy from non-renewable sources could be replaced by some other lower impact 
energy source such as biodiesel or/and biochar. The use of renewable energy for the production 
of electricity does not depend directly on growers, but it affects the environmental impacts of the 
crop production system because of the electricity consumption for irrigation and greenhouse 
operation activities. With 20 % use of renewable energy for the production of electricity, a 7 % 
reduction of cumulative energy demand, and between 5 and 11 % for the other environmental 
impact categories could be achieved. 
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6. Conclusion 

In the present study, a detailed life cycle assessment analysis of four cultivation cases 
implemented in the two demonstration countries has been performed. 

With the use of five environmental indicators as well as one indicator concerning energy, it was 
possible to identify the activities causing the highest impacts across and within the studied life 
cycle phases such as the agricultural waste production and management, the agricultural waste 
application on soil and the cultivation practices. 

The results obtained show that, in a general overview, impacts were different for the open-field 
cultivations in the two countries, while the greenhouse cultivations of lettuce showed quite 
similar results in both demonstration areas. Results pointed out a range from 0.171 to– 0,243 kg 
CO2-eq. for 1 kg of crop product (lettuce or barley), showing a higher impact for open-field 
cultivations than greenhouse ones. Compost production phase (CP), irrigation system sub-
phase (IS) and greenhouse sub-phase (GP) were three of the phases/sub-phases with the 
highest impact contributions in the four cultivation cases. 

The present study showed the viability of the application of an LCA methodology to evaluate the 
environmental impact caused by an agricultural practice and can be extended to 
horticultural/cereal cultivations in the open-field and in greenhouse in other Mediterranean 
countries. The quantification of the potential reductions in environmental impacts demonstrates 
the most effective options to improve horticultural/cereal cultivation and production. 

Finally, the outcomes of the present study will be reconsidered in terms of energy and 
environmental impacts when the production phase in the open field tests is completed.  
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