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1. Introduction 

 

 

 

It is well known that the environmental sustainability and the environment-related 

concerns are under a particularly important and worldwide growing interest (IPCC, 2006; 

Notarnicola et al., 2015). Attention to sustainable production systems (Notarnicola et al., 

2017) and bio-based economies (Ingrao et al., 2016) and promotion of the life cycle 

thinking are key priorities for the near future productions. In order to reduce the gap 

between Earth resources availability and the humankind intervention on resources 

extraction, transformation and use, a transition to sustainable productions with low 

production inputs and low pollutant emissions is needed. 

On a worldwide scale, all production sectors are responsible for part of the environment 

pollution and resources depletion. Among them, agriculture heavily contributes to 

environmental impacts (IPCC, 2006). It is a sector, however, on which efficiency 

improvements have already been introduced and that can still achieve interesting 

mitigation progresses due to the intrinsic relationship with the environment. Climate 

change is the most widely known and studied issue (IPCC, 2006), but there exist several 

other conditions that cause heavy damage to the environment and that are involved in 

undesired processes such as eutrophication, acidification, ozone layer depletion, mineral, 

fossil and renewable resources depletion, water depletion, etc. (ILCD Handbook, 2011).  

The Intergovernmental Panel on Climate Change (IPCC) deeply investigated the effects 

of the increase in anthropogenic greenhouse gases emissions, which have led to an increase 

of concerns about global warming and environmental issues. In the agricultural sector, the 

major responsibilities for global warming are attributable to (IPCC, 2006): 

 enteric fermentations from animal livestock;  

 manure and slurry management; 

 mineral fertilisers production and related emissions;  

 paddy rice cultivation; 

 production inputs for crop cultivation (e.g., fuel, fertilisers and pesticides, machinery). 
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All of them play a role on the environmental pollution. Emissions of methane (CH4) are 

mostly due to animal enteric fermentation and paddy rice cultivation, those of nitrous 

oxide (N2O) derive mainly from field processes related to organic and mineral fertilisers 

management and, lastly, emissions of carbon dioxide (CO2) are mostly due to the 

production, transport, use and disposal of inputs such as of the fuel used during 

agricultural mechanisation processes. As widely known, these gases are among the major 

causes for global warming as well as for other environmental impacts such as 

eutrophication, acidification, particulate matter formation etc., and their effect must be 

evaluated by means of characterisation factors.  

With a focus on crop cultivation, both for food and feed purposes, the main 

responsibilities on the environmental point of view are related to the production, transport 

and use of inputs (e.g., fertilisers, pesticides, irrigation water, fuel, lubricants and materials 

of which are made the machines) (Notarnicola et al., 2015; Fusi et al., 2014a). Agricultural 

machinery operations and the emission of substances (e.g., organic and mineral fertilisers, 

pesticides, engine exhaust gases) into air, soil and water in fact represent the most relevant 

processes for environmental impacts related to the on-field cultivation phases (Renzulli et 

al., 2015; Schmidt Rivera et al., 2017). Moreover, agricultural productions are the key 

responsible for worldwide freshwater use, causing effects on the environment in terms of 

water consumption, depletion and pollution (Lovarelli et al., 2016b; Mekonnen and 

Hoekstra, 2011; Pfister et al., 2009).  

These conditions especially describe the Italian productive context, Po Valley in particular, 

where the agricultural production systems (crop cultivation, livestock, etc.) are intensive. 

The inputs use is very high (e.g., organic fertilisers spreading due to the intensive livestock, 

mineral fertilisers and pesticides employed to support crop growth, freshwater use due to 

the high water availability and complex water network, and fuel used during all field 

operations), primarily thanks to the local context and intensive production, to the 

favourable climate and to the frequent presence of double cropping systems. Thus, 

mechanisation substantially participates in the effects on the environmental sustainability 

of agricultural productions. 

Since agricultural systems are based on natural local conditions and are characterised by 

complex processes and by a high number of variables and alternative machines, difficulties 

in data collection have arisen. Consequently, cultivation processes often show modelling 

simplifications (Lovarelli et al., 2016a) characterised by various levels of accuracy.  

In general terms, data to fulfil inventories can be obtained with two main sources that 

consist of:  

 primary data, they are directly measured or collected in the system or study area. 

Primary data are reliable, geographically and temporally specific, but can be difficult 

to get, expensive and time consuming. Moreover, their positive effect may be only 

related to the measurement area or context, making those values unadapt to any other 

use;  
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 secondary data, they are obtained from database and literature. They lack in 

information specific for site and temporal locally performed studies and processes, 

since they commonly represent average conditions, unless the study area of interest 

corresponds to that gathered from secondary data. This may cause less reliability in 

the evaluations, due to modelling simplification. However, they can be identified as 

not overly time-consuming data to collect. 

 

1.1 Life Cycle Assessment  

In this context, a method to uniquely quantify the environmental impact of agricultural 

productions is fundamental.  

The Life Cycle Assessment (LCA) is a holistic method recognised worldwide for 

quantifying the potential environmental impact of productions and/or services (ISO 

14040 series, 2006) analysing the whole life cycle. Given its synergetic possibilities, it has 

become globally adopted in several production sectors, among which agriculture 

(Notarnicola et al., 2017).  

To carry out an LCA study, four phases must be completed. Among them, the inventory 

is a very important one, although difficult to fulfil. In this phase, all data regarding flows 

and masses of inputs and outputs that concern the system must be collected.  

During this PhD Thesis, with the application of LCA to agro-food and feed productions, 

the main problems of this method – already highlighted in other studies (Bacenetti et al., 

2015; Lovarelli et al., 2016a, 2017; Sala et al., 2017) - emerged. The collection of reliable 

inventory data (i.e. primary data or locally valid secondary data) is at the basis of a well-

performed study; thus, the more reliable is the inventory, the more reliable are the 

environmental impact results. However, data collection can be very difficult and for this 

reason, the use of databases and literature (i.e. secondary data) is widespread. In particular, 

these last can be even the most adopted solution from practitioners, since they allow 

avoiding unwanted double counting or lack of information. Additionally, especially when 

assessing agricultural processes, not always reliable local inventory data and context-adapt 

emissive factors for impact categories can be obtained (Sala et al., 2017). In more details, 

for agro-food productions, and, in particular, for field mechanisation processes, data 

collection is one of the most difficult activities (Lindgren, 2005; Janulevičius et al., 2013). 

Among the most important issues related to the influence of local data on the 

environmental assessments there are local pedo-climatic and operating variabilities that 

define the working context and that involve substantially different environmental impact 

results (Bacenetti et al., 2017; Lovarelli and Bacenetti, 2017). In particular, inventories play 

a very important role since every LCA study focuses on a specific system, with a defined 

system boundary and functional unit. Therefore, results can differ considerably simply 

improving the efficiency of an operation.  
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The most common database used in LCA studies is Ecoinvent® (Althaus et al., 2007; 

Frischknecht et al., 2007; Jungbluth et al., 2007; Weidema et al., 2013), which is a very 

useful, transparent and promising data source available in the LCA software (i.e. Simapro, 

Gabi). However, it can report average data not always adequate to describe the studied 

system (Nemecek and Ledgard, 2016). In fact, database average data are included and 

information about some operations and/or about new machinery with new standards and 

technologies is missing, causing unrepresentativeness of some systems (Lovarelli et al., 

2017).  

It is also important to consider that the availability of innovative technologies allowed for 

developing interesting solutions for data collection, which can be helpful to improve the 

reliability of inventory data and their application to exhaustive studies. In more details, it 

is possible to assemble tools such as CAN-bus (Controller Area Network), GPS (Global 

Positioning System) and electronic devices on modern tractors that permit to gather a huge 

amount of primary data in an easier way, directly while working on field (Bacenetti et al., 

2017; Marx et al., 2015; Pitla et al., 2016). Although mainly used for several goals in 

precision agriculture, these instruments are used promisingly to collect information about 

the engine (engine speed, engine load, torque, fuel consumed, etc.) (Fellmeth, 2013; 

Lindgren, 2004; Speckmann and Jahns, 1999), about the working conditions (working 

speed, slipping, etc.) as well as about the geographical position of the tractor (Bacenetti et 

al., 2017; Pitla et al., 2016).  

Finally, the results of LCA studies performed on the same product cannot be compared if 

the system boundary or the functional unit are not completely the same. The reason is that 

different assumptions and scopes can determine much dissimilar results. Moreover, if the 

inventory is not representative of the selected system, the potential environmental impact 

results can drive to wrong quantifications (i.e. a process results having a higher or lower 

potential impact than what is effectively responsible for) and even wrong conclusions (i.e. 

a process results worse than another, although this may be not true). Additionally, it is 

important to give processes their effective weight in order to avoid studying too much in 

depth some processes and lose sight of the goal, or vice versa. 

 

1.2 Water Footprint 

In relation to agricultural productions, also the role of freshwater-related operations must 

be evaluated in the context of the environmental sustainability. In fact, freshwater is used 

in major part for agro-food productions (>70% of worldwide freshwater use) (Antonelli 

and Greco, 2013). Its use affects freshwater consumption and pollution, mainly because 

of the release of nutrients and pesticides in the environment and to the energy used for 

pumping water in systems (Mekonnen and Hoekstra, 2011; Pfister et al., 2009; Lovarelli et 

al., 2016b).  
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The considerable role of agriculture on freshwater consumption is partially due to the fact 

that also precipitation (rainfall, snow) can be included in this evaluation. In fact, although 

without human roles, if rainfall lacks irrigation water must be applied. Moreover, other 

field operations affect freshwater use and pollution; for example, while distributing 

nutrients with mineral and organic fertilisers, nutrients’ leaching and run-off can be very 

important processes of emissions in air, soil and water. This determines a not negligible 

pollution of the system and causes freshwater eutrophication, acidification as well as 

ammonia emissions to air (Bacenetti et al., 2016a). In addition, toxicity can also be a 

problem when active principles are released after pesticides application, both in intensive 

and extensive production systems. During pesticides spraying, a freshwater volume is also 

applied, which involves freshwater consumption as well. Usually, the major responsible 

for freshwater consumption during on-field operations is irrigation, since crops commonly 

need high freshwater volumes to grow. Instead, during post-harvest operations, processes 

such as washings and treatments play a role on freshwater use. Generally, freshwater can 

have (i.e. caught from the natural systems above and below ground through pumping) or 

not (i.e. precipitation) environmental impacts.  

In order to respond to a general need of knowledge about freshwater use worldwide, the 

Water Footprint (WF) indicator was developed by Hoekstra and Hung (2002) with a 

volumetric perspective of water consumption. Although this indicator is widely adopted, 

some methodological simplifications emerged along time, especially when focusing on 

agricultural productions and, specifically, on freshwater field application and pollution.  

Again, similarly to the LCA approach, simplifications arise from the complexity of the 

agricultural system. To consider the WF of the product and its environmental impact in 

relation to water consumption and degradation, ISO 14046 (2014) was published to 

standardise the methodology for WF assessment in compatibility with the LCA product-

based approach.  
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2. Objective 

 

 

 

The aims of this PhD Thesis are multiple and follow the identified two main topics. 

As concerns the Life Cycle Assessment (LCA) the aims are: 

 studying the environmental impact of crops production paying attention to local 

pedo-climatic conditions, operating features, temporal and geographical variability 

and alternative mechanical solutions that all affect the inventory fulfilment. This 

permits to quantify the environmental impact of agricultural productions in Po Valley 

and to identify the process hotspots with specific information related to the 

productive location; 

 understanding how important is the effect of local data on the environmental impact 

assessment compared with database average data applied in the same contexts. This 

permits to identify and try to close the gap among different data sources and 

quantifying correctly the environmental loads; 

 improving the methodological framework for reliable modelling and data collection 

about field operations, in view of efficiency improvements and of the consideration 

of technological innovations; 

 developing a modelling tool that works with local pedo-climatic, temporal, 

geographical and mechanical variables that mostly affect the systems and that, 

meanwhile, is robust enough to be trustworthy for local inventories fulfilment. In 

particular, a tool formerly developed has been improved from its original version and 

the modelling of fuel consumption and engine exhaust gases emissions has been 

performed within a specific study during which primary data were collected on field. 

 

As concerns the Water Footprint (WF) the aims are: 

 analysing the methodological framework of WF, the indicator and its components 

(i.e. green, blue and grey) to structure a literature review of the studies carried out 

about agro-food productions, and critically reviewing the Water Footprint approach; 
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 identifying the methodological uncertainties, drawbacks and/or pitfalls of the 

methodology and develop and propose an improvement for the WF application to 

agro-food products. In particular, a framework involving a change in the blue 

component assessment and the introduction of the Pollution Water Indicator (PWI) 

is given.    
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3. Structure of the Thesis 

 

 

 

The PhD Thesis is composed of two sections: 

 introduction to the topics, goal and scope, methods, results and conclusions of the 

research project and potential future developments; 

 scientific contributions published within the scopes of the Thesis to support the 

environmental sustainability of agricultural productions.  

 

As shown in Figure 1, the following steps were performed.  

Firstly, since it emerged that the main drawback of Life Cycle Assessment (LCA) on agro-

food productions is the partial lack of inventory data about processes, among which 

mechanisation ones, and of locally reliable data, a system to improve this point was pursed. 

In particular, the tool ENVIAM (ENVironmental Inventory of Agricultural Machinery operations) 

was developed and improved from a first release and its detailed methodological 

framework was described (Paper 1). The usefulness of this tool is the support to filling 

the inventories for agricultural machinery operations considering local variables. 

Then, since the benefits of ENVIAM application had to be proved and quantified, case 

studies were performed. The aim was to identify how relevant is the importance of reliable 

local inventory data on the quantification of the potential environmental impacts of 

agricultural cultivation processes by means of LCA. Case studies aimed at studying 

alternatives for primary soil tillage (Paper 2) performed on fields with different soil texture 

and with different implements, and for the seedbed preparation (Paper 3) involving both 

primary and secondary soil tillage operations as well as minimum tillage alternatives.   

Additionally, since an important issue in Po Valley concerns fertilisers application and 

emissions to air, soil and water, the use and effect of different machinery and 

mechanisation solutions for spreading organic fertilisers were evaluated and compared on 

the environmental point of view. In more details, direct injection and surface spreading 

with different timing in the incorporation were assessed (Paper 4); moreover, the study 

included a comparison among different fertilisers, both organic and mineral, as well as 
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different residue management strategies. Their environmental load was quantified and 

mitigation strategies were suggested.  

Having seen that ENVIAM has a beneficial potentiality on the support to the 

quantification of environmental loads of agricultural machinery field operations due to the 

local-specific variables, an additional improvement in the quantification capabilities was 

desirable. Consequently, fuel consumption and exhaust gases emissions were studied 

during a field experiment. Direct measurements on field were carried out with CAN-bus 

(Controller Area Network) and data logger, GPS (Global Positioning System) and engine 

exhaust gases emission analyser. The measures were performed in Umeå (Sweden) during 

an internship at the Swedish University of Agricultural Sciences (SLU; Uppsala, Sweden). 

Data processing aimed at studying the single phases that characterise a field operation (i.e. 

effective work, turns at the headlands, stops and transport phases from farm to field and 

vice versa). In parallel with data processing, a reliable engine-specific model was applied 

and described (Paper 5). 

Finally, regarding freshwater concerns in the environmental sustainability of agro-food 

productions, the Water Footprint (WF) indicator was studied. 

Firstly, this purpose was reached by completing a literature review (Paper 6) for enhancing 

knowledge about the WF concept and application, about the numerous studies present in 

literature, and for clarifying why and to what extent several methodological concerns were 

found in literature.  

Secondly, a critical methodological analysis of the WF definition and calculation method 

was completed. Calculation improvements resulted highly recommended; thus, a 

framework was proposed. The blue water component was modified in its calculation 

assessment (i.e. Water Footprint Applied, WFA) and the Pollution Water Indicator (PWI) 

was developed (Paper 7). Both WFA and PWI were applied to a case study close to Paper 

4, expanding the concept of nutrients leaching and run-off and of pesticides application 

in relation with both their environmental impact and their Water Footprint.  
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Figure 1. Sequence of scientific contributions. 

 

3.1 Other publications related to the thesis 

During the PhD research period, also a number of other related areas of study were 

investigated. These results were published, but are not widely interconnected with the main 

aim of the PhD Thesis. However, since they fall within the scopes of mechanisation of 

agricultural operations in Developing Countries and also provide information on 

additional concerns of mechanisation, or they are related to Life Cycle Assessment 

mitigation evaluations (of the milking and anaerobic digestion sector), they are listed below 

and cited in the PhD Thesis where appropriate: 

 Lovarelli, D., Bacenetti, J., Tholley, J., Fiala, M. (2017). Comparison between two rice 

cultivation practices in Sierra Leone: traditional and alternative methods. Agricultural 

Mechanization in Asia, Africa and Latin America. In press. 

 Lovarelli, D., Bacenetti, J. (2017). Bridging the gap between reliable data collection 

and the environmental impact for mechanised field operations. Biosystems 

Engineering. 160, 109-123. 

 Bacenetti, J., Bava, L., Zucali, M., Lovarelli, D., Sandrucci, A., Tamburini, A., Fiala, 

M. (2016). Anaerobic digestion and milking frequency as mitigation strategies of the 

environmental burden in the milk production system. Science of the Total 

Environment. 539, 450-459. 

 Bacenetti, J., Lovarelli, D., Ingrao, C., Tricase, C., Negri, M., Fiala, M. (2015). 

Assessment of the influence of energy density and feedstock transport distance on 

the environmental performance of methane from maize silages. Bioresource 

Technology. 193, 256-265.  
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4. Background 

 

 

 

4.1 Definition of Life Cycle Assessment  

The Life Cycle Assessment (LCA) is a holistic approach worldwide adopted for 

quantifying the potential environmental impact associated with all the stages of products 

and/or services’ life cycle (i.e. raw materials extraction, processing, manufacture, transport 

and distribution, use, repair and maintenance, and recycling or disposal) (SETAC, Society 

of Environmental Toxicology and Chemistry).  

The product/service is studied from the “cradle” (i.e. raw materials extraction from natural 

resources), through production, transport and use, to the “grave” (i.e. disposal or 

recycling). As depicted in Figure 2 as example, masses used and emitted and flows of 

energy are quantified both in terms of inputs produced and used as well as of outputs 

released to the environment. All of them are transformed subsequently in values of 

potential environmental impact by means of characterisation methods.  

LCA has the following pluses:  

 analysing processes along the life cycle, considering all inputs and outputs with a 

comparable unit (Functional Unit);  

 quantifying the environmental impacts by means of methodologically standardised 

characterisation factors and impact categories; 

 identifying the production hotspots of productive systems to understand where in the 

cycle an improvement can be relevant; 

 avoiding the displacement of problems from a production phase to another and from 

an environmental impact improvement to another; 

 highlighting the production systems’ complexity, even for those systems that may 

appear simple;  

 supporting policy makers and stakeholders and providing a basis for informed 

decisions. 
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Figure 2. Example of a system boundary for cropping system in which are shown the inventory 

data.  

 

Given the importance and scientific acknowledgement gained by LCA over the years in 

several production sectors, among which agriculture, standard rules were developed by the 

International Standards Organisation (ISO 14040 series, 2006).  

 

4.1.1 Phases of LCA 

In ISO 14040 series, four phases were identified for accomplishing LCA:  

(i) goal and scope definition:  

a. the product and purpose of the study must be specified,  

b. the system and the system boundary must be defined, which means that the 

processes included and those excluded from the study are stated, and  

c. a proper Functional Unit (FU) must be selected. The FU is the unit to which 

are referred all inputs and outputs of the study. The FU is chosen to represent 

the function of the system; therefore, it must be selected in accordance with the 

goal and scope; 

(ii) Life Cycle Inventory (LCI): the inventory must be filled including all flows/masses of 

inputs used and outputs produced and released (e.g., amount of fuel consumed, 

fertiliser spread, and materials depleted); 

(iii) Life Cycle Impact Assessment (LCIA): inputs and outputs are converted to 

environmental impacts by means of classification and characterisation. The potential 
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impacts consist of several environmental impact categories defined at a midpoint level 

(suggested by ISO), but can also be summarised in impacts on the environment, 

human health and biodiversity at an endpoint level. To complete this phase, different 

characterisation methods are available and can be selected (e.g., ILCD, Recipe);  

(iv) interpretation:  

a. results are interpreted,  

b. process hotspots are identified, which means that the processes playing the key 

role on every environmental impact category are recognised, and  

c. mitigation strategies are suggested to reduce the environmental impact of the 

product and to improve its sustainable production. 

 

4.2 Criticisms about the application of LCA to the agricultural sector 

Considering the application of LCA to the agricultural sector some critics have arisen; they 

mainly refer to: 

(i) selection of the proper FU,  

(ii) inventory reliability,  

(iii) characterisation methods for the environmental impact categories that may result not 

widely comprehensive and may include uncertainties.  

In the following sections, these arguments are explained in more detail. However, it must 

be stated that LCA is only one of the tools available for environmental assessments, and 

other tools can be proper for specific studies and be used in combination with LCA for 

extensive evaluations. 

 

4.2.1 Goal and scope: selection of the Functional Unit 

In the first phase of LCA, where the assumptions and declarations are made, the selection 

of the Functional Unit (FU) plays an essential role on the subsequent phases, and its 

selection can cause debates.  

Usually, the mass of product (1 t) or the worked area (1 ha) are selected as FUs (Renzulli 

et al., 2015) for agricultural products. However, with the increase of expertise on the topic, 

authors have started suggesting the use of more adequate and specific FUs (Notarnicola 

et al., 2017; Sala et al., 2017), such as the nutritional or nutraceutical role of food and feed 

(crude proteins, energetic content, fats, omega3, etc.). In fact, the FU should be selected 

at best with the aim of uniquely quantifying the function or the performance of the product 

and not of describing the general production. However, no comparison can be done 

among studies characterised by different FU, although they analyse the same system.  
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4.2.2 Life Cycle Inventory: data collection 

The Life Cycle Inventory (LCI) phase can be completed with the help of dedicated 

databases (e.g., ECOINVENT®, Agri-footprint, Food LCA-DK, EU and Danish Input 

Output) available in the most used software for LCA studies (e.g., Simapro, Gabi) (Blonk 

Consultants, 2014; Frishknecht et al., 2007; Nielsen et al., 2003; Weidema et al., 2013), but 

also by modifying the processes already available in the software.  

Differently from industrial processes that are quite standardised and for which databases 

can be more widely and optimally used, agricultural processes are characterised by intrinsic 

variability (Notarnicola et al., 2017). In particular, all agriculture-related productions are 

subject to variability due to pedo-climatic and operative conditions such as: weather and 

seasonality (e.g., temperature, precipitations, freshwater availability, wind, humidity), 

presence of weeds, insects and pathogens, natural processes, soil profile (e.g., texture, 

organic matter, pH) and operating conditions (e.g., field shape, tractor and implement 

availability and choice, working speed, effective field capacity) as well as inputs application 

(e.g., rate of organic and mineral fertilisers, pesticides and herbicides).  

Given these intrinsic differences, it is very difficult to realise reliable regionalised and well-

documented databases adoptable for all of the different pedo-climatic and operating 

conditions, adapt to different countries, different market machinery and technologies, etc. 

(Schmidt Rivera et al., 2017). In fact, the average conditions used in databases can be totally 

misleading when average conditions are unrepresentative of the system. In addition, 

models are often validated in definite conditions, which means that practitioners should 

be aware of the model characteristics and of its specific limits and uncertainty. It is highly 

desirable to use such models with a critical spirit rather than simply using models that 

operate in widely average conditions while being uncritically conscious of their results.  

 

4.2.3 Life Cycle Impact Assessment: characterisation and impact categories 

Another methodological aspect to consider is related to the definition and quantification 

methods of each environmental impact category, to their uncertainty, and to the possible 

introduction of other impact categories (Notarnicola et al., 2017; Sala et al., 2017).  

Impact categories traditionally rely on non-spatial and steady state environmental models 

that can be inadequate for agricultural studies in which natural resources, water, land and 

biodiversity vary with a local extent (Antón et al., 2014). Moreover, model-specific 

variability and variables included in each impact category and its characterisation may 

represent a simplification for some authors. However, there are worries for avoiding 

inserting additional complexity to LCA methodology, since it could undermine its effective 

added value. The scientific community has achieved convergence among the categories 

and impact categories’ methods are continuously under revision to be updated with the 

scientific improvements and model robustness. 
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4.3 Why using LCA for studying agricultural field operations 

As mentioned above, LCA has undeniable benefits in quantifying the potential 

environmental impacts of products, identifying process hotspots and improving their 

sustainability. Moreover, it is useful for comparing products, marketing purposes and 

decision-making.  

Paying attention to the field mechanisation processes, thanks to LCA is possible to 

compare (with the same FU) alternative operations or techniques that bring to the same 

process result and to identify hotspots and best solutions on the environmental 

perspective. The need of comparing alternative tractors and implements is due to the fact 

that on the market are present several alternatives, such as different ploughs (mouldboard, 

slatted and disc) characterised by different working width, working depth and mass which 

all affect the environmental loads. In particular, (i) implement width, working depth and 

speed affect the tractor engine power and engine-related variables, the duration of the 

operation and the distinction of the work phases (e.g., effective work, number and 

duration of the turns at headlands) and (ii) machinery mass affects the materials depletion 

(i.e. consumption and wear of materials) along the operation as well as along the life span.  

Clearly, also for tractors are available several alternatives (different engine power, mass, 

gearbox, electronic instrumentation on board, etc.) that must be evaluated with their 

characteristics. Among others, mechanical features such as power (kW), torque (Nm), 

engine speed (rad/s) and engine load (%) affect fuel consumption and engine exhaust 

gases emissions (Jahns et al., 1990; Lindgren and Hansson, 2002) which are fundamental 

parameters to consider in LCA of agricultural productions. If a tractor is coupled with an 

implement without considering the optimal coupling and driving, fuel consumption and 

engine exhaust pollutants increase. Other issues about agricultural machinery (when 

applicable) concern lubricant consumption and tyres abrasion that both depend on the 

working time of the operation and on the life span of the tractor (maintenance schedule, 

work conditions, etc.) and/or implement and they both impact on the environment.  

When operations such as fertilisers’ distribution or pesticides’ spraying are studied, also 

weather and pedo-climatic conditions must be evaluated because they affect the 

distribution of products and the emission of related substances. For example, with 

fertilisers’ distribution, together with the environmental load of their production and 

application, the emissions to air, soil and water occurring during/after the distribution 

cannot be neglected. Seasonality and weather (mainly temperature, precipitation, wind 

speed and soil texture) (Brentrup et al., 2000) affect the chemical and physical processes 

and the consequent leaching and runoff. In addition, considerable importance is related to 

the incorporation timing of organic fertilisers: in this case emissions are released both to 

air (e.g., ammonia) and to soil and water (e.g., nitrates) but their contribution depends on 

the temporal distance between the fertiliser distribution and its incorporation, which can 
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vary between zero (i.e. direct injection of the fertiliser into the soil) and hours or even days 

(i.e. surface spreading).  

The trade-off between emissions to air and to soil and water must be evaluated in detail 

and with a wide and complete vision, achievable thanks to the LCA approach, in order to 

avoid optimising the emissions to air (i.e. using techniques that lead to less ammonia 

emissions) while causing high emissions to soil and water (i.e. using techniques that lead 

to run-off and leaching), and vice versa (Bacenetti et al., 2016a; Lovarelli et al., 2016c).   

As a proof of the growing role of LCA in system analysis and decision-making (Nemecek 

et al., 2015; Niero et al, 2015), literature presents a very high number of studies carried out 

to mitigate the environmental load of agricultural productions. Among them, Bacenetti et 

al. (2015) and Lovarelli et al. (2016a, 2016b) evaluated the effect of local data compared to 

the most spread database for LCA studies (ECOINVENT®) in the context of agricultural 

mechanisation. From these, the positive role of local data availability on the environmental 

outcomes emerged. Additionally, studies were performed on specific crops (Bacenetti et 

al., 2015; Fusi et al., 2014a; Negri et al., 2014b) and/or products (Bacenetti et al., 2016b 

for milk; Fusi et al., 2014b for wine) to quantify the environmental load of their 

production, from which the responsibility of mechanisation on the environmental point 

of view widely emerged. Moreover, studies about bioenergy production (e.g., anaerobic 

digestion) were completed as well with focus on the cropping system phases and on 

alternative mitigation solutions (Negri et al., 2014a, 2014b; Bacenetti et al., 2014; Lijó et 

al., 2014a, 2014b; Gonzales-Garcìa et al., 2012).  

Nevertheless, very few studies specifically focus on agricultural machinery operations and 

on their environmental impact, and higher focus should be paid on them. Among the 

pollutants released during agricultural field operations, the exhaust gases emissions play a 

very important role, but their quantification is still quite difficult. Especially when 

considering the big effort undertaken by manufacturers for emissions reduction, the 

choice of a tractor and the age of its engine can make very important differences on the 

environmental perspective (Lovarelli and Bacenetti, 2017; Janulevičius et al., 2016, 2017), 

underlining how relevant it is to have representative data.   

 

4.4 Legislation for exhaust gases emissions of off-road vehicles 

In recent times, legislation about exhaust gases emissions of vehicles, trucks, waterway 

vessels, railway locomotives and off-road vehicles was introduced to reduce air pollution.  

Stringent levels of emissions have been defined within European Emissive Stages (or Tiers 

in US regulation); Stages I-IIIB were specified with the EU Directive 97/68/EC and 

following amending Directive 2010/26/EU and Directive 2010/22/EU, while the most 

recent Stage IV-V is normed with the EU Regulation 2016/1628. The restricted pollutants 

are carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOX) and particulate 

matter (PM). Figure 3 reports the emissive limits (g/kWh) for off-road vehicles of every 
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normed engine exhaust gas, which depend on the Emissive Stage, on the engine power 

class and year of construction of the engine.  

 

 

 

 

Figure 3. Emissive limits of off-road vehicles from Stage I-IIIB. [Source: dieselnet.com] 

 

Internationally standardised test cycles are completed in accordance with ISO 8178-C1 for 

exhaust emission measurement for non-road engine applications. ISO 8178-C1 is adopted 

for emission certification and approval testing in United States, European Union and 

Japan for off-road vehicles; considering C1 tests, it foresees the test measurement at 

different standard torque (10%, 25%, 50%, 75% and 100% of rated torque) and engine 

speed (rated, intermediate and idle speed) made at bench. Measuring emissions with bench 

test means that strict transient conditions and field variability are not effectively evaluated, 

thus it can happen that not always the emitted gases respect the emissive limits. 

In the context of LCA and, more in general, of environmental attention to agricultural 

activities, the possibility of collecting data about engine exhaust gases emissions becomes 

fundamental for a correct quantification of the environmental load of different 

mechanisation solutions (i.e. old vs new tractor engines). However, this step is still quite 

difficult to reach and causes a lower degree in the reliability of databases, although the 
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difference among the emission Stages in terms of emitted gases is huge (Figure 4). In 

particular, in the last 20 years, the emission restrictions have become more and more 

stringent and the reduction in allowed emissions between the most recent Stage IIIB-IV 

and Stage I stands in a range of about 100 times less emissions for all exhaust gases.  

 

 
Figure 4. Comparing engine emissions for off-road machinery in the different emissive Stages 

normed by the EU regulations. [Source: John Deere www.deere.com] 

 

Choosing a tractor that belongs to a different Stage respect to reality brings to consistent 

and considerable under- or over- estimations of engine emissions and of the subsequent 

environmental impacts.  

 

4.5 Use and scope of ENVIAM 

Having seen the key issues about (i) the inventory fulfilment for assessing the 

environmental loads of agricultural productions, (ii) the complexity of these production 

systems and of mechanisation, and (iii) the general global attention on environmental 

sustainability concerns, ENVIAM (ENVironmental Inventory of Agricultural Machinery 

operations) is a tool that was built at the Department of Agricultural and Environmental 

Sciences (DiSAA) of the University of Milan to improve the inventories’ applicability and 

reliability for agricultural machinery operations (Lovarelli et al., 2016a).  

Its role within LCA is clear: ENVIAM is used to perform calculations related to 

mechanisation of agricultural field operations taking into account local variables and 

characteristics; its outcomes represent the LCI of agricultural machinery operations that 

bring, subsequently, to the calculation of the environmental impact with LCA software. In 

Figure 5 is schematically reported the logical path and functioning of ENVIAM. 
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Figure 5. Schematic representation of the functioning of ENVIAM.  

 

One of the most interesting prospects of ENVIAM is that the practitioner can use either 

the tractor present in the database that best responds to the coupling calculations (i.e. the 

most efficient choice in terms of inputs use and outputs release) or the tractor that he 

wants to study. This permits to quantify alternative conditions and, consequently, the 

effect on the environment of the operative and managerial choices of the farmer.  

Moreover, another interesting point is that fuel consumption (kg) and exhaust gases 

emissions (g) are quantified per working timing, which is characterised by specific engine 

features. This permits to understand what are the work phases with a higher influence on 

the inventory data. Therefore, the operation is considered as the total working time 

gathered from the sum of each working timing, as conceptually shown in Figure 6. 

 

Choice of the agricultural 

machinery operation 

Implement database:
Implement selection

Parameters and variables 

selection:
 Traction coefficient (ca; -)
 Rolling resistance coefficient (cr; -)

 Power surplus coefficient (kr; -)
 Travelling speed (va; km/h)

 Coupling type (-)

 Tractor global efficiency (ηg; %)
 Real lifespan (PL; h)

 Tyre lifespan (hPN; h)
 Specific soil resistance force (ρ; N/m∙cm)

Main implement technical 

characteristics:
 Make and model (-)
 Working width (b; m)

 Working depth (H; cm)
 Mass total (m; kg) and main materials 

distinction (%)

 Hopper volume (V; dm3)
 Load capacity (V; dm3)

 Output type of power (-)
 Power absorbed (P; kW)

 Axes on trailer (-)

 Irrigation flow rate (Q; dm3/s)
 Self-propelled machine (power, speed) 

and oil tank volume (V; dm3)

Traction force (Ftr; N)

Traction power (Ptr; kW) or 

PTO power (PPTO; kW)

Engine power request (Pm; 

kW)

Tractor database:
Tractor selection

Field variables:
 Work timing (h)

 Total working time (h)

 Worked area (ha)

Main tractor technical characteristics:
 Make and model (-)

 Mass total (m; kg) and main materials 

distinction (%)
 Engine power (PmMAX; kW)

 Minimum specific fuel consumption 
(bsfcmin; g/kWh)

 Power at bsfcmin (Pbsfcmin; kW)

 Lubricant flow (Q; dm3/h)
 Weight/power ratio (β; N/kW)

 Emissive stage (-)

Fuel consumption (kg/ha)

Exhaust gases emission 

(g/ha)

Materials mass 

consumption (kg/ha)

Lubricant consumption 

(kg/ha)

Tyre consumption (kg/ha)

OUTPUTS
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Figure 6. Total working time split in single working timings. In general terms, the dimension of 

the single circles is related to the relevance of those working timings along the whole operation. 

 

In accordance with Reboul (1964), these working timings (hours) are: (i) effective work, 

(ii) turns at headlands, (iii) transport field-farm and vice versa, (iv) maintenance on farm, 

(v) preparation of machinery and operator on farm, (vi) preparation of the working layout 

on field, (vii) refilling/emptying of the fuel tank and/or of the hopper. 

ENVIAM represents the first attempt of studying field operations with an environmentally 

sustainable perspective by considering: 

 most options available on the market for tractors and implements, making available 

an up-to-date database of agricultural machinery; 

 the variability of local conditions in terms of working and pedo-climatic features (e.g., 

characteristics of the specific tractors and implements used, soil texture, field shape, 

etc.); 

 the possibility of studying operations split in the different working states that 

compose the operation, identifying those working phases that need efficiency 

improvement or better driving practices (e.g., “gear-up, throttle-down” Grisso et al., 

2014); 

 the possibility of quantifying the variables that affect fuel consumption and engine 

emissions in defined work conditions and in each working state, which permits to 

improve the reliability of the LCI.  
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4.6 Technological instrumentation for improving the efficiency of 

mechanisation and enhancing LCA studies 

In recent time, the improvement of work and inputs efficiency and the introduction of 

innovative technologies in the agricultural sector allowed for improving and simplifying 

the data collection and monitoring on field during agricultural machinery operations. In 

particular, the introduction of technologies such as GPS (Global Positioning System), 

CAN-bus (Controller Area Network), electronic devices and gases emission analysers has 

permitted to study with precision the engine behaviour and the effective features 

characterising the work on field.  

Being the agricultural sector a complex system, characterised by interconnections and 

variables, the possibility of introducing technological innovations that helps understand 

and describe this complexity is positive. Optimising inputs use and application is a 

desirable goal on several points of view: agronomic, economic and environmental. 

Therefore, precision agriculture in general, but also automation, sensors and devices are 

gaining wide interest. The applications for advanced technologies are undoubtedly high 

and, in this PhD Thesis, they focus on the benefits of adopting technological innovations 

for mechanisation processes and data processing for inventory filling within LCA scopes 

(Lovarelli and Bacenetti, 2017).  

From literature has emerged that the technological instrumentation is gaining importance 

for several applications. Suprem et al. (2013) reviewed the possible equipment to perform 

studies in the agro-food sector, showing the important benefits in introducing 

technological systems, among which CAN-bus. In Lindgren (2004, 2005) is reported a case 

study in which CAN-bus and exhaust gas analyser were used during several field machinery 

operations to study fuel consumption and engine emissions while considering the role of 

transient conditions. Similarly, Janulevičius et al. (2013) studied the effect on field 

operations of fuel and engine emissions, giving a very interesting result on the eight 

evaluated tractor models and they further improved their study focusing on the not-to-

exceed zones (Janulevičius et al., 2016, 2017). Perozzi et al. (2016) studied the duration of 

idling conditions along the tractor life span by collecting CAN-bus data. Marx et al. (2015) 

compared the CAN-bus data collection with the system used by Nebraska Tractor Test 

Laboratory (NTTL) stating that the difference error for the measurement of fuel 

consumption between the two methods was quite restrained (6.22%).  

This massive amount of data about tractor features, tractor engine and geographical 

position is very helpful in multiple contexts and permits to achieve several goals, both for 

practical concerns (maintenance, damages identification, etc.) (Bietresato et al. 2015) and 

for research-inputs evaluation assessments (Larsson and Hansson, 2011; Lindgren and 

Hansson, 2004; Mantoam et al., 2016). In particular, engine specific variables can be 

mapped on field and it can be recognised on each part of the field what is the relevance 

of the variable (e.g., torque, engine speed) as well as of the fuel consumed and of the 

exhaust gas emitted to air. For example, Pitla et al. (2016) carried out a study in which the 
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operation was split in different working phases on U.S. fields and the engine variables were 

evaluated specifically in each phase (i.e. effective work, turns at headlands, etc.). Similarly, 

Lacour et al. (2014) studied different work phases (i.e. transfers, effective work, turns and 

stops and goes) to build a model to convert bench tests information in indicators for 

effective efficiency indicators. 

With CAN-bus, engine data and interactions with other electronic components on tractors 

permit to evaluate instant by instant the changes in variables, and in which working 

conditions positive or negative effects can be observed. For instance, driving skills and 

engine power affect fuel consumption, and improving knowledge about them and the 

related variables permits to increase the operation efficiency and to optimise the fuel use. 

Linked to fuel, a similar statement can be drawn for the emission of exhaust gases. In 

particular, variables such as engine speed (rpm), engine torque (Nm), oxygen 

concentration in the exhaust pipe (%) and exhaust gases temperature (°C) lead to 

understanding the relationship with emissions and, consequently, to reduce the frequency 

of conditions that cause the heaviest pollutant emissions. Nonetheless, a solution is not 

easy, since improving some conditions does not mean improving the exhaust gas 

concentration of all of the emitted gases: again, trade-offs are needed (Janulevičius et al., 

2013; Lindgren, 2004).  

Beside the advantages and strengths of instrumentation, there are also limits. The most 

evident is that data must be collected in the different working conditions and for every 

tractor engine. In fact, the behaviour of an engine is specific, which entails the necessity 

of measuring physical quantities per engine. Therefore, the major drawbacks of primary 

data must (still) be counted: measurements are valid almost only in the specific 

measurement context and are time consuming.  

Still, these measurements can become widely applicable in the near future, first for 

manufacturers who can adopt electronic devices as a source for testing and setting their 

machinery and second for users (farmers) to have information about the main settings and 

possibilities of their machinery, as well as for researchers. Then, the possibility of collecting 

data during the work activity will permit to develop databases more and more sophisticated 

and with wide applications.  

 

4.7 Definition of Water Footprint 

The Water Footprint (WF) is an indicator of virtual freshwater volume content of 

products, services and/or communities. In accordance with Pfister and Boulay (2017), this 

concept was developed by Hoekstra and Hung (2002) and further studied and improved 

within the Water Footprint Network (WFN) organisation.  

However, the freshwater issue is important under several points of view; thus, also the 

LCA community got interested in it, and introduced a methodological framework able to 

work with the life cycle concept. 
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4.7.1 Water Footprint in the WFN approach 

WFN defines specific guidelines (Hoekstra, 2010) for quantifying in volumetric terms (m3) 

the freshwater necessary to produce or, in other terms, embedded in goods and services 

that are consumed by individuals or communities. The WF is commonly referred to a unit 

of product (1 t) or of area (1 ha) and can also be referred to a nation or geographical area 

using a temporal reference (1 year).  

As also illustrated in Figure 7, WF in made of three components: 

 

 

Figure 7. Components of Water Footprint in accordance with Water Footprint Network. 

 

(i) green water: volume of freshwater evapotranspirated from the soil and plant system, 

it does not have economic costs since is related to the precipitation (e.g., rainfall, 

snow) got during the cropping season; 

(ii) blue water: volume of freshwater pumped in the system with a human intervention. 

It derives from groundwater (e.g., aquifers) as well as from surface water (lakes, rivers, 

etc.) and represents the freshwater volume introduced in the system through 

irrigation, washings, processing water, etc. Therefore, it has both economic and 

environmental costs; 

(iii) grey water: virtual water volume necessary to assimilate the pollutants emitted to water 

and used during the production. It depends on the normative allowable concentration 

of the pollutant, on the natural concentration of the watershed and on the amounts 

released in the productive processes. 

 

4.7.2 Water Footprint in the LCA approach 

Meanwhile that WFN studied and introduced methodological changes to the original WF 

concept, the LCA community identified “Water Use” as a very important variable for 

environmental impact assessments. This interest brought to the introduction of WF with 
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an LCA-perspective in accordance with the very recent international standard ISO 14046 

(2014); this, however, covers different water accounting concepts but used to keep the 

same name, which has caused lots of debates (Pfister and Boulay, 2017). 

ISO 14046 (2014) was introduced for having a standardisation of the calculation method 

and a common ground with the LCA approach. Accordingly, the WF (ISO 14046 

approach) is assessed with an environmental impact perspective following the same four 

phases adopted in LCA: (i) goal and scope definition, (ii) inventory analysis, (iii) impact 

assessment, and (iv) interpretation. The aim in this case is the quantification of the 

potential environmental impact related to water consumption and degradation.  

Methods to identify the adequate midpoint impact category for freshwater quantification 

have been developed and certainly differ from the WF calculation method based on the 

WFN perspective (Boulay et al., 2013; Lovarelli et al., 2016b). To evaluate water pollution 

and the effective water availability of a geographical area was introduced, among others, 

the Water Stress Index (WSI) (Pfister et al., 2009) to consider the water stress of a 

geographical area. In addition, in 2007 the Water Use in Life Cycle Assessment (WULCA) 

was founded under initiative of the UNEP/SETAC; WULCA is a Life Cycle Initiative 

project for assessing use and depletion of water resources within the LCA framework. 

WULCA developed the Available WAter REmaining (AWARE) method, which is the 

current recommended framework for WF assessment with LCA perspective (Boulay et al., 

2015) and is introduced in LCA software (http://www.wulca-waterlca.org/index.html).  

 

4.7.3 WULCA scope and AWARE method  

The WULCA working group’s overall goal was to provide practitioners with a consensual 

and consistent framework to assess, compare and disclose the environmental performance 

of products and operations regarding freshwater use.  

In 2013, to harmonise and build consensus for “Water Use” impact category AWARE 

was introduced with the aim of understanding the potential to deprive freshwater users (humans 

or ecosystems) from freshwater by consuming freshwater in the region. AWARE is the currently 

recommended method to assess the impact of water consumption in LCA (Eq. 1) and is 

defined as “a water use midpoint indicator that represents the relative Available WAter REmaining 

per area in a watershed after the demand of humans and aquatic ecosystems has been met. It assesses the 

potential of water deprivation, to either humans or ecosystems, building on the assumption that the less 

water remaining available per area, the more likely another user will be deprived” (http://www.wulca-

waterlca.org/aware.html).  

 

𝐴𝑊𝐴𝑅𝐸 =
1

𝐴𝑀𝐷
         (1) 

where: 
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AMD = Water Availability – Water Demand (m3 /m2 · month), corrected with the AMD 

world average (0.0136 m3 /m2 · month). 

 

AWARE is calculated as the available water minus the water demand of humans and 

aquatic ecosystems, normalised with a global average and inverted. The result is the relative 

surface-time equivalent value to generate unused water in a region respect to the average 

volume consumed in the world (where the world average is a consumption-weighted 

average). The indicator ranges from 0.1 to 100, with a value of 1 corresponding to the 

world average and, for example, a value of 10 representing a region where there is 10 times 

less available water remaining per area than the world average. 

 

4.8 Criticisms about the application of WF to the agricultural sector 

During the last decade, several studies have been performed globally about Water 

Footprint (WFN approach) of agricultural productions.  

However, except for green water, where the quantification is made following the 

evapotranspiration model by FAO (Allen, 1998) and the calculation is almost 

straightforward, the other two components (blue and grey) have been criticised on several 

points of view and from several authors. Mostly, the reasons are related to the lack of 

numerous variables (e.g., water scarcity, water stress, geographical local conditions, 

evaluation of only the pollutant that requires the highest volume for freshwater quality 

restoration, etc.) (Ridoutt and Pfister, 2010; Lovarelli et al., 2016c).  

In more detail, in 2015, Garcìa-Morillo et al. (2015) introduced the blue Water Footprint 

Applied (WFAblue) concept with regard to the accounting of irrigation within the blue 

water assessment. A similar critique (and subsequent alternative calculation method) was 

found in several scientific contributions (Cao et al., 2015; Lovarelli et al., 2016c; Scarpare 

et al., 2016; Yoo et al., 2013). Additionally, critiques on the grey WF (WFgrey) assessment 

emerged as well, and often the grey component was not accounted for in WF studies 

(Lovarelli et al., 2016b) due to lack of information or methodological uncertainty.  

 

4.8.1 Blue water 

Blue water in WFN is quantified considering the evapotranspirated water that is embedded 

in the product, or, in other words, the effectively used water during cropping/processing 

that does not go back to the water system. It considers groundwater and surface water 

pumped in the system, but not the irrigation technology and its efficiency (García-Morillo 

et al., 2015; Lovarelli et al., 2016c). 

However, for what regards the agricultural field cultivation phase, it is unacceptable to 

evaluate only the irrigation water absorbed by the crop because, according to the irrigation 
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method, the effective irrigation volume to apply can differ significantly. This surely has an 

impact on several points of view. Firstly, the effective needed volume may not be locally 

available (due to the irrigation network, to irrigation availabilities, water stress and scarcity, 

etc.) when the crop specifically demands for it. Secondly, the absorption of water from 

water rich areas can have a different importance respect to water scarce areas, and 

therefore, the related WF of the blue component (WFblue) cannot be compared between 

rich and scarce areas. In addition, it cannot be considered sustainable for the near and far 

future, even if it shows the same value in different areas.  

 

4.8.2 Grey water 

Grey water considers the virtual water volume necessary to restore water quality after it 

has been polluted during the cultivation/processing. It evaluates the maximum allowable 

concentration of pollutants in water respect to the natural concentration of the watershed, 

but only quantifies the dilution volume as function of the pollutant demanding the highest 

dilution volume. Thus, the pollutants present in freshwater that require a lower dilution 

volume respect to the highest one are totally disregarded for the WFgrey.  

Nevertheless, along field cultivation phases, the pollutants and nutrients spread on field 

are several and their presence and effect may stockpile along time. Consequently, it is not 

only the substance that requires the highest volume to restore water quality that should be 

considered. In agricultural productions, in fact, the distribution of fertilisers involves that 

several nutrients are applied. According to the spreading technique (e.g., surface spreading 

or direct injection), the leaching and runoff to soil and water and/or the emissions to air 

of the nutrients vary and have a different impact on the environment (Bacenetti et al., 

2016a).  

Although WFgrey is evaluated in volumetric terms and with no reference to environmental 

impacts, it still includes a conceptual inaccuracy because it considers a virtual volume for 

quality restoration, when, instead, the quality is effectively damaged (Pfister and Boulay, 

2017). This means it is not matter of volumes. Moreover, the sum of green, blue and grey 

water involves summing volumes with different environmental roles, which can be 

misunderstood or misinterpreted.  

Finally, even if the WF has resulted a very interesting indicator, its use lacks information 

and important geographical and physical issues on the scientific background because, 

differently from other resources, freshwater is a local one and local information and spatial 

identification are essential. 
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4.8.3 Transformation of the critics as basis for LCA approach 

All aforementioned environmental issues had to be considered when quantifying the WF 

of agricultural products, which motivates why an LCA approach has been searched for 

WF assessments. Therefore:  

 methodological changes to WF were proposed on the basis of the WFN approach;  

 the interest in water assessment for the identification of its potential environmental 

impact increased: ISO 14046 born to clarify the different methodological frameworks 

and to organise the calculation method on an LCA perspective (with the impact 

category “Water Depletion” quantified in terms of H2Oeq). Other studies were also 

performed until the introduction of “Water Use” impact category defined with 

AWARE.  

 

4.9 Why using WF for studying agricultural products 

Although agriculture plays an essential role for humans and the environment, it is 

responsible for environmental impacts and for a considerable share of worldwide 

freshwater consumption and depletion (Mekonnen and Hoekstra, 2011).  

In addition, climate change is bringing to changes in worldwide agricultural production 

habits, due to the increasing water scarcity (Figure 8) and extreme precipitation events, 

and agriculture must adapt. 

 

 

Figure 8. Areas of physical and economic water scarcity. [Source: Comprehensive Assessment 

of Water Management in Agriculture 2007] 

 

In this context, studying the freshwater volume content of productions is very helpful for 

becoming aware of water consumption, both in direct and indirect terms. This is especially 

valid for agricultural products, for which commonly, humans are not at all conscious of 

their role. Since agriculture has the highest responsibility for freshwater consumption 

(>90%; Mekonnen, 2011), evaluating the WF of agro-food productions and splitting it in 
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three components with different origin and effect can make clearer to consumers to what 

are due water consumptive processes and how relevant is the human intervention on them. 

However, the numerous simplifications bring to important incorrect evaluations on the 

scientific perspective.  

If properly quantified, similarly to LCA, WF can both help become aware of water 

resource importance and limits and help decision makers develop adequate and consistent 

policies. Being freshwater a local resource affected by several events (e.g., rainfall, 

irrigation), it is very complicated to study reaching a good level of approval in the scientific 

community. Therefore, it has been extensively studied and methodologically modified.  

Finally, as already mentioned, the scope of WF within the WFN framework is different 

from the one with the LCA perspective and the two indicators cannot be compared, but 

coexist.   
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5. Materials and methods 

 

 

 

This chapter is divided in the following sections: 

(i) the methodology and methods adopted for LCA studies and for the inventory 

fulfilment completed with ENVIAM; 

(ii) the materials and methods for primary data collection and processing during field 

experiments performed at SLU in Sweden; 

(iii) the methodology and methods adopted for WF studies. 

 

5.1 LCA and ENVIAM studies 

5.1.1 Studies set-up 

The lack of local inventory data for agro-food field operations and the uncritical use of 

Ecoinvent database represent the reasons why ENVIAM was developed and gradually 

improved; its methodological framework and functioning is described in Paper 11.  

In more detail, ENVIAM is a Microsoft Office Excel file composed of different 

worksheets in which mechanical information from literature and from the market is 

retrieved and used for inventory data calculations. ENVIAM is made of two databases 

listing both tractors and implements that are adoptable for several machinery operations, 

with focus on the crop production chain. The practitioner can select the operation to carry 

out, the tractor and implement to use, and the variables that affect the calculations. Among 

them there are: soil texture, typology of coupling between tractor and implement, Emissive 

Stage to which the engine belongs, specific soil resistance force, etc.  

Additionally, the practitioner must introduce the working time (total and split in working 

timings) and the worked area. Once these variables are identified, calculations are 

performed to quantify the engine power request and the optimal rated power for the 

                                                           
1 Lovarelli, D., Bacenetti, J., Fiala, M. (2016a). Life cycle inventories of agricultural machinery 
operations: a new tool. Journal of Agricultural Engineering. XLVII, 40-53.  
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tractor; afterwards, fuel consumption (Lazzari and Mazzetto, 2005) and exhaust gases 

emissions (Schäffeler and Keller, 2008), and material and lubricant consumption are 

quantified.  

In the study, beside the methodological description of ENVIAM, a concluding 

comparison with the Ecoinvent database is made to demonstrate how average inventory 

data uncritically adopted can be misleading in different working conditions.  

Applying ENVIAM, alternative implements and different working conditions (e.g., 

different soil texture and implement width) were studied considering primary soil tillage 

(Paper 22) and the whole seedbed preparation (i.e. primary and secondary soil tillage 

operations) also by adding minimum tillage options (Paper 33).  

In more detail, the assessment about primary soil tillage aimed at studying the effect of 

ploughing on the environmental point of view by considering the local variability. 

Therefore, the comparison was made: 

 with alternative implements (i.e. mouldboard, slatted and disc plough); 

 with a wider plough (i.e. 3 furrows mouldboard plough compared with 5 furrows 

mouldboard plough); 

 on different soil texture categories (i.e. sandy, medium textured and clayey soils) 

comparing almost all the ploughs alternatives. 

Regarding the study on seedbed preparation, the comparison was made considering 

different sequences of field operations by studying: 

 the most common adopted implements in Italy for primary and secondary soil tillage 

in the crop cultivation system; 

 the 3 different soil texture categories (i.e. sandy, medium textured and clayey soils). 

All implements were evaluated to complete a sequence of primary and secondary tillage 

for the seedbed preparation and 13 alternative sequences were built and, when applicable, 

used on the different soil textures.  

In both studies, the operation completed had to bring to the same result on the soil to 

have the same starting condition (in terms of dimension of soil particles) for the 

subsequent operations of harrowing or sowing, not included in the system boundary. Still, 

the Functional Unit (FU) was 1 ha and the system boundary included inputs (energy and 

                                                           
2 Lovarelli, D., Bacenetti, J., Fiala, M. (2017). Effect of local conditions and machinery 

characteristics on the environmental impacts of primary soil tillage. Journal of Cleaner Production. 

140, 479-491. 

3 Lovarelli, D., Bacenetti, J. (2017). Seedbed preparation for arable crops: environmental impact of 

alternative mechanical solutions. Soil Tillage & Research. 174, 156-168. 
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materials flows) and outputs (emissions to air, soil and water) with an attributional 

approach and a cradle-to-farm gate perspective. The major interest was paid to agricultural 

machinery operations; therefore, no crop was considered and the system boundary 

stopped at ploughing (Paper 2) and at harrowing (Paper 3).  

The environmental outcomes were quantified by means of LCA, modifying the inventory 

data already available in the processes on Simapro v. 8.0.3.  

For what concerns Paper 44, instead, the aim was to study with the LCA approach the 

different spreading techniques that can be adopted by farmers, paying attention to the 

emissions of fertilisers into air, soil and water. The system boundary included the complete 

cultivation of maize grain, from ploughing to grain drying and straw management. The 

selected FU was 1 ha and the study had an attributional approach and a cradle-to-farm 

gate perspective. In the inventory, both collected primary data (interviews with farmers 

and experts) and secondary data evaluated locally with ENVIAM and with the Ecoinvent 

database (for background processes) were adopted. 

The alternative techniques compared were: 

 direct soil injection, where the organic fertiliser is directly injected into the soil. This 

technique is widely recommended to reduce ammonia emissions to air; 

 surface spreading, where the organic fertiliser is spread using a traditional spreader. 

In this case, ammonia emissions to air are much more relevant and deeply impact on 

the environment; however, in this case the promptness of the incorporation of the 

organic fertiliser into the soil is very important on the emissions. Thus, two scenarios 

were studied: incorporation made within 2 hours after spreading and incorporation 

after more than 72 hours. 

In order to evaluate the fertiliser emissions into the environment, other scenarios were 

introduced without varying the spreading technique. In more details, considering surface 

spreading with incorporation after more than 72 hours as baseline scenario, the following 

cases were studied: 

 maize straw collection instead of leaving it on field; 

 application of digestate from anaerobic digestion plant instead of pig slurry; 

 application of mineral fertilisers instead of organic fertilisers (one scenario with urea 

and triple superphosphate and one scenario with calcium ammonium nitrate and triple 

superphosphate).  

                                                           
4 Bacenetti, J., Lovarelli, D., Fiala, M. (2016). Mechanisation of organic fertiliser spreading, choice 

of fertiliser and crop residue management as solutions for maize environmental impact mitigation. 

European Journal of Agronomy. 79, 107-118. 

 



38 

 

The emission of fertilisers into air, water and soil was performed with the model by 

Brentrup (2000) that evaluates also the local pedo-climatic features (e.g., soil texture, slope, 

wind speed, precipitation).  

As regard to the impact assessment, the selected characterisation method for the impact 

categories was the ILCD (International Reference Life Cycle Data System) (Paper 2, Paper 

4, Paper 7); in Paper 3, instead, the Recipe method was used. Both methods are the most 

used for agricultural studies. 

In all studies, the contribution analysis was performed with the aim of identifying the 

processes that played the role of hotspot on the analysed environmental impact categories. 

Additionally, considerations about the identified solutions and the potential mitigation 

strategies were reported.  

 

5.1.2 Models adopted in ENVIAM for fuel consumption and engine exhaust emissions  

In ENVIAM, fuel consumption was modelled according to Lazzari and Mazzetto (2005). 

In particular: 

 

bsfc𝑖 =  bsfcmin  ∙  [2 − (2 −
𝐿

𝐿0
) ∙  (

𝐿

𝐿0
)]

2
      (2) 

and  

𝐹𝐶𝑖 =  𝑏𝑠𝑓𝑐𝑖  ∙ 𝑃𝑚𝑀𝐴𝑋  ∙ 𝐿𝑖  ∙ 𝑇𝑖        (3) 

𝐹𝐶 =  ∑ 𝐹𝐶𝑖          (4) 

 

where: 

bsfci = brake specific fuel consumption in the i-working timing (g/kWh); 

bsfcmin = minimum value of brake specific fuel consumption (g/kWh); 

Li = engine load in the i-working timing (%); 

L0 = engine load that corresponds to the value of BSFCmin (%);  

FC = fuel consumption (kg); 

FCi = fuel consumption in the i-working timing (kg); 

Pmi = engine power in the i-working timing (kW); 

Ti = i-working timing (h). 
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For engine exhaust gases emissions, the equation by Schäffeler and Keller (2008) was used, 

since it allowed taking into account the EU regulation with different Emissive Stages. In 

particular: 

 

𝐸𝑀𝑖 =   ∑ 𝐸𝑀𝑆𝑃 ∙ 𝑃𝑚𝑀𝐴𝑋  ∙ 𝐿𝑖  ∙ 𝑇𝑖 ∙  𝐶𝐹1 ∙  𝐶𝐹2 ∙  𝐶𝐹3                        (5) 

and 

𝐸𝑀 = ∑ 𝐸𝑀𝑖            (6) 

  

where:  

EMi = emission of exhaust gas in the i-working timing (g); 

EMSP = specific limit of each exhaust gas (g/kWh) (EU Directive); 

CF1 = correction factor for deviation of effective engine load from the standard load on 

which the emission factor is based (48%); 

CF2 = correction factor for tractor dynamic use; 

CF3 = correction factor for wear and tear. 

 

Equation (5) was used for quantifying carbon monoxide (CO), nitrogen oxides (NOX), 

hydrocarbons (HC) and particulate matter (PM), while for carbon dioxide (CO2) the factor 

3.150 gCO2/gFUEL was employed (Schäffeler and Keller; 2008). 

 

5.2 Data collection during field experiments 

With regard to the primary data collection on mechanised field operations assessed and 

processed in Paper 55, the field experiments were planned during a visiting period in 

collaboration with the Department of Energy and Technology at the Swedish University 

of Agricultural Sciences (SLU; Uppsala, Sweden) and were performed at the Swedish 

Machinery Testing Institute (“Svensk Maskinprovning”) (SMP; Umeå, Sweden). Data 

were collected during devoted days of experiments while carrying out field operations.  

The tractor made available from SMP for the tests was a Valtra N101 (maximum power 

PmMAX = 82 kW) (Figure 9), equipped with the following instrumentation: 

                                                           
5 Lovarelli, D., Fiala, M., Larsson, G. (2018). Fuel and engine emissions during on-field tractor 

activity: a possible improving strategy for the environmental load of agricultural mechanisation. 

Under review.  
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 GPS (Global Positioning System), to recognise the position on field and used for the 

guidance control, of which the tractor was also equipped; 

 CAN-bus (Controller Area Network), present on the tractor for the communication 

among the engine and devices of the tractor; 

 personal computer with installed the Dewesoft® software, a data logger necessary to 

receive and store CAN-bus data and gather information on-board thanks to the user-

friendly interface; 

 exhaust gases analyser, a portable instrument by Testo® to measure exhaust gases 

emissions.  

 

 

Figure 9. Tractor Valtra N101. [Source: picture by D. Lovarelli] 

 

5.2.1 Electronics in agriculture 

GPS  

An already globally widespread technology is the GPS (Global Positioning System), which 

is used in several sectors with a multifunctional use related to the identification of 

geographical positions. In the agricultural sector, it has become essential in precision 

agriculture to map the movements of machinery and to attribute a geographical position 

on field to any measured data (e.g., crops presence, fertilisers distribution maps, irrigation 

and water stress maps, yield maps).  

GPS used during this study was characterised by less than 10 cm error. CAN-bus and 

Testo® detected engine, tractor and emissions data, which were linked, thanks to GPS, to 

a geographical coordinate and, consequently, to a position on field. This position was 

recognised and attributed to a working state. With the processing attributing positions to 

the parameters permitted to evaluate their role on field, improve the efficiency of inputs 

use and the environmental sustainability assessment of the field operation.  
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CAN-bus  

CAN-bus (Controller Area Network) is a serial high-speed wired data network connection 

commonly present on modern tractors that permits to electronic devices to communicate 

with each other and that, coupled with storing instrumentation, permits to collect data 

directly deriving from the tractor working on field and with a very detailed time scale 

(Speckmann and Jahns, 1999). Robert Bosch GmbH introduced it in 1986, firstly for an 

automotive application. Applied to agricultural tractors, is normed with SAE J1939 that 

defines the connections of electronic devices installed on machinery and also with ISO 

11898 (ISO, 2003) standard protocol. 

CAN-bus is a desirable system to understand and study the activity of the tractor engine 

and of the related devices employable while working on field. It has permitted to use and 

take advantage of electronics on agricultural machinery by:  

 continuously monitoring the operation on field and collecting the data;  

 controlling and potentially permitting to reduce inputs introduction and to ameliorate 

inputs efficiency and the environmental load of field operations;  

 possibly developing prevision models with high precision thanks to the detailed 

temporal scale of collected data with which to validate models.  

In addition to environmental sustainability goals, electronics can be used for other several 

reasons, such as diagnostics on board, maintenance scheduling, precision agriculture, etc.  

 

Dewesoft® software  

Dewesoft® is a free software used to acquire data directly from CAN-bus and store them. 

It is helpful both for checking on-board how variables are changing (Figure 10) as well as 

for collecting data and saving them for a subsequent processing. Dewesoft® was born to 

support tests and measurement contexts working with multiple applications, among which 

the automotive sector.  

 
Figure 10. On-board interface of Dewesoft® software for the collection and storage of CAN-

bus data. [Source: picture by D. Lovarelli] 
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During the measurements, it was installed on a personal computer positioned on-board. 

The computer was connected through cables with the CAN-bus. By starting the data 

acquisition with Dewesoft®, the CAN-bus data were registered; the software showed on 

the display information related to: 

 the start and stop of the measurement and its total duration; 

 the path covered by the tractor from the start to the stop of measures; 

 the coordinates of the location (latitude and longitude) expressed as UTM 

coordinates; 

 the variables of which keeping direct monitoring during the operation.  

The variables directly monitored from the main area of the screen could be selected by the 

user from a list of all the measured variables (more than a hundred). Moreover, the 

software included the possibility of implementing functions, in case the user needed 

information quantifiable mathematically from the measured variables. 

 

Exhaust gases emissions analyser 

The instrument for measuring engine exhaust gases is Testo® 350. It analyses the flux of 

gases from the exhaust pipe of the Valtra N101 tractor and results the values in ppm (in 

% of O2 volume only for CO2). It is a portable instrument, therefore not compulsorily 

present on board.   

On the tractor, a system to collect exhaust gases must be present, as shown in Figure 11.  

 

  

Figure 11. Part of Valtra N101 with the implemented sampling probe to collect exhaust gases 

and Testo® 350 on board. [Source: pictures by H. Harvidsson and D. Lovarelli] 
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This system is a stainless-steel gas sampling probe equipped with integrated thermocouples 

and located close to the exhaust pipe. The sampling probe works till a maximum 

temperature of 932°C and has a hose diameter of 8.1 mm and a standard hose length of 

2130 mm. The gases reach the instrument on board, which analyses the flux (Figure 11) 

and stores data. The instrument is equipped with electrochemical and infrared sensors (up 

to 6 sensors) that permit the analyses, and with a chiller that removes moisture. Every 30 

minutes the analyser rinses the sensors and the analysis chamber from moisture for a 

period of approximately 7 minutes. During this time, no emission measurement takes 

place. 

The analysed exhaust gases with a 1 Hz frequency are: NOX, NO, NO2, CO and O2. CO2 

was derived stoichiometrically from O2 concentration. In addition, in order to keep control 

of the variables affecting the measure, the sample exhaust gas temperature (°C), the sample 

flow of exhaust gas (which is maintained as constant as possible by a pump to get the best 

response and accuracy from the sensors) and the Testo® temperature (°C) are also 

measured.  

In Figure 12 is shown Testo® instrument with a brief explanation of the main 

components and components’ scope. With it is also available a software with which the 

data stored on the instrument are transferred through a cable to Testo® software for the 

data processing directly on the software (i.e. by tables and graphs) and for data saving in 

Excel format for further analyses. 

 

 

Figure 12. Testo® instrument and scope of the main components. [Source: Testo® 350 

brochure] 
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5.2.2 Goal and description of the field tests 

The main goal of the measurements was to collect information about the variables that 

affect the tractor engine and the working variables, directly while carrying out the 

operations on field and to use them to improve the LCI (Life Cycle Inventory).  

The second goal was to distinguish the data according to the working state to which they 

belonged in order to understand if and how the working states affect the engine behaviour, 

fuel consumption and exhaust gases emissions.  

In other words, similarly to what was meant in ENVIAM (Lovarelli et al., 2016a, 2017), 

each operation was built as sum of single working states. The identified working states are: 

 effective work on field;  

 turns at the headlands; 

 stops, due to maintenance on field, coupling/uncoupling of implements, 

refilling/emptying, machinery setting with the working layout, control, cleaning and 

maintenance on field; 

 transport from farm to field and vice versa. 

Since the number of variables that affect the fieldwork is huge, an experimental plan was 

built. It involved firstly the definition of the parameters to study and secondly the 

definition step-by-step of the fieldwork organisation. The identified parameters to vary 

along the operations were:  

 working speed (km/h);  

 engine speed (rpm);  

 PTO speed (rpm; whether foreseen);  

 working depth (cm; whether foreseen); 

 headland strategy with which performing the turns.  

The field tests were carried out in October 2016 on two fields located in the surroundings 

of the Swedish Machinery Testing Institute (Umeå, Sweden), which is the experimental 

testing company for machinery where the machinery and instruments were made available.  

The first field was located at 2 km from the company, while the second at 9 km distance. 

The field texture was sandy-loamy on both fields.  

On the first field, rotary harrowing was performed the first day of measurements; on the 

second, all the remaining operations were carried out during the following experimental 

days.  

As shown in the engine curve in Figure 13, Valtra N101 tractor 4WD has maximum 

power PmMAX = 82 kW at the engine speed s = 1860 rpm, max torque MMAX = 491 Nm 

and max engine speed sMAX = 2400 rpm.    
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Figure 13. Engine curve of tractor Valtra N101. 

 

The tractor belongs to the Emissive Stage IIIA (EU Directive 97/68/EC; and following 

amending ones: Directive 2010/26/EU, Directive 2010/22/EU) and is equipped with an 

Exhaust Gas Recirculation (EGR) system that reduces NOX formation in accordance with 

the EU Directive. 

The EGR is a technique used for steeply reducing NOX formation in internal combustion 

engines. It involves (i) recirculating a portion of engine exhaust gases from the exhausts 

pipe to the engine cylinders, (ii) permitting a dilution of O2 in the incoming air stream, and 

(iii) providing gases inert to combustion to act as absorbents of combustion heat in order 

to reduce the peak in-cylinder temperatures. Since NOx are produced in a narrow band of 

high cylinder temperatures and pressures, effecting these conditions brings to lowering 

NOX exhaust emission formation up to 90%. 

Regarding the operations studied, the following implements were accessible: 

(i) ploughing: 3-furrows mouldboard plough; 

(ii) harrowing: rotary harrow, 3.0 m wide; 

(iii) harrowing: spike harrow, 6.0 m wide; 

(iv) sowing: universal sowing machine, 6.0 m wide; 

(v) rolling: compact roller, 5.4 m wide. 

 

Day 1: rotary harrow 

The first operation performed was the rotary harrowing, with which were compared 

different headland strategies.  

The working parameters (e.g., working speed, working depth) were kept constant during 

almost all phases of effective work (as explained in detail in Paper 5). The field shape was 

100 m wide and 170 m long and the field was split as shown in Figure 14.  
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The worked area was 1.7 ha; the total working time on field was 2.95 h. 

 

Figure 14. Field organisation for the rotary harrow operation. 

 

Letters A-E present in the figure correspond to the different headland strategy identified. 

The distinction among them is illustrated in Figure 15. 

As mentioned above, although the effective working conditions were kept constant along 

the whole operation, during strategy D, the working speed during the upstream effective 

work (North-South) was varied respect to the one downstream (South-North) (fast gear 3 

and fast gear 1, respectively). Additionally, in the strategy C, half field was performed with 

engine speed = 1700 rpm and the second part with engine speed = 2000 rpm. This was 

aimed to collect useful data related to the effective work on the rows.  
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Figure 15. Alternative headland strategies. The spotted lines identify the turn on the headlands 

with the black-coloured line for the forward direction and the red-coloured line for the reversing. 

 

The decision about where to keep the working variables constant or not was dependent 

on practical reasons concerning the field shape and, mainly, the disposition on field of the 

studied alternatives. In more details:  

 option A was completed on the field boundary;  

 options B, C and D were performed overall the available field length;  

 option E was performed in the inner part of the area remaining available from the 

one worked with option B.  

 

Day 2: plough 

The field with the 3-furrow mouldboard plough was split as shown in Figure 16. The 

differences among the sections were due to: 

(i) two engine speed ranges: sA = 1400 rpm; sB = 1800 rpm; 

(ii) two working speeds: vA = 5 km/h; vB = 7 km/h; 

(iii) two working depths: HA = 18 cm; HB = 28 cm. 

The worked area was 1.2 ha and the total working time on field was 2.94 h. 
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Figure 16. Field distinction during ploughing. Blue sections identify the headlands (3 headlands). 

 

Day 3: spike harrow 

Harrowing was performed splitting firstly the field in two sections: the first section (A; 

top) with a working depth HA = 12 cm and the second (B; middle and bottom) with a 

working depth HB = 8 cm. Section A was spilt in three parts on the length, where different 

working speed and engine speed were studied as shown in Figure 17. Section B, instead, 

was split in three parts on the width in order to avoid disturbances on the length side for 

the exhaust emissions measurement. The three sub-sections were characterised by three 

different engine speeds and two different working speeds. 

The worked area was 4.2 ha and the working time on field was 3.41 h. 

 

Figure 17. Field distinction during harrowing. 

 

Day 3: sower 

The field was split in sections according to two different headland strategies, one on the 

outer part (strategy “A” according to previous Figure 15) and another on the inner part 

(strategy “E” according to Figure 15).  

Operatively, as reported in Figure 18 the differences between the two main areas 

considered are: (i) working speed: v1 = 5 km/h, v2 = 8 km/h, (ii) PTO speed: PTO1 = 

1000 rpm, PTO2 = 540 rpm, (iii) engine speed sA = 1080 rpm and sB = 1800 rpm.  

The sowing was performed with a universal mechanical seeder on an area of 4.2 ha; the 

working time on field was 1.2 h. 
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Figure 18. Field distinction during sowing. 

 

Day 4: roller 

For rolling (Figure 19), only the working speed was changed: vA = 7 km/h and vB = 10 

km/h. The operation with the compact roller was performed on the same field of former 

operations, avoiding one third of the field (worked area: A = 2.78 ha). The total working 

time on field was 0.41 h. 

 

 

Figure 19. Field distinction during rolling. 

 

5.2.3 Data processing 

Once collected the data, they were exported as MS Office Excel 2013 files.  

First, GPS coordinates were used to build the path followed by the tractor from the SMP 

centre to the field and vice versa and during the work on field. Moreover, as shown in 

Figure 20 as an example, the geographical coordinates were used to distinguish 

automatically the working states:  

 when the GPS coordinate varied without exceeding a defined angle, the tractor was 

working on the row/stretch (effective work), 

 when the GPS coordinate varied according to a defined angle, the tractor was turning,  

 when the GPS coordinate did not change, the tractor was stopping. 
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Figure 20. Description of the field with the GPS coordinates distinguishing among rows of 

effective work (red), turns at headlands (green) and stops (blue). 

 

Another preliminary step included the offsetting of CAN-bus/Dewesoft® data with 

Testo® ones. In fact, according to the switch on of the instruments, a delay between the 

starting point of measures was unavoidable. Therefore, they were offset by plotting fuel 

consumption (CAN-bus/Dewesoft®) with CO2 (Testo®), since these two variables are 

strongly correlated with each other (R2 = 0.90-0.93, according to the cases).  

After this step, every measured variable was grouped and linked with its spatial position 

and working state, which allowed both for realising graphs of fields with variables grouped 

in ranges (Figure 21) and relating the variables to the working state (Figure 22). The 

engine load ranges are: (i) 0%-20%; (ii) 20%-40%; (iii) 40%-60%; (iv) 60%-80%; (v) 80%-

100%. 
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Figure 21. Example of field defined by the ranges in engine load (%). 

 

 

Figure 22. Fuel consumption for one of the operations distinguishing the spatial groupings 

(effective work on rows, turns at headland, stationary/stops). 

 

To characterise every row and turn, each of them was numbered and an average value for 

all variables that described every row, turn and stop was calculated.  

Values for fuel (kg/h) and emissions (g/h) were also quantified in specific values (g/kWh) 

by dividing the hourly consumption/emission (g/h) by the developed engine power (kW), 
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as shown in the example of Figure 23. Thus, comparisons could be performed among 

working states and literature data. 

 

 

Figure 23. Average brake specific fuel consumption (bsfc; g/kWh) per row of effective work 

(red), per turn (green) and stop (blue) for the analysed operation. 

 

Regarding the prediction of fuel consumption and exhaust gases emissions, the model 

developed by Speckmann and Jahns (1999) and further used by Lindgren (2005) was 

adopted.  

This model describes the steady-state condition and considers several variables, of which 

engine speed (s; rpm) and torque (M; Nm) represent the most important data to have from 

measurements. Nine engine-specific coefficients are also needed for the modelling and 

they were identified for the tractor engine using the least square fit with Matlab® software 

(Paper 5). 

In the case study by Lindgren (2005) is stated that the average difference between recorded 

and calculated value with the model for the steady-state conditions was approximately 

30%. In this study, however, it was less than 20%, mainly due to the fact that the 

operations’ working characteristics were previously defined and respected reducing the 

presence of transients. A second reason is that in Lindgren (2005), several operations with 

not negligible transients were assessed (e.g., loading operation). On the opposite, in this 

case study, operations were characterised by transients, but with not as much relevance.  
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5.2.4 Model adopted for fuel consumption and engine exhaust emissions 

The model by Lindgren (2004) is described by Equation (7): 

 

𝐹𝐶 =  𝑐1 ∙ 𝑠 +  𝑐2  ∙  𝑠2 + 𝑐3  ∙  𝑠3 + 𝑀 ∙  (𝑐4  ∙ 𝑠 +  𝑐5  ∙  𝑠2 +  𝑐6  ∙  𝑠3) +  𝑀2  ∙

 (𝑐7  ∙ 𝑠 +  𝑐8  ∙  𝑠2 +  𝑐9  ∙  𝑠3)       (7) 

 

where:  

FC = fuel consumption (dm3/h);  

c1..c9 = engine-specific coefficients; 

s = engine speed (revolutions/min);  

M = engine torque (Nm). 

 

The same equation, corrected with other coefficients (c1-c9) is also used for quantifying 

the emission of CO2, CO and NOX. 

Equation (7) predicts with significance fuel consumption and engine emissions when there 

is no fast change in engine speed and/or in torque. When such transient effects play a 

prominent role, a second part of equation that considers 3 more engine-specific 

coefficients describing the transients can be introduced (Lindgren, 2004). However, in this 

PhD Thesis this second equation was studied, but not applied because of the restrained 

role of transients (Paper 5). 

Differently from the models adopted in ENVIAM for fuel and emissions, in this case 

results are strictly related to the specific engine studied. Therefore, for what regards engine 

emissions, no additional consideration is needed on Emissive Stages.  

 

5.3 WF 

The WF was studied within the WFN framework and, after having evaluated the main 

critics about the methodological assessment, a proposal for improving the indicator was 

made. 
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5.3.1 Studies set-up 

The presence of a wide literature often in disagreement or inconsistent within itself 

brought to the need of a review of studies on WF carried out about agricultural products 

and referred to the period 2000-2015, as described in Paper 66.  

In more details, this period corresponds with the development of the WF indicator in 

accordance with the WFN guidelines and, in the second part of this period, with the 

evidence of important critics and the introduction of ISO 14046 (2014). For new 

practitioners, this period resulted quite chaotic and needed clarity.  

From the literature analysis with more than 90 scientific papers on agricultural 

productions, some major methodological concerns emerged. The review was organised 

focusing on three main topics: 

 early studies related to a worldwide scale with a general analysis of numerous 

agricultural products; 

 studies related to national/local agricultural products (food and feed); 

 studies related to bioenergy production from the agricultural sector. 

The methodological drawbacks and lacks in the assessment that emerged from this study 

were further deepened in Paper 77, where were suggested some methodological changes as 

schematically shown in Figure 24:  

 considering grey water, the effect of all pollutants introduced in the water system was 

evaluated by means of LCA, taking into consideration both the impact categories 

determined by water issues (eutrophication and ecotoxicity) and the WFgrey in a new 

index called Pollution Water Indicator (PWI); 

 considering blue water, the gross volume for irrigation (Water Footprint Applied, 

WFA) was adopted in accordance with García-Morillo et al. (2015), taking into 

account the irrigation technology and its efficiency and the irrigation turn. 

 

                                                           
6 Lovarelli, D., Bacenetti, J., Fiala, M. (2016b). Water Footprint of crop productions: A review. 

Science of the Total Environment. 548-549, 236–251. 

7 Lovarelli, D., Ingrao, C., Fiala, M., Bacenetti, J. (2016c). Beyond the Water Footprint: a new 
framework proposal to assess freshwater environmental impact and consumption. Journal of 
Cleaner Production. 1-11. 
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Figure 24. Top: Pollution Water Indicator (PWI) assessed considering Freshwater 

Eutrophication, Marine Eutrophication and Freshwater Ecotoxicity impact categories (evaluated 

by means of LCA method) and WFgrey (quantified with the WFN approach). Bottom: WF 

assessed considering the WFN for grey and green water and the Water Footprint Applied (WFA) 

for blue water.  

 

5.3.2 Pollution Water Indicator (PWI) 

Regarding the critic on WFgrey, in order to evaluate the environmental effect of all the 

pollutants effectively introduced in the system during production, the Pollution Water 

Indicator (PWI) was developed.  

As illustrated in Figure 25, the PWI is a numerical value calculated as the area of a 

rhombus, whose vertexes are made of WFgrey and of three environmental impact 

categories quantified by means of LCA that play a role on the water system, which are: 

 Freshwater Eutrophication (FE; kg Peq), 

 Marine Eutrophication (ME; kg Neq), 

 Freshwater Ecotoxicity (FEx; CTUe). 

These categories belong to the composite method recommended by the International 

Reference Life Cycle Data System ILCD (ILCD Handbook, 2011).  
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Figure 25. Pollution Water Indicator (PWI) for a studied scenario as example. 

 

The value is obtained considering variables with a different unit of measure, but the 

variables are indexed and referred to the same scale (0-1) and all of them are meant to 

weigh the same on the outcoming result. This makes the PWI an applicable indicator. 

The impact categories were selected because they describe mostly the leaching and runoff 

of nutrients (nitrogen and phosphorous compounds) and of chemical products (pesticides, 

herbicides, fungicides) sprayed during agricultural cultivation phases. In particular, with 

FE and ME are analysed the P eq. and N eq. compounds, respectively, and their 

environmental role on water; with FEx is studied the toxic effect of chemicals application 

and, mainly of their leaching to water.  

These categories, however, were put together with WFgrey in order to identify whether 

WFgrey was effectively representative for the most important pollutant evaluated within 

its methodology and to study if a better indicator could be identified for water quality 

evaluations.  
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6. Results and discussion 

 

 

 

6.1 LCA and mechanisation alternatives: case studies for agricultural 

machinery field operations 

6.1.1 Soil tillage (Paper 1-2-3) 

The use of ENVIAM as data source for fulfilling the inventory showed that variables such 

as soil texture, field shape, implement dimension and tractor engine power are 

fundamental to assess the environmental impact of agricultural machinery field operations. 

 

Table 1. Working time and engine load of the 3-furrows mouldboard ploughing operation 

studied in Paper 1. 

Working time* 

Unit of 
measure 

TEF TAS TPH TM TT 

% 76 19 2 1 2 

Tractor A 
(sandy soil) 

Average engine load % 73 30 2 2 40 

Engine Power kW 58 

Fuel consumption kg/ha 16.7  

Emissions: (a) CO, (b) HC, (c) 
NOX, (d) PM, (e) CO2 

g/ha 
(a) 423.5, (b) 16.5, (c) 264.3, (d) 2.0, 

(e) 52,492 

Tractor B 
(medium 
textured soil) 

Average engine load % 80 30 2 2 40 

Engine Power kW 96 

Fuel consumption kg/ha 25.7 

Emissions: (a) CO, (b) HC, (c) 
NOX, (d) PM, (e) CO2 

g/ha 
(a) 914.5, (b) 35.6, (c) 570.8, (d) 4.4, 

(e) 80,815 

Tractor C 
(clayey soil) 

Average engine load % 80 30 2 2 40 

Engine Power kW 197 

Fuel consumption kg/ha 48.0 

Emissions: (a) CO, (b) HC, (c) 
NOX, (d) PM, (e) CO2 

g/ha 
(a) 1265.0, (b) 70.3, (c) 683.5, (d) 

8.7, (e) 151,286 

Notes: * TEF: effective work, TAS: turns at headlands, TPH: Implement arrangement on farm, 
TM: Field maintenance, TT: transfer field-farm and vice versa. 

 

In Table 1 are reported the main inventory results that characterised the field operation 

of ploughing studied in Paper 1; the outcomes are assessed as sum of different timings, 
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each of which characterised by defined engine working features (mainly, of the engine 

load). In particular, engine load during TEF was calculated in accordance with the 

calculations related to tractor-implement coupling. Therefore, according to the working 

assumptions (e.g., soil texture, soil coefficients, implement features) the resulting 

calculated power that had to be developed by the tractor was used to select a “real” tractor 

available on the market and present in the database, characterised by a sufficient engine 

power to carry out the operation. Hence, the ratio between the tractor developed engine 

power (calculated during TEF) and the tractor maximum engine power (rated power) 

define the engine load during TEF. On the sandy soil, this resulted in a value equal to 

73%, whereas in the cases of medium texture and clayey soils, it was equal to 80%. Mainly, 

this result is affected by the absorbed engine power of the operation as well as by the fact 

that in the reality are available several alternatives of tractors in terms of power, but 

according to the pedo-geographic context and farm activity it cannot be assumed that the 

optimal tractor for every farmer is available on the market and/or on farm. In fact, in 

order to avoid wrong environmental assessments, the mechanical choices must describe 

the real working context. Regarding the other timings, for which commonly the tractor is 

idling or almost idling (TAS, TPH, TM) and the transport (TT), the average engine load is 

assumed taking into consideration the working conditions of the study area. 

From the table, it can be seen that the inventory values (i.e. fuel and engine emissions) are 

widely different in the different work conditions. The tractor needed to carry out the 

operation is extremely different: 58 kW, 96 kW and 197 kW, respectively for the sandy, 

medium texture and clayey soil cases. The fuel consumption during ploughing ranges 

between 16.0 kg/ha on the sandy soil and 48.0 kg/ha on the clayey one, which is 3 times 

higher than the previous. Thus, when the processes are carried out in different contexts 

(e.g., different soil texture) and have effect on the inventory data, the resulting 

environmental load quantified by means of LCA will differ.  

Following this analysis on the inventory of ploughing, the result on the environmental 

perspective came from the comparison completed in Paper 2, as shown in Figure 26. 

Table 2 reports details about the studied environmental impact categories. 

 

Table 2. Impact categories selected for the study from ILCD characterisation method. 

Impact category Symbol Unit of measure 

Climate Change CC kg CO2 eq 

Ozone Depletion OD kg CFC-11 eq 

Particulate Matter Formation PM kg PM 2.5 eq 

Photochemical Oxidant Formation POF kg NMVOC eq 

Terrestrial Acidification AC molc H+ eq 

Terrestrial Eutrophication TE molc N eq 

Freshwater Eutrophication FE kg P eq 

Marine Eutrophication ME kg N eq 

Mineral, fossil and renewable resources depletion MFRD kg SB eq 
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In this study, the compared options were: 

(i) ECO: Ecoinvent unmodified process, available in Simapro®, 

(ii) 3M_SA, 3M_MT, 3M_CL: 3-furrows mouldboard (3M) ploughing defined with 

ENVIAM on sandy (SA), medium texture (MT) and clayey soils (CL), 

(iii) 3S_MT, 3S_CL: 3-furrows slatted (3S) ploughing defined with ENVIAM on 

medium texture and clayey soils (not applicable on sandy soils), 

(iv) 3M_SA+, 3M_MT+, 3M_CL+: the same cases occurred at point (ii) but considering 

a field shape that entailed a higher working time, 

(v) 5M_SA, 5M_MT, 5M_CL: the same cases occurred at point (ii) but with a 5-furrows 

mouldboard plough (5M) instead of a 3-furrows one. 

In all the cases (except for ECO), the coupling between implement and tractor was 

performed with ENVIAM which permitted consistent coupling choices in terms of 

selection of the tractor responding to the implement and pedo-climatic-operating 

variables. The case ECO, instead, is the unmodified process available in LCA software (i.e. 

Simapro®) which is adopted commonly by users that choose an “average ploughing 

process”.  
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Figure 26. Environmental impact results of the compared ploughing alternatives. 

 

The environmental impacts reported in the figure are described by putting the most 

impacting option at 100% of impact and all other options are expressed as a percentage 
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respect to the worst solution. It can be observed that impacts are widely variable depending 

mainly on the soil texture.  

Thus, adopting the average value for ploughing available in Ecoinvent database (case 

ECO) can be misleading in several cases, causing not negligible underestimations (e.g., if 

the soil texture is clayey) or overestimations (e.g., if the soil texture is sandy) of 

environmental impacts.  

The most sustainable options are obtained on sandy soils, this not meaning at all that on 

sandy soils the environmental impact of a full cultivation practice is lower, but that in the 

studied cases the environmental impact of ploughing is lower, being even less than 60%-

80% respect to ECO for most environmental impact categories. As expected, the opposite 

occurs on clayey soils, where higher engine power is required for the operation and where 

ploughing is responsible for high fuel consumption and related engine exhaust gases 

emissions.  

On the environmental perspective, the most interesting result is how, why and on which 

impact categories the outcomes from Ecoinvent differ from those by ENVIAM. In fact, 

on PM, POF, AC, TE and ME the highest environmental load is attributed to Ecoinvent 

ploughing process, mainly due to the exhaust gases emissions calculation method and 

Emissive Stage to which tractors belonged. Additionally, these impact categories are also 

affected by the materials production and consumption of machinery, therefore the mass 

of tractor and implement consumed during the operation affects also these outcomes. In 

particular, the mass of the tractor is linked to its power, therefore, an “average” tractor (i.e 

ECO case) instead of a “real” tractor (i.e. ENVIAM cases) can make a considerable 

difference in terms of kg of iron, plastics, etc. On CC and OD, for which fuel is the main 

hotspot, the ploughing on clayey soil (3M_CL; 3S_CL; 3M_CL+; 5M_CL) showed the 

worst environmental outcomes, given the higher fuel production and consumption respect 

to the other cases. For the same reason, on FE and MFRD the most impacting solution is 

5M_CL. This shows once more the considerable underestimation or overestimation of the 

environmental impacts attributed to the average ECO ploughing process, characterised by 

a fuel consumption equal to 21.7 kg/ha of fuel. 

For the detailed data analysis and discussion on the full comparison among these options, 

see attached Paper 2. 

When evaluating the whole seedbed preparation, the complexity in the selection of the 

alternatives and in the combination of implements and soil textures increases. In Table 

3a-c is reported the list of the solutions displayed for seedbed preparation as studied in 

Paper 3. The code reported on the left of the tables uniquely describes the list of operations 

of primary and secondary tillage for the seedbed preparation. The most important 

assumption is that the operations were performed by farmers and only with their available 

machinery, therefore no intervention by contractors was considered. Primary tillage could 

be carried out also with a previous subsoiling, while secondary tillage with one or two 
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implements and with one or more repetitions. The number of repetitions per operation 

can differ according to the refinement intensity. 

 

Table 3a. Solutions studied for the seedbed preparation on a sandy soil with ploughing depth (i-

a) 25 cm and with secondary tillage refinement (i-b) low (L) or (ii-b) high (H). (*) Option shown 

in Figure 27a. 

Code Operations 
Number of 
repetitions 

L25 H25 H35 

A* 
Mouldboard plough 
Spring tine harrow 

1 
1 

1 
1 

1 
1 

B* 
Mouldboard plough 
Fixed teeth harrow 

1 
1 

1 
1 

1 
1 

C* 
Disc plough 

Spring tine harrow 
1 
1 

1 
1 

1 
1 

D* 
Subsoiler 

Spring tine harrow 
1 
1 

1 
1 

1 
1 

 

Table 3b. Solutions studied for the seedbed preparation on a medium texture soil with 

ploughing depth (i-a) 25 cm or (ii-a) 35 cm and with secondary tillage refinement (i-b) low (L) or 

(ii-b) high (H). (-) not possible option. (*) Option shown in Figure 27b. 

Code Operations 
Number of 
repetitions 

L25 H25 H35 

A* 
Mouldboard plough 
Spring tine harrow 

1 
1 

1 
1 

1 
1 

C 
Disc plough 

Spring tine harrow 
1 
1 

1 
2 

1 
2 

D 
Subsoiler 

Spring tine harrow 
1 
2 

1 
3 

1 
3 

E* 
Mouldboard plough 

Rotary harrow 
1 
1 

1 
2 

1 
2 

F 
Mouldboard plough  

Disc harrow 
1 
1 

1 
2 

1 
2 

G 
Subsoiler 

Rotary tiller 
- 

1 
1 

1 
1 

H* 
Subsoiler 

Disc harrow 
1 
2 

1 
3 

1 
3 

I 
Disc plough 

Rotary harrow 
- 

1 
1 

1 
1 

J 
Mouldboard plough 
Spring tine harrow 

Rotary harrow 
- 

1 
1 
1 

1 
1 
1 

K* 
Slatted plough 
Disc harrow 

Spring tine harrow 
- 

1 
1 
1 

1 
1 
1 
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Table 3c. Solutions studied for the seedbed preparation on a clayey soil with ploughing depth (i-

a) 25 cm or (ii-a) 35 cm and with secondary tillage refinement (i-b) low (L) or (ii-b) high (H). (-) 

not possible option. (*) Option shown in Figure 27c. 

Code Operations 
Number of 
repetitions 

L25 H25 H35 

A* 
Mouldboard plough 
Spring tine harrow 

1 
2 

1 
3 

1 
3 

E* 
Mouldboard plough 

Rotary harrow 
1 
1 

1 
2 

1 
2 

G 
Subsoiler 

Rotary tiller 
1 
1 

- - 

H 
Subsoiler 

Disc harrow 
1 
2 

1 
3 

1 
3 

J* 
Mouldboard plough 
Spring tine harrow  

Rotary harrow 

1 
1 
1 

1 
2 
1 

1 
2 
1 

K* 
Slatted plough 
Disc harrow 

Spring tine harrow 

1 
1 
1 

1 
1 
2 

1 
1 
2 

L 
Subsoiler 

Rotary tiller 
Spring tine harrow 

- 
1 
1 
1 

1 
1 
1 

M 
Mouldboard plough 

Disc harrow 
Rotary harrow 

- 
1 
2 
1 

1 
2 
1 

 

In Table 4 are listed the studied environmental impact categories and in Figure 27a-c are 

shown the resulting environmental loads of these options.  

 

Table 4. Impact categories selected for the study from ReCiPe characterisation method. 

Impact category Symbol Unit of measure 

Climate Change CC kg CO2 eq 

Ozone Depletion OD kg CFC-11 eq 

Terrestrial Acidification TA kg SO2 eq 

Freshwater Eutrophication FE kg P eq 

Marine Eutrophication ME kg N eq 

Human Toxicity HT kg 1,4-DB eq 

Photochemical Oxidant Formation POF kg NMVOC eq 

Particulate Matter Formation PM kg PM 10 eq 

Terrestrial Ecotoxicity TEx kg 1,4-DB eq 

Freshwater Ecotoxicity FEx kg 1,4-DB eq 

Marine Ecotoxicity MEx kg 1,4-DB eq 

Metal depletion MD kg Fe eq 

Fossil depletion FD kg oil eq 
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Figure 27a. Environmental results of the seedbed preparation on a sandy soil (coarse textured) 

with both ploughing depths (d1 = 25 cm and d2 = 35 cm) and low (L) or high (H) refinement 

during the secondary tillage.  
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Figure 27b. Environmental results of the seedbed preparation on a medium textured soil with 

both ploughing depths (d1 = 25 cm and d2 = 35 cm) and low (L) or high (H) refinement during 

the secondary tillage. 
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Figure 27c. Environmental results of the seedbed preparation on a clayey soil (fine textured) 

with both ploughing depths (d1 = 25 cm and d2 = 35 cm) and low (L) or high (H) refinement 

during the secondary tillage. 
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it is already qualitatively known that on sandy soils the environmental impact is commonly 

lower than on clayey soils, but with this study the difference in environmental impact 

among alternative solutions adoptable on the same soil and with the same soil features 

(ploughing depth and refinement intensity) have been quantified. Thus, observations and 

evaluations among the different implements can be made, mainly because work efficiency 

and tractor-implement coupling are essential for more sustainable soil tillage operations.  

Although secondary soil tillage is energy-consuming, primary soil tillage has the highest 

contribution in all options and on all evaluated impact categories. The case with the slatted 

plough highlights the best environmental performances on all evaluated impact categories, 

due the lower implement mass and tractor fuel consumption along its use.  

In all the evaluated cases, the options “C” (for the sandy soil), “E” and “H” (for the 

medium textured soil), and “E” and “J” (for the clayey soil) show the worst outcomes on 

all evaluated impact categories. For option “C” (disc plough and spring tine harrow) the 

reason is attributed to the higher impact gathered during disc ploughing respect to the 

mouldboard ploughing. In option “E”, the rotary harrowing plays a prominent role on the 

seedbed preparation due to the related high fuel consumption and/or number of 

repetitions (respectively for the two cases). As regards option “H” (subsoiler and disc 

harrow), the most important reason for the high environmental impact is due to the 

number of repetitions of secondary soil tillage (i.e. 2 and 3), whereas for option “J” 

(mouldboard plough, spring tine harrow and rotary harrow) the reason is related mainly 

to the presence of two implements for the secondary tillage as well as to the high 

environmental impact related to ploughing. In support of this result, once more, the mass 

of implements and the more fuel consumed during their use (which is dependent on the 

absorbed engine power) are the major responsible for these less environmentally beneficial 

results. However, not in all the cases in which no ploughing was performed the 

environmental impact was the lowest. For a detailed analysis of the results, see attached 

Paper 3. 

 

6.1.2 Fertilisers spreading (Paper 4) 

An analysis of the fertilisers spreading operations with a complete vision on emissions to 

air, water and soil was performed thanks to LCA. From the study of Paper 4 it was found 

that, although direct soil injection is the best solution for ammonia emission reduction, it 

also involves side effects.  

In particular, the reduction of nitrogen emissions to air (ammonia volatilisation) caused an 

increase of emissions to soil and water (nitrate leaching and phosphate run-off) at the end 

of the cultivation season. The evaluated scenarios are reported in Table 5. 
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Table 5. Baseline scenario (BS) and alternative scenarios (AS) for the fertiliser spreading. 

Option Description 
Timing of soil incorporation 

for organic fertilisers 
Adopted fertilisers 

BS Incorporation > 3 days after spreading 

Pig slurry and urea AS1 Fast soil incorporation < 2 h after spreading 

AS2 Direct soil injection During spreading 

AS3 
Incorporation with straw 

collection  
> 3 days after spreading 

Pig slurry and urea + 
maize straw collection 

AS4 
Incorporation with 
digestate spreading 

> 3 days after spreading Digestate and urea 

AS5 
Mineral fertiliser - Urea 

for N 
Not applicable 

Urea and triple 
superphosphate 

AS6 
Mineral fertiliser - CAN 

for N 
 CAN and triple 
superphosphate 

 

In Table 6 are listed the studied environmental impact categories, while in Figure 28 are 

reported the results of alternative scenarios for fertilisers spreading. 

 

Table 6. Impact categories selected for the study from ILCD characterisation method. 

Impact category Symbol Unit 

Climate Change CC kg CO2 eq 

Ozone Depletion OD kg CFC-11 eq 

Human Toxicity with carcinogenic effect HTc CTUh 

Human Toxicity without carcinogenic effect HTnc CTUh 

Particulate Matter Formation PM kg PM2.5 eq 

Photochemical Oxidant Formation POF kg NMVOC eq 

Terrestrial Acidification TA molc H+ eq 

Terrestrial Eutrophication TE molc N eq 

Freshwater Eutrophication FE kg P eq 

Marine Eutrophication ME kg N eq 

Freshwater ecotoxicity FEx CTUe 

Mineral, fossil and renewable resources depletion MFRD kg SB eq 
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Figure 28. Environmental results for the compared strategies for organic and mineral fertilisers 

spreading. 

 

In this case as well, the worst performing alternative is put at 100% of impact. Given the 

energy and primary sources for mineral fertilisers production, the worst solution for all 

environmental impacts except for TA and TE is the case in which only mineral fertilisers 

are spread (in particular AS6, where calcium ammonium nitrate - CAN - is used and not 

urea). For what regards the other cases, the environmental outcomes are close to each 

other for the impact categories affected by the field distribution, but are considerably 

different when considering the categories affected by the fertilisers emissions. In more 

details, the solutions that are commonly suggested for reducing ammonia emissions to air 

(AS1 and AS2) show low environmental impacts on TA and TE (about -66% and -72% 

respect to AS5), but high values for FE, ME and FEx, which are the categories on which 

the emissions to water play the main role. On the opposite, BS shows the most negative 

results on TA and TE, due to the late incorporation time. 

A trade-off among the alternative fertiliser spreading techniques must be found, due to 

the not univocal results on all the evaluated impact categories. Having seen these 

environmental outcomes, it is important to evaluate, with a wider assessment, the 

sensitivity of the local systems in order to evaluate if is better to pursue a reduction of 

ammonia emissions or a reduction of nitrates and phosphates in water.  
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6.2 Data collection and prediction model: case study for enhancing 

mechanised field operations and LCA (Paper 5) 

Considering the results gathered from the analysis of the field trials performed in Umeå 

(Sweden), in Table 7 are shown data about the working time of the studied operations. 

 

Table 7. Working time distribution (h) and Effective Field Capacity (EFC; ha/h) in the studied 

operations. 

Operation 
Effective 
work (h) 

Turns (h) Stops (h) 
Transfer 

(h) 
Total time 

(h) 
EFC 

(ha/h) 

Ploughing 1.93 0.62 0.39 1.46 4.40 0.28 

Harrowing, rotary 1.77 0.82 0.36 1.40 4.35 0.39 

Harrowing, spike 2.10 0.31 1.00 1 0.70 2 3.74 1.12 

Sowing 0.69 0.16 0.35 3 1.19 2.39 1.76 

Rolling 0.29 0.03 0.09 0.53 2 0.67 4.15 
1 Includes time to couple tractor-implement on field (implement already on field) and to change 
the work layout of the implement (i.e. change of working depth between two field parts). 
2 The spike harrow was already on the headlands of the field, therefore only the way back to factory 
is measured. Thus, the total time for transfer has been estimated doubling the value for the way 
forth and back.  
3 Includes time to refill the hopper with seed. 

 

For every operation, the GPS signal allowed identifying the position on field of the tractor 

and attributing to each position the related value of fuel consumed and exhaust gas 

emitted, but also of the torque, engine speed, engine load, developed engine power, and 

other variables related to exhaust gases measurement (e.g., O2 concentration and gas 

temperature). Finally, the outcomes were also grouped in the states of effective work, turns 

at headlands and stops, in order to identify the relation among engine variables and 

working state. This is illustrated, for all the studied operations, in Figure 29a-e with regard 

to the distinction in working states over time of the fuel consumption (dm3/h; L h-1).  
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Figure 29a. Trend along time of the measured fuel consumption for the rotary harrowing with 
the strategies for the headlands named “A” and “D” on the top figure and “B”, “C” and “E” on 

the bottom figure (see Figure 15 for the strategies code). 

 

In Figure 29a the trend of fuel consumption over time is shown. In this case, rotary 

harrowing is shown, and the coloured boxes identify the field sections with different 

headland strategies. All strategies except for “C” and “D” show values in a restrained range 

of variation for what regards the effective work state (range between 12-16 dm3/h in “A”, 

“B” and “E”). In “C”, the range is 10-18 dm3/h, which is expected, since it is the case 

when the fieldwork engine speed was varied along the effective work state. In strategy 

“D”, the variation ranges between 10-17 dm3/h during the effective work because, also in 

this case, a change in gear was studied. During turns, the range is within 5-7 dm3/h, due 

to the more homogeneous headland features respect to other strategies. 

 

 
Figure 29b. Trend along time of the measured fuel consumption for the ploughing. 

 

In Figure 29b is reported ploughing. In this case, a huge amount of data is available and a 

wider variability in the fuel consumption can be highlighted. The most interesting outcome 
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is related to the different fuel consumption in the effective work depending on the 

ploughing depth (H1 = 18 cm; H2 = 28 cm). In the first part (with H1), fuel consumption 

mainly ranges between 5-12 dm3/h, while in the second (with H2) the range is 7-18 dm3/h. 

Regarding the turns, a similar trend is observed in both cases (2-8 dm3/h) given the same 

headland strategy adopted. 

 

 
Figure 29c. Trend along time of the measured fuel consumption for the sowing. 

 

Figure 29c refers to sowing. Section 1 for the “external” part of the field (worked with 

headland strategy “A”) and section 2 for the “inner” part of the field (worked with 

headland strategy “E”). Both parts show a very similar trend referring to the effective 

work, while for turns a small difference emerges (Section 1 = 4-12 dm3/h; Section 2 = 6-

11 dm3/h). 
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Figure 29d. Trend along time of the measured fuel consumption for the harrowing. 

 

Harrowing has interesting outcomes: from Figure 29d emerges the effect of analysing the 

field by changing variables (engine speed and gear) on the same row (Section 1) or by 

keeping the same variables on a full section (Sections 2, 3 and 4). In particular, Section 1 

was split in three parts on the length (see Figure 17) and this can be clearly recognised 

from the trend in fuel consumption of this part of the field. Sections 2, 3 and 4 show, 

instead, a consistent trend (7-10 dm3/h, 9-11 dm3/h and 11-14 dm3/h, respectively).  

 

 
Figure 29e. Trend along time of the measured fuel consumption for the rolling. 

 

The last operation, rolling, is reported in Figure 29e; the operation shows a very 

homogeneous result, mainly given the low engine power request and small variation in 

working features along the studied operation.   

For every operation, the graphs shown in Figure 30 (shown for rotary harrowing headland 

strategy “C”) were also gathered. They illustrate the trend over time of brake specific fuel 

consumption (bsfc; g/kWh) and specific engine exhaust emissions (EM; g/kWh) 

distinguished in effective work on rows, turns on headlands and stops.  
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The highest values are due to the turns and stops, while the effective work is characterised 

by lower specific fuel consumption and lower specific exhaust emissions: this entails a 

higher fuel efficiency for the effective work state respect to turns and stops. 
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Figure 30. Trend over time (s) of brake specific fuel consumption (bsfc; g/kWh) and specific 

emissions of CO2, NOX and CO (g/kWh) for rotary harrowing within the headland strategy “C”. 

 

The same consideration can be made introducing engine power (kW) on the X-axis instead 

of time (s), allowing to identify the consumption and emission in relation with the 

developed engine power during the field operations, as illustrated in Figure 31. From these 

graphs, the concept of fuel efficiency emerges, since in almost all cases the values for bsfc 

and specific engine exhaust emissions show lower values during the rows of effective 

work. On the opposite, higher values are obtained during the turns at headlands and the 

stops, where the engine power is low. In more details, the highest values for almost all 

studied variables are shown when the developed engine power is low (< 20 kW, which 

means about < 25% of engine load). Values referred to stops are gathered either with the 

engine idling or when the tractor was stopping but the engine speed was kept constant 

with the effective work; this explains why some values refer to stops but are not associated 

with very low engine power. In most cases, however, the fuel consumption and exhaust 

gases emission linked with stops are the highest. Effective work on rows mostly shows the 

lowest values that are mainly obtained within high ranges of engine power; in few cases 

during some operations very high specific values are measured during the effective work 

on rows, but this occurs partially when the engine load is still low and partially when 

combustion features cause high CO specific emission.  Considering NOX, the low values 

obtained at high engine loads are due to the presence of the EGR system that permits to 

reduce these emissions by re-introducing part of the exhaust gases to avoid high 

temperature peaks.
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Rotary harrow “A” 
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Rotary harrow “B” 
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Rotary harrow “C” 
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Rotary harrow “D” 
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Rotary harrow “E” 
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Ploughing 1 
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Ploughing 2 
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Sowing 1 (outer part) 
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Sowing 2 (inner part) 
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Harrowing 1 
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Harrowing 2 
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Harrowing 3 
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Harrowing 4 
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Rolling 

  

  
Figure 31. Trend over the developed engine power (W) of brake specific fuel consumption (bsfc; g/kWh) and specific emissions of CO2, NOX and CO 

(g/kWh) for all the studied operations. 
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For these results, the median values of bsfc and specific exhausts emissions are reported 

in Table 8. During almost all cases, the effective work shows low variation in the values 

obtained during the same operation, while during turns and stops, the unpredictability 

among the sections is higher, which highlights a lower homogeneity in the characteristics 

of turns and stops. This is mainly due to the working features. 

 

Table 8. Median values per work state and variable of each of the studied operations. Top: 

rotary harrowing; Middle: ploughing, sowing and rolling; Bottom: spike harrowing  

Variable Work state 

Median 

Rotary harrowing 

Headland 
strategy A 

Headland 
strategy B 

Headland 
strategy C 

Headland 
strategy D 

Headland 
strategy E 

bsfc 

Eff. work 308.7 309.8 310.4 309.7 310.5 

Turns 322.9 349.7 348.2 384.4 342.2 

Stops 328.5 -- 414.0 446.8 304.5 

CO2 

Eff. work 1027.3 1034.3 1034.2 1019.8 1029.0 

Turns 1121.5 1167.7 1177.3 1304.2 1144.9 

Stops 1320.6 -- 1324.0 1512.0 1032.3 

NOX 

Eff. work 7.9 7.0 7.4 7.7 7.0 

Turns 9.0 9.4 10.2 10.3 9.5 

Stops 10.6 -- 9.5 8.7 12.8 

CO 

Eff. work 0.4 0.3 0.2 0.1 0.2 

Turns 0.6 0.4 0.4 0.3 0.3 

Stops 0.7 -- 0.2 0.0 0.5 

 

 

Variable 
Work 
state 

Median 

Ploughing Sowing 
Rolling 

Section 1 Section 2 Section 1 Section 2 

bsfc 

Eff. work 271.4 273.5 226.7 225.2 220.2 

Turns 303.7 316.5 232.3 231.8 220.5 

Stops 321.1 332.8 251.3 277.9 303.9 

CO2 

Eff. work 913.0 908.4 756.1 750.9 733.0 

Turns 1056.8 1053.7 769.2 747.5 738.5 

Stops 1098.3 1100.4 -- 943.3 1001.1 

NOX 

Eff. work 8.5 7.8 9.2 9.3 7.6 

Turns 12.3 10.3 9.0 8.8 7.5 

Stops 10.8 9.7 -- 8.0 8.8 

CO 

Eff. work 0.0 0.1 0.0 0.1 0.0 

Turns 0.0 0.2 0.0 0.1 0.0 

Stops 0.0 0.0 -- 1.6 0.4 

 

 

 



92 

 

Variable 
Work 
state 

Median 

Spike harrowing 

Section 1 Section 2 Section 3 Section 4 

bsfc 

Eff. work 247.9 211.2 254.0 307.2 

Turns 238.4 213.0 252.5 301.1 

Stops 331.1 277.0 303.1 285.7 

CO2 

Eff. work 804.4 699.1 846.0 1028.5 

Turns 785.5 713.8 837.0 1016.5 

Stops 1241.7 862.6 1059.3 944.9 

NOX 

Eff. work 5.4 6.3 5.7 5.9 

Turns 5.7 6.0 5.4 5.9 

Stops 9.3 7.0 10.6 7.8 

CO 

Eff. work 0.4 0.0 0.0 0.1 

Turns 0.3 0.0 0.0 0.1 

Stops 0.1 0.8 0.1 0.1 

 

The data processing phase also allowed recognising every single row of effective work and 

every turn, which permitted to identify an average value for every working state of every 

operation. Figure 32 reports these results for engine power (kW), brake specific fuel 

consumption (g/kWh) and specific gases emissions of CO2, CO and NOX (g/kWh) as well 

as the average value of fuel consumption (dm3/h) and of exhaust gas emission (g/h). 

In more details, every dot represents each complete row and each complete turn and the 

resulting value is the average of that single row and turn. The trend between the way forth 

and the way back can be explained by specific field-soil conditions as well (such as during 

ploughing section 2 when the ways forth and back show consistent ups and downs). 

Although every operation is characterised by specific working assumptions (i.e. engine 

speed and torque) that make all operations independent from each other, as expected, in 

almost all cases the developed engine power (kW) is higher during the effective work rather 

than during the turns. This is shown clearly during rotary harrowing, ploughing section 1 

and rolling, while during the other operations the distinction is restrained. Higher engine 

power during effective work also explains why bsfc and specific emissions (g/kWh) are 

mostly lower during the effective work than during the turns at the headlands. The lack of 

some data on emissions is due to the rinsing phases of the instrument. The most 

unpredictable behaviour is due to CO, where uncontrollable variables have an important 

role (e.g., O2 concentration).  



 

Rotary harrow - Headland A 

Average values 

Variable Row Turn 

Fuel dm3/h 13.5 10.5 

CO2 g/h 36259.3 27567.4 

CO g/h 14.0 14.9 

NOX g/h 272.7 222.7 
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Rotary harrow - Headland B 

Average values 

Variable Row Turn 

Fuel dm3/h 13.4 9.4 

CO2 g/h 35337.5 25550.1 

CO g/h 8.2 7.8 

NOX g/h 237.5 195.4 
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Rotary harrow - Headland C 

Average values 

Variable Row Turn 

Fuel dm3/h 13.1 9.5 

CO2 g/h 35016.0 25559.0 

CO g/h 10.8 10.4 

NOX g/h 249.5 218.4 
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Rotary harrow - Headland D 

Average values 

Variable Row Turn 

Fuel dm3/h 12.4 6.9 

CO2 g/h 31903.1 18671.8 

CO g/h 3.2 3.9 

NOX g/h 233.3 155.8 
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Rotary harrow - Headland E 

Average values 

Variable Row Turn 

Fuel dm3/h 12.7 9.2 

CO2 g/h 33813.1 24728.2 

CO g/h 6.6 6.1 

NOX g/h 230.5 200.5 
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Ploughing 1 (H1 = 18 cm)  

Average values 

Variable Row Turn 

Fuel dm3/h 7.5 4.7 

CO2 g/h 20244.2 12836.3 

CO g/h 2.5 0.8 

NOX g/h 193.5 147.1 
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Ploughing 2 (H2 = 28 cm) 

Average values 

Variable Row Turn 

Fuel dm3/h 11.2 5.8 

CO2 g/h 29210.9 15888.9 

CO g/h 9.0 4.4 

NOX g/h 259.9 156.4 
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Sowing section 1 (outer) 

Average values 

Variable Row Turn 

Fuel dm3/h 8.2 8.4 

CO2 g/h 21696.4 22286.9 

CO g/h 3.3 1.9 

NOX g/h 263.7 262.4 
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Sowing section 2 (inner) 

Average values 

Variable Row Turn 

Fuel dm3/h 8.0 7.7 

CO2 g/h 21421.4 21063.2 

CO g/h 0.8 0.8 

NOX g/h 262.2 251.0 
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Harrowing 1 

Average values 

Variable Row Turn 

Fuel dm3/h 14.4 13.6 

CO2 g/h 39894.0 35769.7 

CO g/h 35.5 30.7 

NOX g/h 256.6 237.4 
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Harrowing 2 

Average values 

Variable Row Turn 

Fuel dm3/h 9.1 9.3 

CO2 g/h 23990.7 24716.0 

CO g/h 2.6 1.3 

NOX g/h 216.1 205.1 
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Harrowing 3 

Average values 

Variable Row Turn 

Fuel dm3/h 10.6 10.0 

CO2 g/h 28386.9 26728.4 

CO g/h 1.1 4.2 

NOX g/h 196.6 175.4 
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Harrowing 4 

Average values 

Variable Row Turn 

Fuel dm3/h 12.6 13.3 

CO2 g/h 34223.0 36142.4 

CO g/h 1.7 3.3 

NOX g/h 203.1 206.8 
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Rolling 

Average values 

Variable Row Turn 

Fuel dm3/h 6.0 6.6 

CO2 g/h 15909.2 17476.1 

CO g/h 5.8 0.5 

NOX g/h 160.9 169.0 
 

 
 

   
Figure 32. On the top: average absolute values per row of effective work and per turn at headlands of fuel consumption (dm3/h) and engine exhaust 

emissions (g/h), developed engine power (kW) and brake specific fuel consumption (bsfc; g/kWh). On the bottom: CO2 specific emission (g/kWh), CO 

specific emission (g/kWh) and NOX specific emission (g/kWh).  
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In Figure 33 is reported the impact of the transients during all operations together (A) 

and during each operation (B). The histograms describe the combination of engine speed 

and torque as follows:  

 engine speed is grouped as s < 800 rpm, 800 < s < 1200 rpm, s > 1200 rpm; 

 torque is grouped as M < 50 Nm, 50 < M < 150 Nm, M > 150 Nm. 

In sections named “(B)”, few histograms are available per operation, since engine speed 

was defined as starting assumption and, therefore, not every group was available.  
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Ploughing 
(B) 

 

Sowing (B) 

 

Spike 
harrowing 

(B) 
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Figure 33. Impact of the transient and frequency of transients on all studied operations together 

(A) and split per operation (B). The legend reports the combination of values of engine speed 

(<800 rpm; 800-1200 rpm; >1200 rpm) and torque (<50 Nm; 50-150 Nm; >150 Nm) per series. 

Triangle-dots show the averaged frequency of transients. 

 

On the X-axis is reported the transient (s/%), which is the rate of change of torque and 

engine speed per time unit (s) respect to a steady state condition where the transient is 

zero. On the Y-axis (left) is shown the impact of the transients, showing that restrained 

transients cause restrained effects on the calculated values (by the model) respect to the 

measured ones. Instead, when the transient increases in absolute terms, the discrepancy 

with the steady state calculation grows. On the Y-axis (right) is also reported the frequency 

of the transient values, from which can be observed that data with higher impact of 

transients are zero or close to zero; thus, the absolute effect of transients in the studied 

operations is very low. 

From the figure, it can be noticed that most data (96%) are enclosed within -5% and +5% 

of impact of transient, thus meaning that the effect of transients is restrained along all 

assessed operations. This impact gets more important with transients around ≤ -10% and 

≥ +10%, but the data included in this range are particularly few, as can be gathered from 

the dots describing data frequency. Ploughing and spike harrowing are the operations 

showing the highest role of transients, which can be found also in the range ≤ -15% and 

≥ +15%. This result confirms what can be expected from ploughing: this operation is one 

of the most energy consuming, commonly characterised by high engine loads and high 

possibility of encountering transient conditions (variations in engine speed and torque). 

For what regards the spike harrowing, the reason is related to how the field trial was 

performed: in fact, the first section of this operation was characterised by a field divided 

in three parts on the length, thus involving frequent changes in engine speed and torque 

on every row. Still, their role is restrained due to the fact that this condition occurred on 

one of the four studied sections, therefore, only part of the data is affected by this. 
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If the transient equation by Lindgren (2005) is introduced, it can be hypothesised to have 

even better reductions between recorded and measured values respect to Lindgren (2005) 

study, where the presence of transient factors was helpful to reduce the recorded-

calculated differences from 30% to approximately 5%. 

Concerning the prediction model used for the engine of Valtra N101, its response was 

very good, especially for fuel and CO2. In Figure 34 are reported the curves and the 

coefficients of determination R2 for all variables and distinguished in effective work, turns 

at headlands and stops.  

 

Fuel consumption; Effective work (R2 = 0.97) Fuel consumption; Turns at headlands (R2 = 0.92) 

  
Fuel consumption; Stops (R2 = 0.95) CO2 emission; Effective work (R2 = 0.90) 

  
CO2 emission; Turns at headlands (R2 = 0.77) CO2 emission; Stops (R2 = 0.65) 
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NOX emission; Effective work (R2 = 0.22) NOX emission; Turns at headlands (R2 = 0.38) 

  

NOX emission; Stops (R2 = 0.42) CO emission; Effective work (R2 = 0.19) 

  

CO emission; Turns at headlands (R2 = 0.32) CO emission; Stops (R2 = 0.05) 

  

Figure 34. Example of model response for fuel consumption, CO2, NOX and CO assessment. 

 

The measurements carried out during this study permitted to identify and understand the 

real work of the tractor engine Valtra N101 in the identified field conditions. There are 

several interesting points and progresses obtainable with this typology of data collection: 

 on the environmental point of view, the availability of trustworthy data permits to 

have reliable data for environmental impact studies completed with LCA (Lovarelli 

and Bacenetti, 2017), as well as to have reliable data that describe the engine features 

and that permit to draw conclusions on the best driving practices, and on the best 
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choices and technologies for reducing fuel consumption and engine exhaust gases 

emissions; 

 on the mechanical point of view, the possibility of studying the effective behaviour 

on field of any tractor with the described instrumentation shows the engine’s (and the 

tractor’s in general) response to the real working conditions. This permits, once more, 

to identify the best driving practices and the most preferable working conditions, as 

well as to obtain information on the effective fuel consumption and exhaust gases 

emissions (e.g., Lindvall et al., 2015). This last point is very important, especially in 

view of the stringent directives on the exhaust gas emissions limits that currently 

regulate the steady state measures.  

A positive result is also related to the fact that, once data are collected for the tractor on 

different working conditions, a robust prevision model can be created for predicting the 

behaviour of the tractor in other non-measured conditions, with other implements and 

during other operations simply measuring with a dynamometer the needed information. 

This means that the monitored tractor is mapped in real working conditions and its 

behaviour can be still reconstructed for other studies.  

Similarly to what has been realised by Janulevičius et al. (2016, 2017), also the not-to-

exceed zones can be investigated, in order to identify the best conditions in which to work. 

This can also be helpful, together with current and under development technology, in 

introducing new methods and procedures for precision agriculture (Suprem et al., 2013) 

as well as in helping farmers and contractors to understand at best the potentialities of 

their machinery in order to exploit effectively the benefits of such studies on the 

environmental sustainability of agricultural systems. 

 

6.3 WF assessment (Paper 6-7) 

From the literature review (Paper 6) emerged some points: 

 often, at least one of the three components (green, blue and grey water) was not 

assessed. In most cases, the lacking component was WFgrey (Figure 35); 

 the green component (WFgreen) was almost in all cases assessed following the FAO 

Papers n. 56 (Allen, 1998); instead, for WFblue and, mostly, for WFgrey not always 

the application of a consistent method was found; 

 the critics on WFblue focused on the lack of information about the irrigation method, 

the effective irrigation gross volume, and the water stress and scarcity;  

 the critics on WFgrey focused on the lack of a clear methodology and on the unclear 

and unsure information given. 
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Figure 35. Composition of the WF components available in the reviewed studies.  

 

In order to enhance the WF assessment method, with specific focus on local variability 

and local studies and on a more detailed assessment for WFblue and WFgrey, the 

methodological changes proposed during this PhD Thesis brought to realise a case study 

on a 5-years irrigated maize cultivated in Po Valley (Paper 7), where:  

 the water balance was quantified (green and blue water) taking into account different 

irrigation technologies (i.e. surface, sprinkler and drip irrigation); 

 the Pollution Water Indicator (PWI) was introduced for studying water pollution.  

As expected and as illustrated in Figure 36, the most efficient irrigation techniques cause 

that a lower gross water volume is introduced in the system, thus being closer to the net 

water demand of the crop as well as to the concept of WFblue (within WFN method). Of 

course, in cropping seasons with high rainfall, WFgreen is higher and WFblue can be 

lower, as can be gathered in the figure below for surface and drip irrigation systems. 
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Figure 36. Water Footprint of grain maize in Po Valley 2011-2015 assessed with the WFA 

method for blue water applied to surface and drip irrigation. 

 

With regard to WFgrey, the WFN method does not give effective information of the 

environmental perspective. Thus, the PWI is a helpful indicator for introducing the 

concept of WF together with the LCA one in a wide perspective that regards freshwater 

environmental sustainability. Table 9 reports the specific scenarios in which the PWI was 

studied. The results of its use are shown in Figure 37 and they show that the most 

beneficial PWI are related to the cases in which maize straw is collected (i.e. no nutrients 

leaching on bare soils) (S3) and in which digestate is applied (higher fertiliser efficiency 

respect to slurry) (S4). 

On the opposite, the worst PWI values are obtained with the fast incorporation and direct 

injection because these solutions involve less ammonia release to air, but higher availability 

of nutrients in the soil that, in the studied conditions, leach. With the only use of WF 

indicator (WFgrey), such information could not be retrieved and, instead, would give 

different outcomes on the WFgrey concerns. The results of this study support those from 

Paper 4. 

 

Table 9. Scenarios in which the PWI was quantified. 

Option Description 
Timing of soil incorporation 

for organic fertilisers 
Adopted fertilisers 

BS Incorporation > 3 days after spreading 

Pig slurry and urea S1 Fast soil incorporation < 2 h after spreading 

S2 Direct soil injection During spreading 

S3 
Incorporation with straw 

collection  
> 3 days after spreading 

Pig slurry and urea + 
maize straw collection 

S4 
Incorporation with 
digestate spreading 

> 3 days after spreading Digestate and urea 

S5 
Mineral fertiliser - Urea 

for N 
Not applicable 

Urea and triple 
superphosphate 
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Figure 37. Pollution Water Indicator (PWI) for the analysed scenarios. 

 

The development of PWI was of help in the relation between WF and LCA assessments, 

given the possibility of focusing on the freshwater resource with a holistic view considering 

both consumption and pollution. 

Currently, widely adopted and accepted methods for WF assessment have been developed 

within the LCA methodology, with a specific environmental impact category named 

“Water Depletion”. However, the indication resulting from PWI is different from the 

methods available in LCA software that do not consider the WF with a WFN-view. 
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7. Conclusions and future research 

 

 

 

In the context of environmental systems analyses, several methods are available for 

environmental assessments, such as the environmental impact assessment and the risk 

assessment, which have different goals from, for example, the life cycle assessment’s ones 

(Finnveden and Moberg, 2005). In particular, some environmental analysis methods can 

have a wide applicability (e.g., models) or a local applicability (e.g., environmental impact 

assessment), but likewise any other scientific scheme play a useful role only when 

adequately adopted.  

LCA is a method to estimate potential environmental impacts in a generalised framework, 

both widely and locally applicable, that takes into account in the meantime several 

environmental issues (e.g., global warming, eutrophication, acidification, resources 

depletion). Expertise is making LCA studies more and more detailed and trustworthy, 

which is especially important when focusing on productive systems such as the agricultural 

one. Agriculture, in fact, is characterised by an intrinsic dependency on natural processes 

and on the variability in productive contexts and local conditions, which causes difficulties 

in having reliable inventory data. Therefore, specific attention on the inventory data 

collection is required. Because of this intrinsic variability and interdisciplinarity, the 

introduction of widely applicable policies can be very difficult for agricultural policy 

makers, and the use of LCA is important to allow sensible decisions.  

In particular, regarding the agricultural machinery field operations, the need of sensible 

decisions is undeniable to allow introducing policies and/or incentives for developing 

environmentally sustainable productive systems, for having modern and efficient 

machinery and reducing the emission of pollutants. In this context, LCA represents the 

suitable tool to identify and quantify environmental effects, production hotspots and 

mitigation strategies to undertake. Central achievements regard the possibility of collecting 

local data and understanding that with LCA is possible to identify and adopt the most 

beneficial solutions on the environmental perspective, also when several operative 

alternatives are present. Electronic technology is important in this context, since it 

simplifies the control of some variables and avoids simplifications and average 

considerations.  
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The most significant accomplishment is that the quantification of the environmental load 

of agricultural machinery operations allows becoming conscious about the role of these 

production processes often disregarded and developing influential mitigation strategies 

with a holistic perspective. These strategies focus on broad environmental issues, such as 

fuel consumption, materials production and wear, emissions of engine exhaust gases, 

nutrients and active ingredients to air, water and soil, etc. always taking into account not 

only their use, but also the production and disposal. 

In this PhD Thesis, the alternatives displayed to farmers regarding agricultural machinery 

were studied in order to identify and quantify the differences in environmental impacts 

due to machinery choices. Having seen that these differences are considerable, further 

attention to detailed data collection in local contexts resulted an important step forward. 

The application of modern electronics had a fundamental role and its effect was studied 

on the data collection during a case study. The results were particularly useful under the 

two main investigated study areas: (i) LCA and, in particular, LCI completion of 

agricultural field operations and (ii) mechanisation and alternative machinery selection. Of 

course, the improvement of inventory reliability must be critically balanced with the 

increase in time and costs for the primary data collection; however, the benefits arising 

from such trials are undeniable and are also made easier by the common presence of 

electronics on recent agricultural tractors (CAN-bus and ISO-bus).  

A first trial to make proper inventories was made by developing the tool ENVIAM, which 

calculates data for the inventory of field operations by considering mechanical variables 

and local information. ENVIAM could still be improved and kept up-to-date with the 

continuous uploading of machinery introduced on the market. Moreover, additional 

improvements could be made with enlarging the groups of machinery included and their 

coupling features with tractors, as well as with making changes in the input data processing 

files. For example, with the CAN-bus and exhaust gases analyser data, high specificity in 

the inventory completion can be reached for every measured operation. These data could 

be introduced satisfactorily in ENVIAM for additional evaluations on coupling variables. 

In addition, GPS and GIS tools help with the mapping of fields and with the localisation 

of the mechanical features on the fields. Nevertheless, it must be kept in mind that the 

goal is the environmental sustainability assessment and therefore, that the goal is not a too 

much site-specific analysis, but an environmental sustainability evaluation of the field 

operation and of the improvements to mitigate the related potential environmental impact. 

Therefore, tools must be introduced in accordance with the defined goals and scopes.  

Additionally, it must be kept in mind that LCA involves modelling the potential 

environmental impacts, and modelling involves uncertainties (Thomassen et al., 2008) that 

can be reduced but not fully avoided.  

The results of this project can be very interesting for the near future of agricultural 

mechanisation and for making agriculture more and more environmentally sustainable for 

present and future generations. Manufacturers could introduce similar evaluations in their 
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activities and furnish information to farmers and contractors who are the final users of 

machinery. With this information, farmers could become aware of their role on the 

environmental loads of their production systems and understand their potentialities in 

improving the environmental sustainability of agricultural productions. This can be 

achieved, for example, by adopting more adequate driving practices and modern 

technology and paying attention to the engine variables occurring during the different 

working states, in order to respond at best to the environmental needs of society. 

Analysing the sustainability concerns, there is a very recently growing interest in the Life 

Cycle Sustainability Assessment (LCSA) framework. LCSA is a near-future important 

application of sustainability evaluations with a life cycle perspective that permits to 

evaluate not only the environmental aspects as due to the Life Cycle Assessment (LCA), 

but also the economic (Life Cycle Costing; LCC) and social (Social Life Cycle Assessment; 

SLCA) ones (Notarnicola et al., 2017).  

Another facet related with agriculture is the share of freshwater used and depleted during 

the production processes, especially at Italian latitudes (and mainly Po Valley ones). In this 

context, understanding the importance of freshwater resource, of its current use and future 

limitations and introducing the idea that new technologies are necessary not only for the 

crop cultivation and for the farmer production costs, but also for the environment, is a 

very important goal for the scientific community. To this point, both WF and the Pollution 

Water Indicator (PWI) developed in this Thesis are helpful in informative capabilities for 

stakeholders, farmers and policy makers. The possibility of taking advantage of LCA 

holistic view and of WF embedded-water view permits to develop, also for water concerns, 

mitigation strategies and environmentally sustainable production conditions. 

The possibility of effectively introducing WF in the LCA framework is valuable for the 

ease of both data collection and calculation of full sustainability assessments. However, it 

must be recognised when selecting the analysis method that WFN and LCA perspectives 

differ in their general scopes. 
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Abstract

The interest in environmental assessments about agricultural
processes is fast growing and asking for new tools for accurate impact
evaluations. The methodology commonly used to go through these
studies is the life cycle assessment, of which the inventory phase (life
cycle inventory, LCI) is an essential step. For studies focusing on agri-
cultural productions, the completion of LCI is particularly complex: tak-
ing into account the pedo-climatic and mechanical operative variabili-
ty is evidently difficult. However, the prediction of the environmental
impact of mechanical operations caused by the agricultural sector is
essential to quantify the impact categories for which it is responsible. 
A new tool, ENVIAM, was developed to complete LCI to guarantee the

availability of local data that describe the mechanical and pedo-climat-
ic conditions occurring in the Po Valley area and widely applicable as
well. It calculates mechanical power requests, directly consumed
inputs (i.e., fuel, lubricant) and material consumption of a productive
system by taking into account soil texture, specific machinery opera-
tions and coupling solutions as defined by the user. A subdivision of
working time and defined engine load have been considered to calcu-
late fuel consumption; with regard to outputs, exhaust gases emis-
sions from internal combustion engines have been assessed by evalu-
ating the emissive stages of belonging as stated by the EU Directive. A
case study was also performed to highlight the differences that occur
when an analysis is fulfilled in a context with features different from
the average, and resulted in significant variations for the inventory. In
more details, a comparison was carried out both with Ecoinvent data-
base and within ENVIAM. With regard to fuel consumption, by chang-

ing the soil texture, the analysis showed a range between 64%-184%
for sandy and clay soils, respectively, if compared with medium texture
ones. With this tool, local contexts defined either as real or as opti-
mised coupling solutions can be investigated to assess their environ-
mental impact. 

Introduction

The recent interest in environmental assessments about agricultur-
al processes is fast growing and asking for tools to make possible accu-
rate sustainability evaluations (Bengoa et al., 2014; Meul et al., 2014;
Notarnicola et al., 2015). Being agriculture one of the most impacting
sectors (IPCC, 2006), the adoption of methodologies able to guarantee
the accurateness and quality of environmental assessments is needed
(Jensen et al., 1997; Kerkhof, 2012; Goedkoop et al., 2013). The envi-
ronmental impact assessment of agro-mechanical operations is an
essential component to quantify these responsibilities: they not only
concern acidification and eutrophication (e.g., application of fertilis-
ers) but also climate change and resources depletion, as main cause
of the use of fossil fuels and raw materials (IPCC, 2006; Notarnicola et
al., 2015). 
The most useful and emergent methodology to quantify the environ-

mental impacts of several productive sectors is the life cycle assess-
ment (LCA) methodology, characterised by a complete analysis
approach made of four phases (ISO standard 14040 series) (ISO,
2006). The phases are: i) goal and scope definition; ii) life cycle inven-
tory (LCI); iii) environmental impact assessment and iv) interpreta-
tion. The LCA application to the agricultural sector highlighted some
methodological problems because it was developed mainly for industri-
al processes. In agricultural processes, unlike for industrial ones,
inputs and outputs of the system are not always easily measured
(Brentrup et al., 2004; Dyer and Desjardins, 2003; Ossés de Eicker et
al., 2010; Bacenetti et al., 2012; Bengoa et al., 2014). In particular, to
obtain primary data (measured), regarding the several emissions
sources (in air, water and soil), expensive measures (in terms of
money and time) are needed. To overcome this concern, some databas-
es encompassing also the most common agricultural operations are
available (e.g., Ecoinvent, the Danish LCA food, the EU and DK input
and output database, the agri-footprint database). For agricultural
operations, the use of secondary data deriving from these databases is
the most applied solution; nevertheless, it is only a partial solution that
can introduce uncertainty. The main reason is that, given the database
complexity, not all or not always, LCA practitioners are aware of the
exact composition of the selected process.
Moreover, each mechanical operation process involved in the data-

bases refers to average conditions and parameters in terms of soil
(texture, water content), field shape and slope, distance from the farm
and tractors and implement features (e.g., mass, lifespan, annual
working time). Therefore, these processes are valid in their related
context, but the applicability in different ones should not be taken for
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granted. When a process from a database is used, it should be modified
using inventory data assessed taking into account local pedo-climatic
conditions. The availability of a tool that builds a reliable LCI for agri-
cultural operations in the different pedo-climatic contexts, reduces the
inaccuracies related to the uncritical use of database processes and can
help when an agricultural operation has not been already inserted in
databases.
This study relates to the Po Valley area located in Northern Italy, that

represents a very important area for Italian agriculture. Common crop
production systems consist of cereals (e.g., maize, rice and winter
crops; ISTAT, 2011) for which usual local mechanical operations are
carried out (e.g., tillage, crop management, irrigation, drying). By
adopting Ecoinvent (Ecoinvent, 2015) in this context, data often result
too much simplified and/or totally missing because average European
assumptions are not valid (Hansson et al., 2001; Nemecek and Kägi,
2007; Ossés de Eicker et al., 2010; Fiala and Bacenetti, 2012; Bacenetti
et al., 2014; Niero et al., 2015; Tendall and Gaillard, 2015). The lack is
especially evident when the study focuses on field conditions different
from those defined by Ecoinvent. In order to solve these concerns, a tool
has been developed to support the completion of an inventory reliable
for local conditions. 
The aim of this study is the description of the tool, called ENVIAM,

ENVironmental Inventory of Agricultural Machinery operations that has
been developed with the goal of supporting the realisation of a locally
reliable inventory about agricultural machinery. The inventory is need-
ed to define inputs and outputs referred to the functional unit to make
possible the subsequent phase of the life cycle impact assessment. In
addition, the perspicuity of results makes LCA practitioners aware of
the inventory data in study. 

Materials and methods

ENVIAM description
ENVIAM is the first release of a tool implemented in a MS Office

Excel spreadsheet structured to ease the logical steps to follow. It was
developed with the goal of assessing a specific inventory valid in the
Italian context and applicable in a wide range of different operative
conditions and alternatives (e.g., machines, soils with different tex-
ture). 
ENVIAM achieves an accurate quantification of the mechanical

parameters (tractor engine power and machinery specific features)
and of diesel fuel consumed that most affect agricultural field opera-
tions. It performs calculations with usual mechanical knowledge but
inputs and outputs of the operations are calculated through refined
awareness. Local inputs (e.g., fuel, lubricants and other materials) and
outputs (e.g., exhaust gases emissions) are calculated using both pri-
mary (measured) and secondary (context-specific) data. Results can be
obtained both for a single operation and for more of them, as the
methodology can be retraced for each operation in study. In the end, the
results referred to the functional unit (1 ha) or to the total studied field
surface can be used to fulfil the LCI phase of an LCA study. 
For what concerns the system boundary of each mechanical opera-

tion, the analysis includes materials that compose machines, fuel and
lubricant and the emission of the main exhaust gases from the com-
bustion in tractor engines. 
With regard to the implementation, the user-friendly interface was

specifically researched to facilitate the understanding and choice of the
parameters. Eleven worksheets were realised and can be discerned in
3 main groups: i) databases (tractor and machinery); ii) support
(tables, timing definition, linkage worksheet); iii) calculations

(mechanical calculations, fuel and exhaust gases emissions and
results). 
All worksheets need the user intervention in parameters selection,

according to the features characterising the case study. Firstly, two
databases of tractors and implements are furnished to have a wide
range of labels and models among which to choose the needed machin-
ery. Then, the mechanical operation to carry out must be selected from
a list. Currently, the main field operations for crops production typically
carried out in the Po Valley are enlisted.
As regards the supporting tables, parameters are given. They must

be specifically selected to calculate the requested tractor engine power.
Checks are made through tests and the user is directed in all choices.
Finally, ENVIAM calculates fuel consumption (FC), exhaust gases

emissions (EM), lubricants and materials consumed during each agri-
cultural machinery operation and results can be related both to the
whole operation in study and only to the functional unit (FU), which is
1 ha. By retracing the same steps for each operation, a whole produc-
tion chain or part of it can be analysed. 
Comparisons to investigate the influence on outputs can be made

among: i) optimal (best coupling solution of tractor and implement)
and other coupling alternatives. Optimal coupling means that the trac-
tor is selected from the database considering the most closed engine
power to the one calculated from the tool. Other coupling alternatives
can result by the selection of a tractor with too much high (or low)
engine power. This choice influences the final outcomes; ii) similar
agricultural machines for carrying out a mechanical operation. In this
case it means that the same operation is carried out comparing two or
more alternative implements; iii) machines adoptable for carrying out
alternative operations. Different machines are used for alternative
operations in order to analyse the solutions and choose the best alter-
native. 

Databases worksheets
Two databases have been realised; the first is currently composed of

100 tractors (records), classified per label and model and for each of
them, mechanical features are enlisted besides (fields). It was fulfilled
employing the official Organisation for Economic Co-operation and
Development (OECD) reports, Code 2, approved in 2010-2012. 
The second database currently lists more than 400 implements

(records), on the basis of the operations commonly carried out in the Po
Valley for crops production e.g., maize, winter cereals). The fields struc-
ture is similar to the former database and is reported in Figure 1: label
and model, typology of power absorbed [e.g., power take off (PTO) or no
PTO, towed or carried implement], absorbed engine power, working
width and depth (whether necessary), hopper volume (for seed, chemi-
cals and harvested grains), load capacity (for organic and mineral
spreaders and for trailers), mass composition (steel, glass, rubber, etc.),
total mass and engine features specific for self-propelled machinery. 

Support worksheets
In the first support worksheet, a wide number of tables are given,

distinguishing among different soil types or among agricultural
machinery operations. Information is included for adherence and
rolling coefficients, forward speed, power surplus coefficient, physical
lifespan of tractors, implements and tires, engine load and specific soil
resistance. The user must select one of the available values per table,
according to the selected operation and to the specific field features. 
A second worksheet is related to timings sub-division defined by

Reboul (1964; CIOSTA - Comité International d’Organisation
Scientifique du Travail en Agriculture). In this section, all the working
time components defined in the literature (e.g., effective work, turns,
arrangements, fillings) are reported and the user must measure them
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on field to fill in the table. Because field shape and size lead to different
working time - and LCI -, it is an essential data to measure on field. The
measured data are used to compose the total working time (T; h) of the
machinery operation (Eq. 1). However, not all of them are compulsory.
For instance, during rotary harrowing, neither filling nor emptying
time is needed; therefore the input value is 0.
                                                                                                                 

        

(1)

where: 
Ti (h) is the single temporal component.
TEF is effective working time, TAV turns at headlands, TAS fillings/emp-
tying, TAC field maintenance, TPL implement arrangement on field,
TME and TMI avoidable and unavoidable downtime (respectively), TRE
worker rest, TPH implement arrangement on farm, TRI transfers. 

Calculation worksheets
They are needed for the quantification of: 
- Inputs and outputs for each timing component. In particular, they are:
i) fuel consumption; and ii) exhaust gases emissions (CO, CO2, NOX,
HC and PM). With regard to emissions, it must be underlined that
the model quantifies the main ones, but that many other gases are
emitted, due both to the production of the machines and to that of
fuel and lubricant. This section is strictly dependent on tractor
engine power, which is the main variable to be quantified. It is cal-
culated according to the selected implement, to traction force and to
power requirement. According to the resulting engine power
request, the tractor is chosen from the database among those with a
similar power to the calculated (Figure 2). In more details, the trac-
tors’ database is fulfilled with a wide number of tractors that cover a
wide range of engine power (between 30.6-314.1 kW); therefore, the

database has enough options to find in any case a tractor with a sim-
ilar engine power to the calculated request. Indeed, when a similar
engine power is not selected, results are affected as follows (Figure
3): when a lower engine power is chosen, the tests in support of
engine power request calculation (adherence, lifting capability and
longitudinal stability) result negative, meaning that the tractor can-
not afford the working conditions; on the opposite, when a too much
high engine power is chosen, results are negatively affected because
the tractor works with a much lower engine load than it should in
optimal conditions and, as a consequence, fuel consumption and
exhaust gases emissions are subjected to change. Different outputs
from ENVIAM result in different inputs for the environmental
impacts assessment through LCA software.

- Inputs and outputs that depend on other variables (time, lifespan,

                             Article

Table 1. Minimum and maximum engine load values attributed
to each working time (i- timing). 

Working time                                                           λ %
                                                                 Min                           Max

Effective time                                                             50                                      100
Turns time                                                                   15                                       40
Refilling/emptying                                                       0                                         2
On-field maintenance                                                0                                         2
Assume the arrangement setting                           0                                         2
Avoidable downtime                                                   0                                         2
Unavoidable downtime                                              0                                         2
Rest time                                                                      0                                         2
On-farm maintenance                                               0                                         2
Transfer time                                                              30                                      100

Figure 1. Implements database includes agricultural machinery operations and each implement has records for specific technical char-
acteristics.
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masses, etc.) are: i) materials consumption; ii) lubricant consump-
tion; iii) input products for the fulfilment of operations (e.g., organic
and mineral fertilisers, irrigation water). ENVIAM calculates inputs
and outputs expressed per field. However, they are also reported to
the FU: materials consumption (kg·ha–1), fuel and lubricant con-
sumption (kg·ha–1) and exhaust gases emissions (g·ha–1).

Methodology definition

Engine load (λ)
The engine load (λ; %) is calculated as in Eq. 2: 

                                                 

(2)
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Figure 2. Representation of the steps: from the choice of the agricultural machinery operation to the achievement of results (ENVIAM
outputs and life cycle inventory inputs).
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where:
Pm (kW) is the engine power absorbed by the implement;
PmMAX (kW) is the tractor engine power.
According to literature, most of tractors run at 50-70% of PmMAX dur-

ing their whole life cycle (Janulevičius et al., 2013a, 2013b; Kim et al.,
2013; Lacour et al., 2014). However, λ significantly varies during the
operation and strongly influences FC. 
Therefore, in ENVIAM, each operation was built composing fractions

of working time (Reboul, 1964) in which different average λ occur.
Table 1 shows the λ range that was assumed for all the timing compo-
nents (i- timings) and it is recommended for optimal (or nearly opti-
mal) coupling between tractor and implement; however, it varies
according to coupling and to the operation. Usually, while effectively
working on field the λ is high, but it is not during the whole operation,
since λ can be much different during other activities that compose the
working time (e.g., during turns, maintenance and arrangement set-
tings, etc.). Low λ can occur during turns (the field shape affects the
number of turns and, as a consequence, the total turning time charac-
terised by that λ) and refilling/emptying (e.g., manure spreading, pes-
ticides spraying). In these cases, the tractor is on but not working
(engine at idle), therefore 0% is advised. About 2% is attributed to
those conditions in which only low power is used for the execution of
the operation (e.g., hydraulic power). Higher values are attributed to
more power-requesting operations.

Fuel consumption 
According to literature, there are several methods to calculate FC

(Grisso et al., 2004; Lazzari and Mazzetto, 2005; Serrano et al., 2007;
Janulevičius et al., 2013a; Sørensen et al., 2014). 
ENVIAM takes into account the specific fuel consumption (cs;

g·kWh–1), which is defined as the mass of fuel consumed per mechan-
ical energy unit produced (kW·h). cs and the engine load (λ; %) are
used to calculate the fuel consumption (FC; kg) applying Lazzari and
Mazzetto (2005). The fuel consumption occurring during the i- timing
(FCi; kg) is calculated applying Eq. 3: 
                                                                                                                

                                   
(3)

where:
csi (g·kWh–1) is the specific fuel consumption of the i- timing;
λi (%) is the i- engine load.
Total fuel consumption (FC; kg) is the summation of all FCi that com-

pose the operation (Eq. 4).

                                   
(4)
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Figure 3. Effects of engine power (PmMAX) on the coupling. 
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Exhaust gases emissions
EM are formed during fuel combustion in internal combustion

engines and depend on: i) age of the engine; ii) engine power; and iii)
engine load with its related dynamic changes.
The year in which the engine was built is crucial, since the emissive

limits to which it belongs strongly influence the levels of exhaust gases
emissions, as defined by applying the Emissive Standards got from the
EU Directive 97/68/EC (and following amending ones: Directive
2010/26/EU, Directive 2010/22/EU) and the ISO standard 8178-4 cycle
C1 (European Commission, 1998; ISO, 2007; European Commission,
2010a, 2010b). 
Different methods are proposed in literature to assess EM in tractors

engines (Hansson et al., 2001; Nemecek and Kägi, 2007; Schäffeler and
Keller, 2008; Lindgren et al., 2010; Janulevičius et al., 2013a, 2013b;
Kim et al., 2013). However, only Schäffeler and Keller (2008) make
available a tool accessible according to the EU Directive and, conse-
quently, to the engine of the specific tractor present in ENVIAM data-
base. The EU Directive dictates engine producers to respect the emis-
sive limits for the main exhaust gases that are CO2, CO, NOX, HC and
PM. However, during combustion in internal engines, many other
gases are produced, but are not quantified in this tool. 
In ENVIAM, EM (g) of CO2, CO, NOX, HC and PM are calculated

according to these authors. Except for CO2, exhaust gases emissions
are quantified as follows:

 
(5)

where: 
EMi (g) is the emission of the i- timing;
EMSP is the specific limit of each exhaust gas (g·kWh–1);
CF1, CF2 and CF3 are correction factors. 
By considering different λi and Ti, the total emissions of each exhaust
gas are calculated (Eq. 6).

  
(6)

As concerns CO2 from diesel engines, 3.150 gCO2/gFUEL is the factor
employed (Schäffeler and Keller, 2008). Once the European Stage of
engine belonging is inserted, according to the year of engine produc-
tion, the proper emission value is picked out. Table 2 shows a numeri-
cal example with a tractor that shows different emissions at different
working timings. 

Amount of machinery and materials
ENVIAM evaluates tractors and implements material consumption

(AM; kg) during the operation: 

  
(7)

where:
m (kg) is the mass (tractor/implement);
PL (h) is the physical lifespan.
PL is the maximum amount of time the machine can work and

depends on the typology of work and on the materials needed and used.
Average values (Bodria et al., 2006) are suggested but the user can
insert different ones according to his study.
In literature, there is an evident lack of data about agricultural

machinery composition and manufacturers do not even make these
data available. The only accessible are given by Ecoinvent v3 and by few
manufacturers’ environmental declarations of different machines (e.g.,
Volvo: http://www.volvoce.com/constructionequipment/corporate/en-
gb/environment/publications/Pages/publications.aspx). As regards trac-
tors (AMTR; kg), materials masses consumed were calculated consider-
ing tractor masses as defined by OECD Reports (2010-2012) and tractor
lifespans by Bodria et al. (2006); their subdivision was established as
reported by Nemecek et al. (2011). For implements (AMOM; kg), several
and significant differences among machines for different operations
were evident, therefore AMOM was calculated according to information
obtained through interviews with experts. 
Materials distinction is applied to those tractor materials that are

part of the machine for the whole lifespan (partial wear); those contin-
uously consumed are calculated separately (e.g., lubricants, tire sets).

Lubricant consumption
Lubricants substitution in tractors is made according to mainte-

nance schedules, which suggest to substitute engine lubricants on
average every 300-400 h of work (Tr; h), whereas in other tractor com-
ponents the time is longer (gearbox, hydraulic lift, PTO, transmission
components). 
Tractor lubricant consumption (LC; kg) was calculated with (Eq. 8). 

                                                                    
(8)

where:
V (m3) is the lubricant volume;
Tr (h) is the retention time (time during which the lubricant remains
exploitable in engine/other components);
g (kg·m–3) is the lubricant density. 
Moreover, also agricultural machinery LC was reported, as assumed

valid for appropriate maintenance schedules and resulting from inter-
views with experts.

Tire sets consumption
No data were found in literature about tire sets real lifespan except
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Table 2. Example of tractor (PmMAX = 96.4 kW) belonging to emissive Stage 2 that shows at different timing components a different
engine load and consequently different exhaust gases emissions for a ploughing operation. 

              Timings                  Engine load             CO emiss.             HC emiss.               NOX emiss.            PM emiss.            CO2 emiss.
                (Ti; h)                         (λ; %)              (EM; g∙ha−1)      (EM; g∙ha−1)         (EM; g∙ha−1)       (EM; g∙ha−1)      (EM; g∙ha−1)
         TEF                         1.2 h                    73%                               194.98                            45.22                                676.53                             37.25                         60,877.63
         TAV                        0.12 h                   30%                                 8.02                               1.86                                  27.82                               1.53                            4852.87
         TAC                        0.04 h                    1%                                  0.09                               0.02                                   0.31                                0.02                             103.72
         TPH                       0.08 h                    1%                                  0.18                               0.04                                   0.62                                0.03                             207.43
         TRI                        0.06 h                   40%                                 5.35                               1.24                                  18.55                               1.02                            2640.07
TEF, effective time; TAV, turns time; TAC, on-field maintenance; TPH, on-farm maintenance; TRI, transfer time.
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for Ecoinvent database (Nemecek and Kägi, 2007), which only showed
a single average value assumed valid for all tractors and conditions
(2500 h).
To compensate for the lack, tractor tire sets lifespan (hPN; h) was

assumed from interviews with experts according to the prevailing trac-
tor working activity (Table 3). Attributing different lifespan values per-
mitted to distribute rubbed-off rubber during an adequate time set. 
To calculate tire sets mass (mPN; kg), a coefficient kPN (0.0975

kgPN·kgTR–1; Nemecek and Kägi, 2007) was employed. It is an empiric
ratio between tires mass and tractor mass, validated through measure-
ments on-site as well.
The rubber composing the tire (TC; kg) was calculated with Eq. 9 and

distributed along tractor lifespan. 

                                                                    
(9)

where:
mPN (kg) is the tire sets mass;
hPN (h) is tire sets lifespan;
kh (%) is the ratio between tire sets lifespan and tractor lifespan.

Coupling calculations 
Mechanical operations were distinguished in order to take into

account the specific power requests. The distinction concerns: 
- The typology of implement coupled, so implements are: i) towed (T);
or ii) carried (P). 

- The operations, which are generally distinguished in: i) primary and
secondary soil tillage; ii) crop management; iii) stationary; and iv)
transport. 
The power absorbed by the implement (Pm; kW) depends on the

tractor global efficiency (hg; %) that characterises the operation; val-
ues for hg are obtained from Bodria et al. (2006) and depend on power
dissipations that vary between 2WD and 4WD and among the typologies
of power request.
As concerns these last, the distinction is among: i) stating (F): the

work is carried out in a stationary position (e.g., irrigation, hydraulic
woodcutter); ii) towing (T): the implement is only towed by the tractor
(e.g., transport); iii) towing and PTO (T+PTO): the implement needs
both traction force and PTO power (e.g., organic fertilisers spreading,
hay baling); iv) carrying (P): the implement is carried and only traction
force is needed (e.g., ploughing, fixed teeth harrowing); v) carrying and
PTO (P+PTO): the implement is carried and PTO power is needed (e.g.,
rotary harrowing, sowing, pesticides spraying, mineral fertilisers
spreading).
With regard to both primary and secondary soil tillage operations,

required engine power differs as function of soil texture as well; the
specific soil resistance (r; N·m–1·cm–1) values, specific per soil texture
and per machinery operation, were taken from literature (Bodria et al.,
2006). Similarly, adherence and rolling coefficients originate from
Bodria et al. (2006). Adherence coefficient is needed in adherence test
and rolling coefficient in traction force calculation.
To calculate Pm:

                                                                   (10)

where:
Ftr (N) is traction force - calculated by the tool;
va (km·h–1) is average forward speed;
hg (-) is tractor global efficiency - defined by the user in the parameters

section.
To calculate Pm for PTO power operations: 
                                                                                                                

                                                                   (11)

where:
PPTO (kW) is the specific power demanded from the PTO available in the
implements’ database. Once Pm is calculated, power surplus coefficient
(kr; % - range: 1.05-1.30·Pm) is taken into account, with the purpose of
considering potential higher power requests if hard working conditions
occur. kr is selected from the specific table. 

Tests 
After the tractor selection, tests are made to verify the adequateness

of the choice as shown in Figure 4 as well: 
- Adherence test (Fiala, 2001; Bodria et al., 2006): to verify that the
tractor can overcome external resistance forces. Parameters are
already available in ENVIAM: i) tractor mass (mTR; kg); ii) tractor
weight/power ratio (b; N·kW–1); iii) adherence coefficient (ca).
Verify whether adherence (Ad; N) - calculated by multiplying adher-
ence weight (Ga; N) and adherence coefficient (ca) - is higher than
Ftr (N). Ga for 2WD tractors is the weight on the rear axle, whereas
for 4WD tractors is the total weight. Whether Ad < Ftr, ballasting (Gz;
kg) is compulsory. 

                                                                                                               

                                                              (12)

However, if too much ballast is necessary (Gz ≥ 0.3·mTR) a more power-
ful (and heavier) tractor is advised. 

- Lifting test (ASABE, 1997): for carried implements, to verify that the
tractor hydraulic lift is capable of lifting the implement. This test
concerns: i) maximum lifted weight (GsMAX; N); ii) implement mass
(mOM; kg); iii) length of parallels on three point hitch till tractor rear
axle (br; m); iv) implement length till its centre of gravity (bs; m); v)
reference distance brif (equal to 0.610 m).

                                                     (13)

br and bs were already inserted in ENVIAM, however, the user can
use specific values. This is especially valid for bs, as it differs accord-
ing to implement length. As for br, the value 0.80 m was selected,
being valid for a wide range of tractors. 

                             Article

Table 3. Lifespan of tire sets according to the prevailing tractor
activity.  

Prevailing field operation                           Tire sets lifespan (h)
                                                                  Min                          Max

Primary soil tillage                                                   4000                                  5000
Secondary soil tillage                                              5000                                  6000
Crop management                                                    6500                                  8000
Transport                                                                    2000                                  3000
Mixed work                                                                3000                                  7000
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- Longitudinal stability test (D.lgs. 81/08, attachment 5; Italian
Regulation, 2008): to verify that the tractor will not overturn longitu-
dinally. Needed data already available in ENVIAM are: i) tractor and
implement masses (mTR; kg and mOM; kg); ii) tractor pitch distance
(bp; m); iii) length of parallels on three point hitch till tractor rear
axle (br; m); iv) implement length till its centre of gravity (bs; m).
Italian law D.lgs 81/08, attachment 5 states that 20% of the weight of
the tractor plus the worker (assumed standard weight equal to 75
kg) considering bp, br and bs must be higher than the weight of the
implement (Italian Regulation, 2008):
                                                                                                               

                                           (14)

When this condition is not verified, tractor mass is not suitable to
such an implement and either ballasting or another tractor or imple-
ment must be selected. 

Output worksheet
The output worksheet is divided in two parts. The first includes

mechanical data of tractor, implement and operation as consequence of
coupling. Data selected in the other worksheets are picked up and for
the major part of them, the user plays a basic role: whether the selected
value is correct, the test results positive (cell in green background);
where no range is reported, the user inserts a value that can be either
the same as the calculated or a different one. In addition, a column is
devoted to checks. To complete the analysis and if required for the oper-
ation, the user can include input materials (IN; kg - e.g., amounts of fer-

tilisers, pesticides, seed, irrigation water, etc.); however this is not
compulsory. The second part is composed of the results of the agricul-
tural machinery employment. Therefore, it is reported the
consumed/emitted amount (total and related to 1 ha) of: i) fuel (FC; kg
and kg·ha–1); ii) lubricant (LC; kg and kg·ha–1); iii) tractor and imple-
ment (AM; kg and kg·ha–1) both the total and the internal material
composition; iv) tire set rubber (TC; g and g·ha–1); v) input products
(IN; kg and kg·ha–1); vi) emissions into air due to exhaust gases (EM;
g CO2, g CO, g NOX, g HC, g PM and g·ha–1).

Results

Goal and structure of the case study
In order to explain how ENVIAM works and the achievable results, a

case study concerning ploughing operation was realised. In the following
sections, two comparisons are described. First, an explanation of the out-
puts got from ENVIAM is reported. In more details, the outputs were cal-
culated for three cases in which the type of soil was variable, while imple-
ment, working time and all the mechanical parameters not influenced by
the soil were the same. The first comparison was made between ENVIAM
ploughing process related to a medium texture soil and the same process
present in Ecoinvent v3. This analysis aimed at evaluating whether, in
the same working conditions, the two tools made feasible the achieve-
ment of similar results. The second comparison was made within ENVI-
AM, analysing the consequences of soil variability on the assessment of
mechanical choices (e.g., tractor engine power) and on the consumption
of inputs and emission of combustion exhaust gases. 
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Figure 4. Tests carried out to verify adequateness of the selected tractor. Tests are adherence, lifting capability and longitudinal stability. 
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Description of ENVIAM outputs 
With regard to ENVIAM, a commercial three ploughshares mould-

board plough, mass 1600 kg, was selected from the database to carry
out the operation. The soil texture was considered variable, therefore
three conditions were assessed: i) sandy soil (SA); ii) medium texture
soil (MT); iii) clay soil (CL). For each soil condition, soil resistance (r)
values were for SA r = 300 N·m–1·cm–1, for MT r = 550 N·m–1·cm–1 and
for CL r = 1100 N·m–1·cm–1. Consequently, power required to carry out
ploughing differed and different tractors were needed. For all the three
cases, the selected parameters are reported in Table 4.
A tractor with similar PmMAX was selected from the database verifying

adherence (whether needed quantifying ballasting), lifting and stabil-
ity. With regard to working time composition and engine load, a subdi-
vision is reported in Table 5. The working time was measured on three
fields with different soil texture worked by the same operator and the
same implement, but with different tractors. Figure 5 reports the fol-
lowed logical steps. The total time was the same for all the three cases:
the effective working time was the same, since working width and
speed were constant. As for the other timing components (TAV, TAC,
TPH and TIR), time requirements were measured on field and resulted
analogous, since the operator was the same and the field shape was
similar, in order to assess comparable working conditions. Similarly,
engine load was calculated during the effective working time (λTEF) and
differed in each case according to Pm and PmMAX. On the other compo-
nents of working time, λ was assumed the same in all three cases.
The total working time was T = 1.61 h·ha–1 and Figure 6 shows time

subdivision.  Table 6 reports the results of FC, EM, amounts of lubri-
cant, tire and machines consumed (for both tractors and plough) of the
three cases evaluated with ENVIAM. 

Comparison with Ecoinvent process
In order to compare results of ENVIAM with those of Ecoinvent data-

base, it must be considered that Ecoinvent only considers an average
value for medium texture soils (Figure 7). 
Therefore, a comparison with ENVIAM could be done only in this

condition. The FC in medium texture conditions calculated from ENVI-
AM was 25.7 kg·ha–1 and was similar to that from Ecoinvent (26.1
kg·ha–1), with a difference lower than 2%. Even if in average conditions
the variability between the two data sources was small, it can be
explained by the calculation method. Fuel consumption was quantified
taking into account the engine load in each timing, the specific fuel
consumption of the selected tractor and an effective fieldwork capacity
defined according to the operative conditions. 
With regard to exhaust gases emissions, stronger differences were

evident. In particular, for CO, NOX and CO2 the difference from ENVIAM
was 23%, 180% and 101%, respectively; HC and PM were not compara-
ble to Ecoinvent data. Nevertheless, ENVIAM adopts the recent
European Stage emissive standards; therefore, the normative limits
expressed in the EU Directive are respected. 
Since no consideration could be made on lubricants and tire sets, as

ENVIAM and Ecoinvent do not have the same aggregation of results,
only amount of machines consumed was compared. This last, however,
was relevant, being 218% and 170% higher in Ecoinvent than in ENVI-
AM. The effective duration of the operation and machines lifespan
mainly explained these results. 

Comparison with different soil textures
In order to examine the differences occurring by varying soil tex-

ture, the medium texture ploughing operation resulting from ENVI-
AM was compared with the one in sandy and clay soils. Selected
options are reported in Table 7. Soil type influences PmMAX needed to
carry out the operation, and, consequently, FC and EM. In particular,

                             Article

Figure 5. Sharing of the influence of mechanical and local param-
eters on working time and engine load (λ). TEF, effective time;
TAV, turns time; TAC, on-field maintenance; TAS, refilling/emp-
tying; TPL, assume the arrangement setting; TPH, on-farm main-
tenance; TRE, rest time; TRI, transfer time; TME, avoidable
downtime; TMI, unavoidable downtime.

Figure 6. Time subdivision. 

Table 4. Selected input parameters for the case study.

Parameter                                             Symbol                   Value

Average speed                                                             va                           6.0 km∙h−1
Tractor global efficiency                                          hg                                56%
Working width                                                              L                               1.35 m
Working depth                                                             H                               0.35 m
Power surplus coefficient                                        kr                                 20%
Tractor lifespan                                                        PLTR                           12,000 h
Implement lifespan                                                 PLOM                            2000 h
Tire sets lifespan                                                      hPN                              4000 h
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FC for ploughing on a sandy soil resulted equal to 65% of the one
occurring on a medium texture soil, while was equal to 187% for a
clay soil. Exhaust gases emissions showed a similar behaviour as
well, highlighting the lowest emissions on sandy soils and the high-
est on clay soils. The release of CO, HC, NOX and PM ranged between
45-46% for sandy soils when compared with medium texture ones.
CO2, however, had a similar behaviour to FC in all soil conditions,
being directly influenced by fuel consumed. On a clay soil, exhaust
emissions from engine tractors during ploughing were 138%, 198%,
120% and 198%, respectively for CO, HC, NOX and PM of medium tex-
ture case. With regard to the amounts of lubricants, tires and mate-

rials consumed, the differences occurring among the three tractors
(the plough was the same in the three cases), were due to PmMAX and
to the selected tractor masses (3552 kg, 5380 kg and 11,430 kg,
respectively for tractors employed on SA, MT and CL). In addition,
comparing FC results with the average one from Ecoinvent database
results are 64% and 184%, respectively in sandy and clay conditions.
Moreover, if not only the soil, but also the implement was varied,
stronger differences could have taken place. As an example, with a 5
ploughshares mouldboard plough, total working time would have
reduced to 1.29 h·ha–1, being wider the working width. FC in sandy,
medium texture and clay soils would vary between 79-113%; EM as

                             Article
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Figure 7. Data employment in ENVIAM and Ecoinvent including an example of the results about fuel consumption for a ploughing
operation that is carried out considering local (ENVIAM) and average conditions (Ecoinvent).

Table 5. Subdivision of time and engine load composing case study. 

                                                                                                        Plough operation
Timing subdivision    TEF*                TAV           TAS          TAC             TPL           TME           TMI           TRE          TPH         TRI       Total

Ti (h∙ha−1)  1.23                  0.30                       0.00                0.02               0.00                  0.00                0.00                0.00                0.03               0.03            1.61
λ (%)             73a                     30                           0                     2                    0                       0                     0                      0                     2                   40                 -
                        80b
                        79c                       
TEF, effective time; TAV, turns time; TAS, refilling/emptying; TAC, on-field maintenance; TPL, assume the arrangement setting; TME, avoidable downtime; TMI, unavoidable downtime; TRE, rest time; TPH, on-farm main-
tenance; TRI, transfer time. ∗λ during TEF (λTEF) varies depending on required power (Pm; kW). Being λ quantified as function of PmMAX and Pm, the differences in λTEF are justified by the lower/higher Pm and coupled
tractor (different PmMAX). aλTEF in SA (Pm is 43 kW); bλTEF in MT (Pm is 77 kW); cλTEF in CL (Pm is 155 kW).
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well, ranging between 64-143% for all exhaust gases considered,
when compared with the ones with three ploughshares. In addition,
since more powerful tractors would be needed, also higher amounts
of materials, tires and lubricants would be consumed compared to
the three-ploughshares, varying between 117%-145% for AM, 73%-
147% for LC and 117%-166% for TC.

Discussion

The development of ENVIAM tool brought to raise the awareness
that a locally reliable instrument can be significantly helpful to
realise a complete and trustworthy LCI. All calculations concerning
tractor-implement coupling, tractor’s engine power, implement’s
absorbed power, traction force and slipping are already available in
literature. Researchers implemented many models in former years
(Lazzari and Mazzetto, 1996; Rotz et al., 1983; Siemens et al., 1990;
Haffar and Khoury, 1992; Søgaard and Sørensen, 1996; de Toro and
Hansson, 2004). However, ENVIAM uses this typology of well-known
calculations to develop a system working with the input databases
available. In addition, goal of models developed in the 80s and 90s was
the assessment of the economic cost of a coupling decision. On the

opposite, goal of ENVIAM is the estimate of locally reliable inventory
data used for subsequent environmental analyses of agricultural
machinery operations. The calculation of inputs and outputs is
obtained from the distinction of the operation in working timings, to
each of which, a duration and a specific engine load are attributed.
Therefore, the tool takes advantage of a well-known topic, to develop
a useful calculation for nowadays-environmental issues. The case
study highlighted that, comparing Ecoinvent ploughing process with
ENVIAM one in the same soil conditions, low differences (<2%)
resulted about fuel consumption. However, they were not negligible
with regard to other values, such as for CO and NOX emissions (23%
and 180%, respectively), as well as for tractor and plough consump-
tion (2.2 and 1.7 times higher for Ecoinvent for tractor and plough,
respectively). With regard to the comparison carried out within ENVI-
AM, several differences were highlighted considering the variables
taken into account. In particular, the increase in soil resistance
forces when the soil was sandy, of medium texture and clay, respec-
tively, caused an increase in tractor engine power requirement,
whose satisfaction involved an increase in fuel consumptions and
exhaust gases emissions as well as in the materials consumed (big-
ger masses). About fuel consumption and exhaust gases emissions,
the analysis of engine power and load made achievable the reach of
higher accurateness. For emissions in particular, the use of the EU

                             Article

Table 6. Results of fuel consumption, exhaust gases emissions, lubricant, tire and material consumption of the three tractors and plough
obtained from the comparison among sandy, medium texture and clay soils in ENVIAM.

Parameters                                                      ENVIAM
Soil type                                          SA                                       MT                                              CL                                                   

Tractor                                                  Case IH JX 90                    Landini Landpower 135 T3                    Massey Ferguson 8650                                         Plough
PmMAX (kW)                                                   58.8                                                  96.3                                                         196.8                                                               -
FC (kg∙ha−1)                                               16.7                                                  25.7                                                          48.0                                                                -
CO (g∙ha−1)                                               423.5                                                914.5                                                       1265.0                                                              -
HC (g∙ha−1)                                                16.5                                                  35.6                                                          70.3                                                                -
NOX (g∙ha−1)                                             264.3                                                570.8                                                        683.5                                                               -
PM (g∙ha−1)                                                 2.0                                                    4.4                                                            8.7                                                                 -
CO2 (g∙ha−1)                                           52,492.3                                          80,815.4                                                  151,286.2                                                           -
Lubricant (kg∙ha−1)                                  1.37                                                  1.14                                                          1.43                                                             0.07
Tire sets (g∙ha−1)                                     17.0                                                  67.5                                                         126.5                                                             0.0
TR and OM, total (kg∙ha−1)                     0.48                                                  0.71                                                          1.51                                                             1.27
SA, sandy soil; MT, medium texture soil; CL, clay soil; FC, fuel consumption; TR, tractor; OM, implement.

Table 7. Results of the options selected in ENVIAM for analysing different soil type conditions.

                                                                          Selected options                                      
Soil typology                                                 Sandy                                                                                                 Clay

Tractor                                                                        Case IH JX 90                                                                                                       Massey Ferguson 8650
WD                                                                                          4                                                                                                                                      4
PmMAX                                                                                58.8 kW                                                                                                                         196.8 kW
Pm                                                                                     42.2 kW                                                                                                                         154.7 kW
csmin                                                                              228g∙kWh−1                                                                                                                 209 g∙kWh−1
λTEF                                                                                       73%                                                                                                                                 79%
λ0                                                                                          93%                                                                                                                                 79%
Emissive stage                                                                   IIIB                                                                                                                                 IIIB
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Directive limits at different Stage of belonging, as well as specific
engine loads at different working timings increases the reliability.
Moreover, specific engine power, masses, working time and tractor
lifespan mark the accurateness increase of outputs as well, which
nowadays represents the main lack in Ecoinvent database. This is a
particularly relevant issue for LCA studies that focus on agricultural
systems. The reason is that studying a system, characterised by local
pedo-climatic variables, but using average data will give misleading
results. In fact, when the local features are taken into account,
Ecoinvent shows inadequate outcomes. In the case study, the average
was too much high for sandy soils and too much low for clay soils.
Similar evaluations could also be carried out for analogous operations
with wider or tinier implements (e.g., 5 ploughshares plough) and for
other operations, e.g., harrowing, seeding, mineral and organic fertil-
ising, harvesting. Even if this study aimed at describing a tool usable
for the LCI phase, it is plausible to assume that the resulting differ-
ences are relevant for the assessment of the environmental impacts
of agricultural machinery as well. If Ecoinvent was applied, at the end
of an LCA study, an improper environmental impact assessment
would be entailed. However, focusing on ENVIAM implementation,
improvements can still be reached. In particular, the increase of oper-
ations in the database and a higher amount of machinery represent
the main achievable enhancements, also developing other cultivation
systems such as other open-field cultivations (e.g., potatoes, toma-
toes), haying, orchards, as frequently appear in Italian and European
cultivation contexts.

Conclusions

The attention on the environmental issues linked to agricultural
machinery has recently increased enormously. Many databases and
tools are available for research and commercial users to quantify the
impacts on the environment of agricultural processes, but their relia-
bility is poor when different pedo-climatic and mechanical conditions
occur. In this study, the objective was to describe a tool developed to
have those locally reliable inventory data necessary as inputs for sub-
sequent LCA studies. ENVIAM was implemented using data about trac-
tors and implements from literature, technical documentation and
manufacturers. Databases of tractors and implements were inserted
with the specific goal of having a wide range of ordinary machines, in
order to adapt the software tool to the real farm conditions. Moreover,
the completely mechanised field chain can be quantified by retracing
the same modules for each operation. To show the effect of ENVIAM
use on the inventory data, a comparison between its outputs and those
from Ecoinvent v3 was done. It showed that average values present in
Ecoinvent are applicable only in similar conditions, whereas when soil
and implement have diverse features, the differences are not negligi-
ble. In conclusion, ENVIAM results not only in a support for LCIs, but is
also a standalone tool. It can be applied to studies in which mechanical
aspects are linked to environmental evaluations and in which environ-
ment-improvement possibilities must be compared and analysed. 
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Glossary

Engine parameters
Maximum power                                                                                   PmMAX              kW
Power absorbed by the implement                                                       Pm*          kW
Power at the minimum specific fuel consumption                           Pmcsmin             kW
Minimum specific fuel consumption                                                    csmin     g·kWh–1
Engine load                                                                                                λ             %
Engine load at the minimum specific fuel consumption                     �λ0            %

Tractor (TR)
Forward speed                                                                                           va         km·h–1
Global efficiency                                                                                      �hg            %
Traction force                                                                                           Ftr             N
Traction power                                                                                          Ptr            kW
Power at PTO                                                                                           Ppto           kW
Weight/power ratio                                                                                   b         N·kW–1
Adherence weight                                                                                    Ga             N
Adherence coefficient                                                                              ca              -
Ballasting                                                                                                  Gz            kg
Power surplus coefficient                                                                        kr              -
Pitch distance                                                                                           bp            m
Length of parallels on three-point hitch till tractor rear axle              br             m
Distance between TR’s journal boxes and OM’s centre of gravity      bs             m
Mass                                                                                                           m            kg
Maximum lifted weight                                                                         GsMAX          N

Implement (OM)
Working depth                                                                                           H            cm
Working width                                                                               b            m

Rolling coefficient                                                                         cr             -
Effective field capacity                                                                EFC      ha·h–1

Field and working time components
Surface                                                                                           A           ha
Total time for fieldwork operations                                             T            h
Effective time                                                                              TEF          h
Turns time                                                                                   TAV          h
Filling-emptying time                                                                 TAS          h
On-field maintenance time (regulations)                                TAC          h
Avoidable downtime (working disorganisation)                     TME         h
Unavoidable downtime (sudden breakings)                            TMI          h
On-farm preparation time (coupling/ uncoupling)                 TPH          h
On-field preparation time (arrange the working layout)        TPL          h
Rest time                                                                                     TRE          h
Transfer time                                                                               TRI          h
Physical lifetime                                                                           PL           h

Materials consumption and emissions
Amount of machine (TR and OM)                                             AM     kg·ha–1
Emissions                                                                                    EM           g
Specific combustion gases emissions                                      EMSP   g·kWh–1
Fuel consumption                                                                         FC      kg·ha–1
Lubricant retention time                                                             Tr            h
Lubricant consumption                                                                LC      kg·ha–1
Tire lifetime                                                                                 hPN           h
Tire mass                                                                                     mPN         kg
Ratio between tire and tractor lifetime                                      kh           %
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a b s t r a c t

The interest in environmental assessments about agricultural processes is high and asks for tools for
accurate impact evaluations. The methodology commonly used in these studies is the Life Cycle
Assessment (LCA), of which the inventory phase (Life Cycle Inventory e LCI) is the essential and most
complex step to fulfil, for agricultural productions in particular. The reason is that taking into account
local variables such as soil texture and mechanical operative solutions for the agro-mechanical opera-
tions is difficult.

The aim of this study was to perform a case study to quantify the environmental impacts through LCA
of alternative ploughing solutions and to quantify the differences that occur when an analysis is fulfilled
with inventories completed with two different tools. First, when a database furnishes average data
(Ecoinvent) and, secondly, when the inventory is completed with a tool that considers local variables. In
particular, the used new tool is ENVIAM (ENVironmental Inventory of Agricultural Machinery opera-
tions), which was developed to take into account local variables. Finally, a subsequent goal was to
quantify the environmental impacts through LCA of alternative ploughing solutions. Using ENVIAM,
mouldboard ploughs were compared with slatted ploughs and variables such as the number of
ploughshares, the field shape ratio (i.e. the ratio of field length and width considering regular quad-
rangles) and soil texture differed. Fuel consumption and exhaust gases emissions were calculated as
function of working time, engine load and European Standard Emissive Stage. The functional unit was
“1 ha tilled in a primary soil tillage operation appropriately and completely carried out” and the Inter-
national Reference Life Cycle Data System (ILCD) characterization method was used for the impact
assessment. The most common implement present in Northern Italy, the 3 ploughshares mouldboard
plough, was considered as baseline scenario. When working on medium texture soils, discrepancies with
Ecoinvent were not negligible (less than 9% for Climate Change and Ozone Depletion). However, they
resulted even 2e3 times higher for Particulate Matter and Mineral and Fossil Resources Depletion.
Instead, when soil texture differed, dissimilarities were considerably higher. For example, Climate
Change impact category ranged between �46.2% and þ108.1% of the identified baseline case (with sandy
and clay soils, respectively).

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The assessment of environmental impacts of agricultural activ-
ities is spreading as consequence of the attention given to envi-
ronmental sustainability issues. To carry out these assessments, the
methodology to use is the Life Cycle Assessment (LCA) (CEC, 2003),
characterized by a complete analysis approach (ISO 14040, 2006).
Even though it is a widespread tool, carrying out a LCA can still be
: þ39 02 50316845.
relli).
complicated because the inventory fulfilment is complex. However,
databases to complete inventories are commonly available (e.g.,
Ecoinvent, the Danish LCA food, the EU and DK input and output
database, Ecoinvent, 2015; Nielsen et al., 2003; Jannick et al., 2010).
Their limit is the accurateness, which represents an undeniable
drawback to truthful environmental assessments (Bengoa et al.,
2014; Meul et al., 2014; Notarnicola et al., 2015; Falloon and
Betts, 2010). With regard to some production sectors, however,
the lacks in databases cause big concern. In absence of both trustful
databases as well as primary (measured) data, different tools are
necessary for the completion of inventories with acceptable quality
(Dyer and Desjardins, 2003; Oss�es de Eicker et al., 2010; Bengoa
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et al., 2014). For example, the agricultural sector is responsible for
notable environmental impacts (Intergovernmental Panel on
Climate Change, IPCC, 2006), such as climate change, acidifica-
tion, eutrophication, ozone depletion and mineral and fossil re-
sources depletion. In this sector, agro-mechanical operations play a
significant role on the environmental effects (Intergovernmental
Panel on Climate Change, IPCC, 2006; Hokazono and Hayashi,
2012; Notarnicola et al., 2015; Dace et al., 2015; Keyes et al.,
2015): each mechanical operation is characterised by operative
choices that are the result of local concerns (soil texture, field shape
ratio, declivity, climatic issues such as temperature and rainfall).
Their variation affects operational choices that cause, in turn, more
or less remarkable environmental impacts. In particular, soil
texture and implement dimension influence the farmer operational
choices (i.e. selection of an adequate tractor, work organization on
farm). These local characteristics are difficult to obtain, to measure
or even to implement in a database (Dyer and Desjardins, 2003;
Oss�es de Eicker et al., 2010; Bengoa et al., 2014), but methodolo-
gies able to guarantee accurateness and quality of inventories for
agro-mechanical operations are essential for appropriate environ-
mental assessments (Jensen et al., 1997; Kerkhof, 2012; Goedkoop
et al., 2013). In fact, with regard to some agricultural activities,
the most widely employed database for LCA, which is Ecoinvent
(Ecoinvent, 2015), furnishes simplified or totally missing informa-
tion on some agricultural processes (Tendall and Gaillard, 2015;
Niero et al., 2015; Bacenetti et al., 2015a, 2015b; Ingrao et al.,
2015). In particular, when the analysis focuses on conditions (e.g.,
soil texture, field shape ratio, implements) that differ from averages
and/or common assumptions, the lack in information is tedious.

In order to have a tool able to support the fulfilment of in-
ventories with respect to local variability, the tool ENVIAM (ENVi-
ronmental Inventory of Agricultural Machinery operations) was
developed for agricultural machinery operations (Lovarelli et al., in
press) and was here employed to fulfil the inventory of a LCA about
ploughing. This tool was built by the Department of Agricultural
and Environmental Sciences, Production, Landscape, Agroenergy, of
the Universit�a degli Studi in Milan. In this study, the inventory
completed with ENVIAMwas inserted in a LCA software to evaluate
the influence of soil texture and operative conditions on the envi-
ronmental impacts assessment of primary soil tillage. Primary soil
tillage is the grouping of those operations (e.g., ploughing, sub-
soiling, scarifying) carried out to alter the soil state, from a non-
cultivated to an unrefined one. Among the agro-mechanical oper-
ations, primary soil tillage is one of those more deeply affected by
soil texture and operative variables (Bacenetti et al., 2014a). Soil
tillage was chosen in this study because it is a basic operation and,
even if its technical development already reached the maximum, it
is one of the most frequent agricultural process hotspots on the
environmental point of view (Brentrup et al., 2004; Fusi et al., 2014;
Bacenetti et al., 2013b, 2014b; Noya et al., 2015).

The aim of this study is the assessment of the environmental
impacts of ploughing operation carried out both with different soil
textures (sandy, medium texture and clay soils) and with different
machinery (both 3 and 5 ploughshares mouldboard ploughs and 3
ploughshares slatted ploughs) in order to identify and quantify the
error made when no local information is used. Moreover, one
additional option was the variation in field shape ratio, to analyse
whether a different environmental impact could be highlighted in
this condition. The study analysed agricultural working conditions
typical of the Po Valley in Northern Italy, which is the most
important Italian agricultural area for crop production systems
(e.g., maize, rice and winter cereals, in particular; ISTAT, 2015).

The novelty of this study is not the assessment of the environ-
mental impacts of ploughing operation, but the quantification of
the different environmental impacts of ploughings carried out in
diverse local conditions. In particular, it is essential to underline
that what emerges from databases is adequate for average working
conditions, but is misleading, both in negative and in positive
terms, when the database does not have the same assumptions of
the study.

The paper is divided in two parts: first, the description of the
model ENVIAM is given, while in the second part the model is
employed for supporting the fulfilment of the Life Cycle Inventory
(LCI) of primary soil tillage operations in order to assess their
environmental impacts.

2. Methods

2.1. ENVIAM description

For the most widespread field operations, ENVIAM (Fig. 1) per-
mits to achieve an accurate quantification of (i) the mechanical
parameters (tractor engine power andmachinery specific features),
(ii) diesel consumption, (iii) lubricant consumption (iv) materials
consumption and (v) exhaust gases emissions. In more details, the
tool permits to couple tractors and implements present in two
databases (one for tractors and one for implements) and highlights
possible inconsistencies from classical mechanics literature
through tests. Afterwards, according to on-field working time
collected data, inputs and outputs are calculated for the operation.
The usefulness of ENVIAM is due to the possibility of splitting the
working time of an operation on fractions and attributing to each of
them a suitable engine load. The database selection of a tractor and
an implement for a defined operation allows for the quantification
of inputs and outputs specific for the local studied conditions. In
particular, local pedo-climatic (e.g., soil texture, field shape ratio
and size) conditions deeply affect the tractor engine power request.
Different tractors (more or less powerful) and implements, deter-
mine the inclusion of inventories characterised by features (e.g.,
masses, lifespan, fuel consumption) that affect LCA results.

Using ENVIAM, the performable comparisons to investigate the
influence of the tractor choice on outputs are between:

(i) optimally and not-optimally coupled tractor and implement:
the best coupling solution between tractor and implement is
calculated in terms of tractor power and its results can be
compared with those deriving from other coupling alterna-
tives (e.g., high power compared to the implement need);

(ii) similar implements for carrying out the same operation: for
example, mouldboard ploughs compared with slatted
ploughs can be used to carry out the same operation, but
have a different mechanical and environmental impact.

Eleven worksheets were realised and can be discerned in 3
major groups: (i) databases, (ii) parameters selection and (iii) cal-
culations. A detailed description of the tool and its methodology
was reported in Lovarelli et al. (in press).

2.1.1. Databases
Tractors and implements were inserted in two databases ful-

filled with the official Organization for Economic Co-operation and
Development (OECD) reports referred to Code 2, (2010e2012) and
with commercial leaflets for the typical operations of crops pro-
duction carried out in Northern Italy. The objective was to have
brands and models that cover a wide range of machines options.

2.1.2. Parameters selection
Specific tables concerning mechanical parameters (e.g., specific

soil resistance, tractor global efficiency, adherence coefficient),
working time and a linkage worksheet for user selections were



Fig. 1. Specific logical definition of ENSAM and its insertion in a Life Cycle Assessment.
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made. In particular, ENVIAM can be applied in a wide range of
cultivation contexts because mechanical parameters affected by
pedo-climatic conditions (e.g., different soil texture, field shape
ratio) show values discriminated among alternative contexts (e.g.,
soil texture, soil cover, typology of coupling). Users can select
different mechanical parameters according to the local conditions.
Among the selections and the mechanical parameters, total work-
ing time and engine load were essential to be considered in view of
ENVIAM scope, as their variation strongly affected the assessments
result. Total working time of an operation (T; h) was assessed by
summing the single i-time components (Ti; h) previously measured
on field/farm. Time sub-division was defined according to Bolli and
Scotton (1987) including effective working time (TEF), turns at
headlands (TAV), filling/emptying (TAS), preparation on farm (TPH),
settings on field (TPL), maintenance on field (TAC), rest time (TRE),
avoidable downtime (TME), unavoidable downtime (TMI) and
transfer farm/field (TIR).

To each of these, a specific engine load (li; %) was connected. li
is the ratio between the engine power absorbed by the implement
(Pm; kW) in the i-time and the maximum engine power of the
tractor (PmMAX; kW). To define li, recent literature was considered
(Janulevi�cius et al., 2013a, 2013b; Kim et al., 2013; Lacour et al.,
2014).

2.1.3. Calculations
Mechanical calculations were done to indicate the best tractor-

implement coupling and, consequently, to calculate the consump-
tion of:

(i) fuel (FC; kg$ha�1),
(ii) lubricant (LC; kg$ha�1),
(iii) tractor and implement (AM; kg$ha�1),

and the emission to atmosphere of:

(i) exhaust gases (EM; g$ha�1 CO2, g$ha�1 CO, g$ha�1 NOX,
g$ha�1 HC, g$ha�1 PM).
2.1.3.1. Fuel consumption (FC). Fuel consumption (FC; kg) was
obtained as the summation of all FCi.
FC ¼
X

FCi ¼
X

csi$PmMAX$li$Ti (1)

where:

FCi (kg): fuel consumption during each i-time
csi (g$kWh�1): specific fuel consumption (Lazzari and Mazzetto,
2005) during each i-time
PmMAX (kW): tractor maximum power
li (%): engine load during each i-time
Ti (h): i-time.
2.1.3.2. Lubricant consumption (LC). Lubricant consumption (LC;
kg) was calculated as:

LC ¼ V
Tr
$g$T (2)

where:

V (m3): lubricant volume consumed in engine, gearbox,
hydraulic lift, PTO and transmission components
Tr (h): ordinary turnover period indicated by manufacturer
g (kg$m�3): lubricant density
T (h): total working time of the operation.
2.1.3.3. Tractor and implement material consumption (AM). For the
calculation of the materials consumed during tractor and imple-
ment use (AM; kg), Eq. (3.1)e(3.2) were applied.

AMTR ¼ mTR

PLTR
$T (3.1)

AMOM ¼ mOM

PLOM
$T (3.2)

where:
mTR (kg): mass of tractors obtained from OECD reports and from
the application of Nemecek et al. (2011).
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mOM (kg): mass of implements obtained from commercial
leaflets, interviews with experts and from the application of
Nemecek et al. (2011).
PLTR (h): tractor physical lifespan (Bodria et al., 2006)
PLOM (h): implement physical lifespan (Bodria et al., 2006).
2.1.3.4. Exhaust gases emissions into air (EM). Emissions of exhaust
gases (EM; g) are formed during fuel combustion in internal com-
bustion (i.c.) engines and strongly depend on the engine operating
mode (i.e. mechanical features). Secondly, they also depend on the
year in which the engine was built, because of the steep normative
reduction of exhaust gases emissions (emissive Stages, i.e., I, II, IIIA,
IIIB, IV). The reference laws were the Emissive Standards of the EU
Directive 97/68/EC (and following amending ones: Directive 2010/
26/EU, Directive 2010/22/EU) shown in Table 1 and the ISO
standard 8178-4 cycle C1.

To assess EM of tractors engines, literature was reviewed
(Hansson et al., 2001; Nemecek and K€agi, 2007; Sch€affeler and
Keller, 2008; Lindgren et al., 2010; Kim et al., 2013; Janulevi�cius
et al., 2013a, 2013b). Sch€affeler and Keller (2008) resulted acces-
sible according to the EU Directive and possible to arrange with
each tractor engine available in ENVIAM. The EU Directive dictated
engine producers to respect the emissive limits for the main
exhaust gases (i.e., carbon dioxide, CO2; carbon monoxide, CO; ni-
trogen oxides, NOX; hydrocarbons, HC and particulate matter, PM)
however, many other gases are produced during combustion, but
not quantified in ENVIAM. In details, except for CO2 that was
calculated employing the factor for diesel engines equal to 3.150
gCO2/gFUEL, CO, NOX, HC and PM emissions were quantified as fol-
lows (Sch€affeler and Keller, 2008):

EM ¼
X

EMi ¼
X

EMSP $PmMAX $li$Ti$CF1$CF2$CF3 (4)

where:

EMi (g): emission of each exhaust gas occurring in the ie time
EMSP (g$kWh�1): specific emission factor of each exhaust gas
le 1
issive limits of off-road vehicles according to the Stage of belonging of the engine
Directive 97/68/EC and amending ones).

as Engine power
class (kW)

Emission limits (g$kWh�1)

I II IIIA IIIB IV

O 18e37 e 5.50 5.50 e e

37e56 6.50 5.00 5.00 5.00 e

56e75 6.50 5.00 5.00 5.00 5.00
75e130 5.00 5.00 5.00 5.00 5.00
130e560 5.00 3.50 3.50 3.50 3.50

C 18e37 e 1.50 e e e

37e56 1.30 1.30 e e e

56e75 1.30 1.30 e 0.190 0.190
75e130 1.30 1.00 e 0.190 0.190
130e560 1.30 1.00 e 0.190 0.190

OX 18e37 e 8.00 e e e

37e56 9.20 7.00 e e e

56e75 9.20 7.00 e 3.30 0.40
75e130 9.20 6.00 e 3.30 0.40
130e560 9.20 6.00 e 2.00 0.40

C þ NOX 18e37 e e 7.50 e e

37e56 e e 4.70 4.70 e

56e75 e e 4.70 e e

75e130 e e 4.00 e e

130e560 e e 4.00 e e

M 18e37 e 0.80 0.60 e e

37e56 0.85 0.40 0.40 0.025 e

56e75 0.85 0.40 0.40 0.025 0.025
75e130 0.70 0.30 0.30 0.025 0.025
130e560 0.54 0.20 0.20 0.025 0.025
CF1: correction factor for deviation of effective engine load from
the standard load on which the emission factor is based
CF2: correction factor for tractor dynamic use
CF3: correction factor for tractor wear and tear.

2.2. LCA of primary tillage operations

During the last years, in several studies emerged the role of
agricultural machinery operations on the environmental impacts of
the complete cropping cycle. Niero et al. (2015) carried out a LCA
study on Danish barley. Authors reported an inventory where
ploughing covered 43% of fuel consumption of the complete crop-
ping system. Fallahpour et al. (2012) studied Iranian barley and
wheat production and stated that fuel consumption during
ploughing, planting, spraying and harvesting was the major
responsible for global warming. Similar results were obtained from
Fedele et al. (2014) on Italian barley and soybean, where ploughing
was the operation responsible for the highest fuel consumption.
Bacenetti et al. (2013a) carried out a LCA study on maize cultivation
in Italy showing impacts per each operation and resulted that
mechanical operations have the biggest role on global warming.
Concerning a study completed in Italy, Noya et al. (2015) reported
that 26% (for both wheat and triticale) and 20% (for maize) of total
fuel consumption were used during ploughing. An Italian case
study by Bacenetti et al. (2015b) showed the deep impact of pri-
mary soil tillage operations caused by fuel consumption. The effect
raised mainly on global warming potential and abiotic resources
depletion impact categories. Authors reported that, until sowing,
46% of fuel consumption was due to ploughing in maize and triti-
cale cultivation. A detailed inventory of fuel consumption per each
mechanical operation for Italian rice production was also reported
in Fusi et al. (2014) where ploughing was responsible for the
highest fuel consumption (26% of total consumption in the crop-
ping system). Blengini and Busto (2009) stated that Italian rice
production was highly mechanised and that an environmental
benefit could be achieved with lower mechanisation levels. Simi-
larly, Chiaramonti and Recchia (2010) studied Italian sunflower oil
production and showed that fuel consumption during ploughing
was 38% of total consumption for mechanised operations.

Having seen that ploughing is a mechanical operation with a
considerable responsibility on the environmental concerns during
crops cropping cycles, alternative options to carry out the tillage
were assessed. In more details, in order to study the effect and the
influence of soil texture and of different operative conditions on the
environmental impacts of ploughing, ENVIAMwas used as LCI data
source. Outputs were calculated for 11 cases in which soil type,
implement typology and field shape ratio were varied, while me-
chanical parameters not influenced by the soil were kept constant.
In addition to these, the case of ploughing process included in
Ecoinvent database was reported. Consequently, a total of 12 cases
were analysed. This last was used to quantify the difference be-
tween the environmental impacts obtained from a locally reliable
inventory that consisted of 11 different conditions and those from a
database-completed inventory in which only one condition was
available. The goal was to identify the relevance and to quantify the
error that occurred when average assumptions did not reflect the
study local conditions.

In more details, the research questions can be summarised as
follows:

(i) What is the environmental impact of a soil tillage operation?
(ii) Which are the local conditions that have a higher influence

on the environmental impacts of soil tillage?
(iii) Are databases for the fulfilment of LCI reliable enough for all

working conditions and/or contexts?
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Fig. 2. Goal of the case study.
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(iv) Is it always correct to attribute to soil tillage operations the
title of “cultivation hotspot process” in the environmental
impacts assessment of agricultural activities?

The outcomes of such an analysis can be helpful for farmers,
farmer associations, technicians, stakeholders as well as politicians
involved in the decision-making of both the processes of cropping
systems and the environmental concerns about soil tillage impacts.
2.2.1. Goal and scope
Environmental impacts were calculated for 12 cases. Of them,11

were inventoried through ENVIAM and 1 by using Ecoinvent
ploughing process.

As shown in Fig. 2, the first goal was to make a comparison
between the environmental impacts resulting from the analysis of
themouldboard ploughing process related to amedium texture soil
using ENVIAM and the same process inventoried through Ecoin-
vent v3. This analysis aimed at evaluating whether, in the same
working conditions, the impacts from the two tools were similar.

The second goal was to make a comparison among the envi-
ronmental impacts of local conditions occurring during ploughing
operations. This Life Cycle Inventory (LCI) was fulfilled only with
ENVIAM as data source, analysing the consequences of soil vari-
ability, implement selection and field shape ratio on the assessment
of mechanical choices (e.g., tractor power) and on the environ-
mental impact assessment. The difference occurring between each
of these and Ecoinvent was discussed, in order to reflect on the
error occurring when average assumptions do not reflect the local
ones.
1 The case with a 3 ploughshares slatted plough (3S) on sandy soil (SA) was not
assessed because it is an uncommon solution. Usually, slatted plough is employed
only on heavy soils to reduce the traction force. Being the soil sandy, the traction
force is already low and, therefore, the slatted plough is not used in real working
contexts.
2.2.2. System description
Assuming the same soil moisture, tractors and implements were

selected in order to perform the ploughing with the same final
effect on soil preparation.

The cases analysed through ENVIAM were made according to
different soil texture, implements and field shape ratios. Concern-
ing soil texture were assessed:

(i) sandy soil (SA),
(ii) medium texture soil (MT), and
(iii) clay soil (CL).

For each of these, ploughs compared were:

(i) 3 ploughshares mouldboard (3M),
(ii) 5 ploughshares mouldboard (5M), and
(iii) 3 ploughshares slatted (3S).1

The field shape ratio was considered rectangular (50 m wide,
200 m long) and was the same for these eight cases of ploughing
operations compared, which are:

(i) 3 ploughshares mouldboard plough on sandy soil 3M_SA,
(ii) 3 ploughshares mouldboard plough on medium texture soil

3M_MT,
(iii) 3 ploughshares mouldboard plough on clay soil 3M_CL,
(iv) 5 ploughshares mouldboard plough on sandy soil 5M_SA,
(v) 5 ploughshares mouldboard plough on medium texture soil

5M_MT,
(vi) 5 ploughshares mouldboard plough on clay soil 5M_CL,
(vii) 3 ploughshares slatted plough on medium texture soil

3S_MT,
(viii) 3 ploughshares slatted plough on clay soil 3S_CL.

However, a comparison was also carried out in all the three soil
texture conditions between 3M and a scenario (3Mþ) in which the
field shape ratio was squared and required, consequently, a higher
number of turns at the headlands. In more details:

(i) 50 m wide and 200 m long field for 3M,
(ii) 100 m wide and 100 m long field for 3Mþ.

All options were assessed according to the optimal coupling
solution achieved through calculations in ENVIAM.



Fig. 3. System boundary. Boxes in the central part of the figure refer to working time that is split in effective work (TEF) and ancillary time components. Ancillary components are:
time for tractor and implement preparation on farm e TPH; time due to transfers farm-to-field and vice versa e TIR; time to fill/empty the hopper e TAS; time to install the
machines working setting on field e TPL; time for turns at the headlands e TAV, rest time for the worker e TRE, avoidable downtime (bad organisation of workers) e TME,
unavoidable downtime (machines breakages) e TMI, maintenance of machines on field (adjustments, clogging) e TAC. Boxes coloured with diagonal lines are meant for ancillary
working components that not always are due to take place.
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2.2.3. Functional unit and system boundary
The functional unit is an important step of Life Cycle Assess-

ments since it provides the reference to which all other data in the
assessment are normalised. With LCA's application to agricultural
processes, different functional units (FUs) can be selected. In this
study, the goal was to compare different primary soil tillage oper-
ations after whose completion the same final effect on the soil was
reached. Therefore, the selected FUwas “1 ha tilled in a primary soil
tillage operation appropriately and completely carried out”.

As regard to the system boundary, Fig. 3 shows the system
boundary of soil tillage operation split in its working components
and the inputs and outputs considered. In more details, raw ma-
terials extraction (e.g., fossil fuels and minerals), manufacture (e.g.,
agricultural machines), use (diesel fuel consumption and derived
exhaust gases emissions and tyre abrasion), maintenance and final
disposal of machines were included. In addition, the indirect
environmental burdens of capital goods (tractors, implements and
buildings) were also included.

2.2.4. Life Cycle Inventory
The Life Cycle Inventory (LCI) was fulfilled using both primary

and secondary data. Within each implement typology (3M, 5M, 3S),
working times were directly measured on field using a digital
chronometer. Fields had different soil texture, were worked by the
same operator and the same implement. All of themwere located at
Table 2
Subdivision of time composing case study.

Cases Time subdivision Ti (h$ha�1)

TEF TAV TAS TAC

3 mouldboard ploughshares plough (3M) 1.23 0.30 0.00 0.02
3 slatted ploughshares plough (3S) 1.23 0.30 0.00 0.02
3 mouldboard ploughshares plough,

different shape (3Mþ)
1.33 0.30 0.00 0.02

5 mouldboard ploughshares plough (5M) 0.91 0.30 0.00 0.02

Notes: For time subdivision, no difference in total working time was highlighted among
400 m distance from farm. The total time was calculated by sum-
ming all the i-time components and resulted being the same for 3M
and 3S. In particular, the effective working timewas the same, since
working width and speed were constant. Regardless from the strict
assumption to keep constant speed in all cases, the reasonwas that
to each implement was coupled a tractor characterised by optimal
power. As for the other ancillary components (turns at the head-
lands TAV, maintenance on field TAC, preparation on farm TPH and
transfers TIR), themeasure on field/farm resulted analogous to each
other, since the operator was the same and the field shape ratio was
equal (comparable working conditions).

The measured total working time was T ¼ 1.61 h$ha�1 for 3M
and 3S, while was T ¼ 1.29 h$ha�1 for 5M. Case 3Mþ (square field
shape) entailed a higher total working time (T ¼ 1.71 h$ha�1).
Table 2 shows time subdivision.

Secondary data derive both from estimates done in ENVIAM and
from Ecoinvent database. With regard to those carried out within
ENVIAM, were calculated: (i) fuel consumption (kg$ha�1), (ii)
lubricant consumption (kg$ha�1), (iii) tractor material consump-
tion (kg$ha�1), (iv) implement material consumption (kg$ha�1), (v)
exhaust gases emissions (g$ha�1).

Literature, OECD reports and commercial leaflets were analysed
for their assessment. In particular, specific data of the inventoried
tractors and implements were used (e.g., tractor mass, implement
mass, tractor power, specific fuel consumption, working width,
TPL TME TMI TR TPH TIR Total

0.00 0.00 0.00 0.00 0.03 0.03 1.61
0.00 0.00 0.00 0.00 0.03 0.03 1.61
0.00 0.00 0.00 0.00 0.03 0.03 1.71

0.00 0.00 0.00 0.00 0.03 0.03 1.29

the soils considered.



Table 3
Subdivision of engine load composing the 11 cases analysed. SA: sandy soil; MT: medium texture soil; CL: clay soil.

Cases Engine load li (%)

Soil Implement Tractor (PmMAX) TEF TAV TAS TAC TPL TME TMI TRE TPH TIR

SA 3 mouldboard ploughshares plough (3M) 58.8 kW 73 30 0 2 0 0 0 0 2 40
MT 96.3 kW 80
CL 196.8 kW 79
MT 3 slatted ploughshares plough (3S) 85.2 kW 81
CL 166.4 kW 89
SA 3 mouldboard ploughshares plough,

different shape (3Mþ)
58.8 kW 73

MT 96.3 kW 80
CL 196.8 kW 79
SA 5 mouldboard ploughshares plough (5M) 90.8 kW 76
MT 154.7 kW 81
CL 252.1 kW 70
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etc.). To calculate the necessary variables, local parameters were
used as well. Because during primary soil tillage the essential
parameter to consider was the resistance opposed by the soil to the
operation progress, for each soil condition evaluated (SA, MT and
CL) a different specific soil resistance (r; N$m�1$cm�1) was
assumed: for SA r¼ 300 N$m�1$cm�1, for MT r¼ 550 N$m�1$cm�1

and for CL r ¼ 1100 N$m�1$cm�1 (Bodria et al., 2006). However, for
slatted ploughs, r was smaller, since lower resistance forces had to
be overcome; in particular, for MT r ¼ 490 N$m�1$cm�1 and for CL
r¼ 979 N$m�1$cm�1. Moreover, were considered: (i) average speed
va¼ 6.0 km$h�1; (ii) tractor global efficiency hg¼ 56%; (iii) working
width L ¼ 1.35 m (L ¼ 2.25 m for 5M); (iv) working depth
H¼ 0.35m; (v) power surplus coefficient kr¼ 1.2 (20%); (vii) tractor
and implement lifespans PLTR ¼ 12,000 h and PLOM ¼ 2000 h,
respectively, and (viii) tyre sets lifespan hPN ¼ 4000 h. Conse-
quently, for each case, power required to carry out ploughing
differed and different tractors were needed. The tractor was
selected from the database choosing the one characterised by the
most similar maximum power to the one required for ploughing
(i.e., optimal coupling). Table 3 reports the engine load (li) that was
calculated during the effective working time (lTEF) because it
depended on Pm, whereas it was assumed the same for all the
analysed cases in the ancillary components. Finally, emissions of
exhaust gases were calculated for all tractors. All of them belonged
to the emissive Stage IIIB, so that comparable conditions were
assured. Table 4 reports the LCI of inputs and outputs for the 11
cases completed through ENVIAM.

Secondary data concerning the production of the different in-
puts were obtained from Ecoinvent database (Ecoinvent, 2015)
(Table 5).
Table 4
LCI of the 11 cases for fuel consumption (FC), lubricant consumption (LC), tractor consum
ENSAM.

FC LC AMTR AMOM

kg$ha�1 kg$ha�1 kg$ha�1 kg$ha

Cases 3M_SA 16.7 1.3 0.48 1.27
3M_MT 25.7 1.1 0.72 1.27
3M_CL 48.0 1.4 1.51 1.27
3S_MT 25.0 1.6 0.66 1.44
3S_CL 42.1 1.5 1.14 1.44
3M_SAþ 17.5 1.4 0.59 1.37
3M_MTþ 27.0 1.2 0.77 1.37
3M_CLþ 50.4 1.6 1.63 1.37
5M_SA 15.4 0.8 0.64 1.82
5M_MT 29.0 1.7 0.87 1.82
5M_CL 54.1 1.1 1.96 1.82

Notes: 3M_SA: 3 mouldboard plough, sandy soil; 3M_MT: 3 mouldboard plough, medium
texture; 3S_CL: 3 slatted plough, clay soil; 3M_SAþ: 3 mouldboard plough, sandy soil, dif
shape; 3M_CLþ: 3 mouldboard plough, clay soil, different field shape; 5M_SA: 5 mouldb
mouldboard plough, clay soil.
2.2.5. Life cycle impact assessment
The characterisation factors reported by the ILCD method were

used (Wolf et al., 2012). The following nine impact potentials were
evaluated according to the selected method: climate change (CC),
ozone depletion (OD), particulate matter (PM), photochemical
ozone formation (POF), acidification (AC), freshwater eutrophica-
tion (FE), terrestrial eutrophication (TE), marine eutrophication
(ME) and mineral, fossil and renewable resource depletion (MFRD).

3. Results

Table 6 reports the environmental impact in absolute values for
the FU considered of all the 11 cases evaluated with ENVIAM and
the case reported in Ecoinvent. In total, the environmental impact
of 12 primary soil tillage operations (ploughing) was evaluated.

The process hotspots are reported in Table 7 and are shown in
the Supplementary Material. For each analysed case and for each
impact category, the environmental hotspots were distinguished
among process emissions, inputs production (tractor, plough, fuel
plus lubricant) and shed, expressed as a percentage of the total
impact. Process emissions included all emissions to air (related to
fuel combustion in the tractor engines) and to soil occurring during
the field operation; they resulted mainly responsible for CC (range
between 68% and 77%), POF (range between 65% and 83%), AC
(range between 55% and 77%), TE (range between 77% and 91%) and
ME (range between 77% and 91%). Tractor production was mainly
responsible for MFRD (range between 80% and 91%) because min-
erals (e.g., steel, chromium, copper) and energy used during its
production affected in major part this impact category. Machinery
production was the process hotspot for FE (range between 42% and
ption (AMTR) implement consumption (AMOM) and emissions (EM) fulfilled using

EMCO EMHC EMNOX EMPM EMCO2

�1 kg$ha�1 g$ha�1 kg$ha�1 g$ha�1 kg$ha�1

0.42 16.5 0.26 2.0 52.3
0.91 35.6 0.57 4.4 80.8
1.26 70.3 0.68 8.7 151.2
0.83 32.4 0.52 4.0 78.6
1.21 67.4 0.65 8.3 132.4
0.43 16.9 0.27 2.1 55.1
0.94 36.6 0.58 4.5 85.0
1.30 72.3 0.70 8.8 158.9
0.50 19.7 0.31 2.4 48.4
0.71 39.5 0.38 4.8 91.2
1.39 77.6 0.75 9.5 170.3

texture; 3M_CL: 3 mouldboard plough, clay soil; 3S_MT: 3 slatted plough, medium
ferent field shape; 3M_MTþ: 3 mouldboard plough, medium texture, different field
oard plough, sandy soil; 5M_MT: 5 mouldboard plough, medium texture; 5M_CL: 5



Table 5
Ecoinvent unit processes involved in the inventory.

Unit process Ecoinvent process

Diesel fuel Diesel, at regional storage/RER U
Lubricant oil Lubricating oil, at plant/RER U
Tractor Tractor, production/CH/I U
Operative machine Agricultural machinery, general, production/CH/I U
Shed Shed, CH/I U
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72%) because it was composed by a higher amount of steel, which is
the major responsible for FE. Fuel production was the most
impacting on OD (range between 89% and 95%) and PM (range
between 13% and 50%) because of the emissions to air related to its
production.

The primary soil tillage process (ploughing) carried out with a 3
mouldboard plough on a medium texture soil (3M_MT) was
considered as reference for the comparison with the other primary
soil tillage processes. This choice was due to the fact that the 3
ploughshares mouldboard plough was the implement commonly
used in most farms of the Po Valley. Moreover, the case with me-
dium texture was selected, as it was the condition most spread on
the Po Valley, usually considered the best on the agronomic point of
view. A second reason was that ploughing operation in Ecoinvent
database was assessed on a medium texture soil with a 3 plough-
shares mouldboard plough and a comparison between these two
data sources was practicable. Fig. 4 shows the results of this relative
comparison.

Fig. 5 shows the comparison among the environmental impact
of the analysed cases. In each impact category, the case with the
highest environmental impact (worst environmental behaviour)
was set equal to 100%, while the other cases were all referred to it.
This meant that, differently from Fig. 4, the reference was not
anymore 3M_MT, but the worst environmentally impacting option.
In more details, the two most impacting processes were Ecoinvent
ploughing process (ECO) and the 5 ploughshares mouldboard
plough on clay soil (5M_CL).

For PM, POF, AC, TE, ME, the highest impacts resulted from
Ecoinvent process (ECO), while for the remaining categories (CC,
OD, FE, MFRD) the highest impacts were due to the ploughing
operation carried out with 5M_CL.

(i) For CC, the lowest and highest impacts were shown for the 5
ploughshares mouldboard plough on sandy soil (5M_SA) and
5 ploughshares mouldboard plough on clay soil (5M_CL),
respectively. When considering the 3 ploughshares
Table 6
Environmental impact of the soil tillage operations analysed.

Cases

Impact
category

Unit 3M_MT 3M_SA 3M_CL 3S_MT 3S_CL

CC kg CO2 eq 1.09$10�2 8.13$10�3 1.98$10�2 1.06$10�2 1.74$10�2

OD kg CFC-11 eq 1.57$10�9 1.15$10�9 2.89$10�9 1.53$10�9 2.54$10�9

PM kg PM2.5eq 2.37$10�6 1.65$10�6 3.87$10�6 2.31$10�6 3.50$10�6

POF kg NMVOC eq 7.96$10�5 3.93$10�5 1.08$10�4 7.41$10�5 1.01$10�4

AC molc Hþ eq 6.55$10�5 3.42$10�5 9.18$10�5 6.13$10�5 8.48$10�5

TE molc N eq 2.79$10�4 1.22$10�4 3.53$10�4 2.57$10�4 3.34$10�4

FE kg P eq 7.57$10�8 6.86$10�8 1.06$10�7 7.97$10�8 9.89$10�8

ME kg N eq 2.54$10�5 1.11$10�5 3.21$10�5 2.33$10�5 3.03$10�5

MFRD kg Sb eq 1.29$10�7 1.01$10�7 2.54$10�7 1.21$10�7 1.98$10�7

Notes: 3M_SA: 3 mouldboard plough, sandy soil; 3M_MT: 3 mouldboard plough, medium
texture; 3S_CL: 3 slatted plough, clay soil; 3M_SAþ: 3 mouldboard plough, sandy soil, di
shape; 3M_CLþ: 3 mouldboard plough, clay soil, different field shape; 5M_SA: 5 mouldb
mouldboard plough, clay soil; ECO: Ecoinvent ploughing process.
mouldboard plough on medium texture soil (3M_MT) as
reference for all cases, 5M_SA resulted in an impact reduc-
tion of �34.0% and 5M_CL showed an impact increase
ofþ108.1%. Considering that for this impact category process
emissions were the main responsible, the reasons for the
significant discrepancy between the lowest and highest
impact could be identified: fuel consumption was one key
hotspot. On a sandy soil, being the soil resistance to over-
come lower than on a medium texture and clay soil, the
selected tractor, in the same working time and specific fuel
consumption, had the lowest total fuel consumption. Simi-
larly, exhaust gases emissions increased at the increase of
fuel consumption and at the reduction of engine load, and in
the same emissive Stage, showed a comparable behaviour to
fuel. Lubricant consumption depended on tractor specific
features and, in particular, on the total working time.
Moreover, with a lower working time, also the consumed
machinery mass was lower, which also explained the linked
different environmental impact for process emissions.

(ii) For OD, 5 ploughshares mouldboard plough on sandy soil
(5M_SA) had the highest impact reduction, which was equal
to �36.8% of the reference 3M_MT. The highest impact in-
crease occurred for the 5 ploughshares mouldboard plough
on clay soil (5M_CL) that was 210.1% of 3M_MT. For this
impact category, the most important hotspot was the
amount of fuel produced that represented the main cause of
this huge difference between the best and worst environ-
mental solutions. In particular, these two cases were char-
acterised by the lowest (5M_SA) and highest (5M_CL) fuel
consumptions.

(iii) With regard to PM, the 3 ploughshares mouldboard plough
on sandy soil (3M_SA) showed again the lowest impact
because low exhaust gases were emitted to air. PM impact
category showed that process emissions were the main
responsible for this category effect. 3M_SAwas equal
to �30.5% compared to 3M_MT, while ECO (3 ploughshares
mouldboard plough of Ecoinvent process) resulted in an in-
crease of þ231.8% compared to 3M_MT. The reason for high
emissions in ECO was that Ecoinvent quantified exhaust
gases emissions with a different method, not updated to the
EU Directive. In fact, all cases fulfilled with ENVIAM belonged
to IIIB emissive Stage, characterised by strict emission limits.

(iv) For POF, AC and TE, the lowest environmental impacts
resulted from the 3 ploughshares mouldboard plough on
sandy soil (3M_SA), being �50.6%, �47.9% and �56.3% of the
reference (3M_MT), respectively. For the same categories, the
3M_SAþ 3M_MTþ 3M_CLþ 5M_SA 5M_MT 5M_CL ECO

8.60$10�3 1.14$10�2 2.08$10�2 7.17$10�3 1.25$10�2 2.26$10�2 1.18$10�2

1.22$10�9 1.65$10�9 3.04$10�9 9.89$10�9 1.78$10�9 3.29$10�9 1.67$10�9

1.74$10�6 2.48$10�6 4.06$10�6 1.75$10�6 2.58$10�6 4.51$10�6 7.86$10�6

4.12$10�5 8.24$10�5 1.12$10�4 4.80$10�5 6.46$10�5 1.22$10�4 1.30$10�4

3.58$10�5 6.79$10�5 9.55$10�5 4.02$10�5 5.55$10�5 1.04$10�4 1.04$10�4

1.27$10�4 2.88$10�4 3.65$10�4 1.62$10�4 2.06$10�4 3.94$10�4 4.82$10�4

7.37$10�8 8.11$10�8 1.13$10�7 8.96$10�8 1.00$10�7 1.40$10�7 1.31$10�7

1.15$10�5 2.62$10�5 3.31$10�5 1.47$10�5 1.87$10�5 3.57$10�5 4.39$10�5

1.08$10�7 1.37$10�7 2.74$10�7 1.19$10�7 1.57$10�7 3.29$10�7 2.63$10�7

texture; 3M_CL: 3 mouldboard plough, clay soil; 3S_MT: 3 slatted plough, medium
fferent field shape; 3M_MTþ: 3 mouldboard plough, medium texture, different field
oard plough, sandy soil; 5M_MT: 5 mouldboard plough, medium texture; 5M_CL: 5



Table 7
Hotspot identification (process emissions, tractor, implement, fuel plus lubricant and shed productions) for the FU for all cases and all impacts categories.

Impact
categories

Processes 3M_SA 3M_MT 3M_CL 3S_MT 3S_CL 5M_SA 5M_MT 5M_CL 3M_SAþ 3M_MTþ 3M_CLþ ECO

CC Process emissions 73.36% 75.29% 77.35% 74.79% 77.07% 68.37% 74.15% 76.28% 73.25% 75.21% 77.23% 69.56%
Tractor production 3.98% 3.90% 4.49% 3.65% 3.86% 5.25% 4.11% 5.10% 4.04% 3.96% 4.61% 7.72%
Plough production 7.04% 5.27% 2.89% 6.10% 3.73% 11.44% 6.59% 3.63% 7.18% 5.40% 2.96% 8.24%
Diesel fuel and lubricant prod. 13.77% 14.16% 14.51% 14.05% 14.48% 12.85% 13.94% 14.32% 13.78% 14.12% 14.48% 13.22%
Shed 1.85% 1.38% 0.76% 1.41% 0.86% 2.09% 1.21% 0.66% 1.75% 1.31% 0.72% 1.27%

OD Process emissions 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Tractor production 3.29% 3.17% 3.60% 2.98% 3.10% 4.46% 3.37% 4.11% 3.33% 3.23% 3.70% 6.39%
Plough production 3.41% 2.51% 1.36% 2.92% 1.76% 5.70% 3.17% 1.71% 3.47% 2.58% 1.40% 4.00%
Diesel fuel and lubricant prod. 92.48% 93.71% 94.71% 93.47% 94.76% 88.87% 92.93% 93.88% 92.42% 93.62% 94.59% 89.04%
Shed 0.82% 0.61% 0.33% 0.62% 0.37% 0.96% 0.53% 0.29% 0.78% 0.58% 0.31% 0.57%

PM Process emissions 20.41% 30.71% 28.39% 29.10% 29.41% 23.37% 24.31% 27.02% 20.21% 30.22% 27.87% 72.96%
Tractor production 10.09% 9.18% 11.77% 8.63% 9.85% 11.06% 10.18% 13.14% 10.22% 9.36% 12.12% 5.95%
Plough production 18.86% 13.10% 8.01% 15.24% 10.07% 25.45% 17.23% 9.87% 19.21% 13.48% 8.24% 6.71%
Diesel fuel and lubricant prod. 45.50% 43.44% 49.64% 43.37% 48.25% 35.29% 45.00% 48.09% 45.50% 43.53% 49.69% 13.30%
Shed 5.14% 3.57% 2.18% 3.66% 2.42% 4.84% 3.28% 1.88% 4.85% 3.41% 2.08% 1.08%

POF Process emissions 65.71% 78.33% 72.32% 76.95% 73.70% 72.31% 68.60% 71.13% 65.24% 77.92% 71.85% 83.42%
Tractor production 3.95% 2.56% 3.95% 2.52% 3.20% 3.77% 3.80% 4.55% 4.05% 2.64% 4.11% 3.37%
Plough production 6.38% 3.15% 2.32% 3.84% 2.83% 7.50% 5.57% 2.96% 6.58% 3.29% 2.41% 3.29%
Diesel fuel and lubricant prod. 22.25% 15.11% 20.78% 15.79% 19.59% 15.02% 21.00% 20.81% 22.51% 15.34% 21.03% 9.40%
Shed 1.71% 0.84% 0.62% 0.91% 0.67% 1.40% 1.04% 0.55% 1.63% 0.81% 0.60% 0.52%

AC Process emissions 55.27% 69.89% 62.32% 68.23% 64.00% 63.35% 58.41% 61.05% 54.75% 69.39% 61.77% 76.87%
Tractor production 4.54% 3.10% 4.63% 3.03% 3.79% 4.48% 4.41% 5.32% 4.64% 3.19% 4.81% 4.20%
Plough production 7.22% 3.76% 2.69% 4.56% 3.30% 8.79% 6.36% 3.41% 7.42% 3.91% 2.79% 4.04%
Diesel fuel and lubricant prod. 31.04% 22.24% 29.65% 23.11% 28.14% 21.73% 29.62% 29.58% 31.34% 22.54% 29.94% 14.25%
Shed 1.93% 1.01% 0.72% 1.08% 0.78% 1.64% 1.19% 0.64% 1.84% 0.97% 0.69% 0.64%

TE Process emissions 77.24% 87.32% 82.79% 86.34% 83.85% 83.26% 79.88% 82.00% 76.85% 87.05% 82.44% 91.09%
Tractor production 2.07% 1.18% 1.96% 1.18% 1.57% 1.82% 1.94% 2.28% 2.13% 1.23% 2.05% 1.47%
Plough production 3.96% 1.73% 1.37% 2.14% 1.64% 4.29% 3.37% 1.76% 4.11% 1.81% 1.43% 1.71%
Diesel fuel and lubricant prod. 14.94% 8.98% 13.25% 9.49% 12.29% 9.28% 13.74% 13.40% 15.19% 9.15% 13.47% 5.28%
Shed 1.79% 0.78% 0.62% 0.85% 0.66% 1.35% 1.06% 0.56% 1.72% 0.76% 0.60% 0.45%

FE Process emissions 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Tractor production 23.57% 27.98% 42.09% 24.36% 33.92% 21.01% 25.49% 41.22% 23.57% 27.94% 42.33% 34.68%
Plough production 64.93% 58.86% 42.23% 63.40% 51.10% 71.27% 63.61% 45.66% 65.27% 59.30% 42.44% 57.65%
Diesel fuel and lubricant prod. 8.05% 10.03% 13.44% 9.27% 12.58% 5.08% 8.54% 11.43% 7.94% 9.84% 13.15% 5.87%
Shed 3.45% 3.13% 2.24% 2.97% 2.39% 2.64% 2.36% 1.69% 3.21% 2.92% 2.09% 1.80%

ME Process emissions 77.50% 87.49% 82.95% 86.52% 84.01% 83.57% 80.12% 82.18% 77.12% 87.22% 82.61% 91.27%
Tractor production 1.96% 1.12% 1.86% 1.12% 1.48% 1.72% 1.84% 2.17% 2.02% 1.16% 1.94% 1.39%
Plough production 3.79% 1.65% 1.31% 2.03% 1.56% 4.09% 3.22% 1.68% 3.92% 1.73% 1.36% 1.62%
Diesel fuel and lubricant prod. 15.00% 8.98% 13.28% 9.50% 12.31% 9.31% 13.79% 13.43% 15.26% 9.15% 13.50% 5.27%
Shed 1.75% 0.76% 0.60% 0.83% 0.64% 1.32% 1.04% 0.54% 1.68% 0.74% 0.58% 0.44%

MFRD Process emissions 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Tractor production 83.05% 85.35% 90.43% 83.30% 87.69% 82.17% 84.39% 90.67% 83.12% 85.41% 90.58% 89.80%
Plough production 11.15% 8.75% 4.42% 10.56% 6.44% 13.58% 10.26% 4.89% 11.22% 8.83% 4.43% 7.27%
Diesel fuel and lubricant prod. 4.58% 4.94% 4.66% 5.12% 5.25% 3.21% 4.56% 4.06% 4.52% 4.86% 4.54% 2.45%
Shed 1.22% 0.96% 0.48% 1.02% 0.62% 1.04% 0.79% 0.37% 1.14% 0.90% 0.45% 0.47%
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Fig. 4. Relative comparison of the analysed primary soil tillage operations for the evaluated impact categories.
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Fig. 5. Environmental impacts comparison of the primary soil tillage operations. All cases are referred to the 3 ploughshares mouldboard plough on medium texture soil (3M_MT)
as reference (100%).
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highest impacts were fromEcoinvent process (ECO), showing
an increase of þ63.2%, þ58.5% and þ72.8%, respectively,
compared to 3M_MT.

(v) ME also showed the highest impact reduction for the 3
ploughshares mouldboard plough on sandy soil (3M_SA),
which was �56.4% of 3M_MT, and the highest impact in-
crease for Ecoinvent process (ECO), which was þ73.0% of
3M_MT. In all these 4 impact categories, process emissions
(emissions to air and soil, materials consumed, tyre abrasion
and fuel and lubricant consumption) played a prominent
role.

(vi) In FE, the 3 ploughshares mouldboard plough on sandy soil
(3M_SA) had an impact reduction of �9.3% compared to
reference 3M_MT. On the opposite, the impact increased the
most for the 5 ploughshares mouldboard plough on clay soil
(5M_CL), þ84.8% when compared to 3M_MT. On this impact
category, tractor and plough production (and, consequently,
amounts of materials consumed) had a prominent role. In
more details, masses of materials consumedwere assessed in
each case completed with ENVIAM, therefore, smaller or
bigger machines masses were considered. Both implement
and tractor were characterised by a lower amount of mate-
rials deteriorated when the 3 ploughshares plough was
considered instead of the 5 ploughshares. If the same num-
ber of ploughshares was considered, this assertion was even
more effective for a slatted plough. On the opposite, a
mouldboard plough with two more ploughshares, as in
5M_CL, was characterised by heavier mass and required a
more powerful tractor (bigger masses consumed).

(vii) Finally, MFRD highest impact reduction was due to the 3
ploughshares mouldboard plough on sandy soil (3M_SA),
with a reduction of �21.5% compared to the reference
3M_MT. The highest impact increase was due to the 5
ploughshares mouldboard plough on clay soil (5M_CL), with
an increase of þ156.2% when compared to reference. The
reason of this huge discrepancy was first the tractor pro-
duction and secondly the implement production. They
entailed materials production and energy used for produc-
tion that increased at the increase of masses involved.

Even if the reference case 3M_MT (3 ploughshares mouldboard
plough on medium texture) had similar assumptions to Ecoinvent
ploughing process (ECO), the differences between the results of the
two impact assessments were marked, the second being even one
of the two most impacting analysed cases. ECO was the process
that, together with 5 ploughsharesmouldboard plough on clay soils
(5M_CL), had the highest impacts on most impact categories. On
the opposite3M_MT was the most impacting process for no impact
category.

3.1. Impact of soil texture

Considering the same groups of implements (either 3 plough-
shares mouldboard or 3 ploughshares slatted or 5 ploughshares
mouldboard ploughs), working in conditions with diverse soil
textures, differences in their environmental impacts were not
negligible. In all cases, sandy soils had environmental impacts that
were between 9% and 56% less than medium texture ones, while
ploughing in clay soils showed impacts being 41%e156% higher
than the same operation carried out on a medium texture soil.
These effects were mainly related to fuel consumption and tractor
engine power.

The comparison between Ecoinvent and ENVIAM showed that
differences could already be highlighted when the reference case
3M_MT was assessed. The most evident differences in impacts
between these two were due to PM and MFRD, both resulting from
fuel consumption and tractor production. For example, fuel con-
sumption in ENVIAM ploughing processes ranged between
15.4 kg$ha�1 for the least impacting ploughing operation and
54.1 kg$ha�1 for the most impacting. 3M_MT, however, showed a
difference with Ecoinvent process lower than 2%. Also POF, AC, ME,
TE and FE showed much higher impacts in Ecoinvent process when
compared to 3M_MT, due to fuel and lubricant consumption and
emissions to atmosphere, but also to machinery lifespan and



D. Lovarelli et al. / Journal of Cleaner Production 140 (2017) 479e491 489
materials masses consumed (differences of environmental impacts
between the least and most impacting options equal to 77.0%).

3.2. Impact of a different field shape ratio

With regard to the cases of the 3 ploughshares mouldboard
plough on sandy soil (3M_SAþ), on medium texture soil (3M_MTþ)
and on clay soil (3M_CLþ) in which the field shape changed from a
rectangular (50 m� 200m) to a square shape (100 m� 100m), the
working time increased (from 1.61 h$ha�1 to 1.71 h$ha�1). The
reason behind this was that a higher amount of turns at headlands
was necessary, which increased the duration of the operation. Turns
were performed in a condition of low engine load (40%), which
affected the outputs (fuel and exhaust gases emissions). In addition,
the varied shape ratio influenced all mechanical inputs directly
affected by working time (e.g., lubricant, tractor and implement
consumptions). In this condition, environmental impacts increased
in all categories, if comparedwith the related caseswith rectangular
field shape ratio (3M_SA, 3M_MT, 3M_CL). For all impact categories,
the impact increase ranged between 3.1% (POF, TA, TE and ME) and
8.0% (CC, OD, PM, FE andMFRD) of the similar optionwith no varied
field shape ratio. In particular, TE and ME were the categories less
influenced by field shape ratio change (þ3.1%, þ4.1%, þ3.3%, for
3M_SAþ, 3M_MTþ and 3M_CLþ, respectively) because the increase
in fuel consumption and in emissions to air and soil were not
significantly relevant. MFRD showed the most evident effect
(þ6.9%, þ7.2% and þ7.9% for 3M_SAþ, 3M_MTþ and 3M_CLþ,
respectively), because of tractor and plough consumption.

3.3. Impact of the choice of a wider implement

Three studied cases concerned 5 ploughshares mouldboard
ploughs (on sandy soil: 5M_SA, onmedium texture soil: 5M_MTand
on clay soil: 5M_CL). They were compared with the 3 ploughshares
mouldboard ploughs (3M_SA, 3M_MT, 3M_CL, on sandy, medium
texture and clay soils, respectively), highlighting the following dif-
ferences. CC and OD showed better environmental results for 5
ploughshares plough on sandy soil (5M_SA) if compared with 3
ploughshares mouldboard plough on sandy soil (3M_SA), explained
by the fact that fuel consumption was 7.7% lower in 5 ploughshares
plough than in 3 ploughshares plough. On the opposite, all other
impact categories had better results with the 3 ploughshares
mouldboard plough on sandy soil (3M_SA), since lessmaterialswere
entailed for production and consumption. The case of the 5
ploughshares plough with clay soil (5M_CL) was one of the most
impacting, being characterised by the most difficult working condi-
tions (e.g., highest soil resistance to overcome, highest engine power
needed, highest masses of tractor and plough involved). The most
evident differences between 5 and 3 ploughshares mouldboard
ploughs were attributed to MFRD (range between þ17.6%
and þ29.5%) and FE (range between þ30.6% and þ32.6%), due the
tractor and plough production. This meant that, for these cases, the
reduction in total working time that was consequent to the wider
implement (wider working width and less turns at headlands for 5
ploughshares ploughs), had no significant effect. With regard to the
sandy soil condition, POF, AC, TE and ME showed environmental ef-
fects lower for the 5 ploughsharesmouldboard plough (5M_SA) than
for the 3 ploughshares mouldboard plough on sandy soil (3M_SA),
becauseworking time, fuel and lubricant consumedandemissions to
atmosphere and soil affected the most the environmental impacts.

4. Discussion

In the case studies of different primary soil tillage operations,
the evaluation of the environmental impacts highlighted
interesting results. A comparison was carried out between the in-
ventory filled in with Ecoinvent ploughing process and the one
filled in with ENVIAM. In ENVIAM, local conditions (soil texture,
field shape ratio and size) and working time were considered in
order to evaluate their influence on the environmental impact. Both
soil texture and logistic issues (field shape and size) affected
ploughing. This operation shows large discrepancies with Ecoin-
vent database because the different local conditions (soil and lo-
gistic) cannot be varied. Differently, in the proposed case study, the
comparison among ploughing performed on fields with different
soil texture, shape ratio and size (e.g., impacts in 3M_SAþ,
3M_MTþ and 3M_CLþ compared with 3M_SA, 3M_MT, 3M_CL)
showed the relevance of these parameters on the environmental
impact. On the opposite, other operations such as application of
products (e.g., fertilisers, pesticides), harvesting and transport are
influenced only by logistic conditions (field shape ratio and size).
Consequently, for these operations, the influence of logistic con-
ditions is expected to be similar to the one highlighted for
ploughing performed in fields with equal soil conditions but
different field shape ratio and size.

In the comparison between Ecoinvent ploughing and the one
assessed by ENVIAM in similar conditions (3 ploughshares
mouldboard plough and medium texture soil - 3M_MT) the dis-
crepancies were low for CC and OD (<9%) but high for the other
impact categories, especially for PM and MFRD (2e3 times higher).
With regard to the comparison carried out within ENVIAM, many
differences were highlighted only considering different soil tex-
tures. The consequences of the different soil texture and working
time were the different engine power requests, fuel consumptions
as well as materials and lubricant consumptions and exhaust gases
emissions. In particular, the increase in soil resistance forces when
the soil changed from sandy to medium texture and clay, respec-
tively, caused increases of environmental effects. With regard to
fuel consumption and exhaust gases emissions, the analysis of
power and load done in ENVIAM was used to reach higher accu-
rateness in the LCI. In fact, the main lack of Ecoinvent database is
the absence of inventories performable in multiple working con-
ditions. Contrarily to industrial standardized processes, for agri-
cultural ones, these lacks are influential because processes are
subjected to natural issues difficult to consider in a database. When
the local conditions were assessed, the environmental impact
discrepancy resulting from Ecoinvent ploughing process showed
inadequate outcomes, the average being too high for sandy soils
and too low for clay soils.

5. Conclusions

The attention on the environmental issues linked to agricultural
machinery has increased enormously. Databases and tools are
available for research and commercial users and are very useful
when primary data are not available. However, in particular in the
agricultural sector, the field production processes are complex. For
this reason, databases can offer misleading information when not
reflecting the actual study conditions. Consequently, when local
conditions differ from secondary data obtained from common
database averages (Ecoinvent), it is important for LCA practitioners
to use either primary data or secondary ones estimated considering
local conditions. Inventory data in LCA studies are essential to be
reliable because environmental impacts are quantified for a defined
system that is characterised by distinct inventory information.
When data do not represent the system, environmental impacts do
neither, and other sources should be used. In general terms, pri-
mary data are always the most preferable; nevertheless, when the
study is focused on agricultural systems, and secondary data are
used, they must be based on local conditions. The use of secondary



D. Lovarelli et al. / Journal of Cleaner Production 140 (2017) 479e491490
data from database for LCA study should occur only when the
agricultural systems represent only a part of the assessed produc-
tion systems. In order to avoid unrepresentative environmental
impacts, what emerges from this study, is the recommendation of
using primary or secondary data evaluated considering local
conditions.

In this study, the comparison between the environmental
assessment made fulfilling the LCI with ENVIAM and with Ecoin-
vent database v3 highlighted that the average values present in
Ecoinvent ploughing process are applicable only in similar condi-
tions to those averages. On the opposite, when soil and implement
have diverse features, the differences are not negligible. Environ-
mental impacts are deeply affected by this choice, both in positive
terms (the operative choice entails a benefit if compared to the one
deriving from the use of Ecoinvent ploughing process), as well as in
negative terms (when the operative choice entails a steep increase
in the environmental impacts, if compared with the one deriving
from the inventory with Ecoinvent ploughing process). Therefore,
the use of tools adaptable to local contexts, gives the opportunity to
obtain an improvement in the environmental assessments and
sustainability evaluations.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jclepro.2016.02.011.
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A B S T R A C T

This study quantifies, using the Life Cycle Assessment (LCA) method, the environmental impact of sequences of
operations for seedbed preparation for arable crops under different soil textures and soil refinement intensities.
Comparing the environmental loads of alternative sequences of operations permitted to detect the most en-
vironmentally sustainable sequence in each working condition.

To this purpose, 13 alternative sequences of field operations for seedbed preparation were analysed, con-
sidering primary and secondary soil tillage and minimum tillage. The study was carried out considering a cradle
to farm gate perspective and selecting as functional unit “1 ha tilled with an appropriate soil refinement for
sowing and seed germination”. Three 60-ha farms in Northern Italy were considered. Inventory data (e.g., farm
and field information, machinery fleets, fuel, lubricant and materials consumptions and exhaust gases emissions)
were calculated with the model ENVIAM (ENVironmental Inventory of Agricultural Machinery operations).

The impact assessment was completed with the ReCiPe characterisation method. Results showed that seedbed
preparation completed with two implements (one for primary and one for secondary soil tillage) instead of three
(e.g., one for primary and two for secondary soil tillage) results in a better environmental performance on impact
categories (e.g., eutrophication, ecotoxicity and metals depletion) affected by the manufacturing phases and by
the consumption of materials along machinery life span. The impact categories affected by fuel consumption and
exhaust gases emissions showed the best results with low energy-consumptive operations (e.g., slatted plough,
no-Power Take Off harrow and minimum tillage). Coarse textured soils and soils lowly refined (i.e. unrefined soil
particles adapt for crops characterized by seeds with a size close to that of winter crops or by high seed density)
showed low burdens on all impact categories, whereas fine textured and highly refined soils (i.e. small soil
particles adapt for crops with small seeds or by low seed density) were responsible for the highest impacts. This
is primarily due to the larger number of harrowing repetitions and of energy and fossil fuel consumption.

The results can be up-scaled to arable crop production systems with similar pedo-climatic and operative features,
such as other Mediterranean countries. Farmers associations, stakeholders and politicians could promote policies and
define incentives that encourage producers to adapt to more environmentally sustainable crop productions.

1. Introduction

In agriculture, mechanisation represents an essential activity for the
cultivation of crops with a marketable value for food and feed purposes.
Among mechanical field operations, seedbed preparation is funda-
mental for achieving an optimal soil condition for seed germination.

Several tillage machines and different sequences of operations for
seedbed preparation can be identified (Bacenetti et al., 2015a;
Castanheira et al., 2010; Kouwenhoven et al., 2002; Panettieri et al.,
2013; Vakali et al., 2011). The reason for this wide range of possibilities
(namely primary and secondary soil tillage) is linked to: (i) the specific

features characterising the production context (Van Linden and
Herman, 2014), (ii) local pedo-climatic variables (e.g., soil texture, soil
moisture, field shape and slope, temperature and rainfall) (Lovarelli
et al., 2017), (iii) mechanical variables of tractors (e.g., engine power,
engine load, working speed, displacement system) (Molari et al., 2012;
Perozzi et al., 2016) and implements (e.g., working width, working
depth) (Lovarelli and Bacenetti, 2017) and (iv) operating variables
(e.g., machinery fleet, working promptness, number of workers, farm-
field distance) (Pitla et al., 2016; Šarauskis et al., 2014).

From an environmental perspective, every production system is
responsible for an environmental impact. With environmental impact is
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meant the possible adverse effect caused by the subtraction of inputs
and release of substances in the environment (i.e. in air, soil and water).
The existence of different alternatives in terms of tillage machines and
of variables that affect the production context (i.e. pedo-climatic, me-
chanical and operating variables), determines that different environ-
mental impacts arise. Accordingly, a tractor and an implement, or more
in general a sequence of field operations (e.g., primary plus secondary
soil tillage), can be adequate for a context, but not for another even
spatially close to the first. If more sequences are feasible in the same
context, their environmental impact can differ due to this local varia-
bility as well as to the availability of machinery options among which to
choose (Barthelemy et al., 1992).

Potential adverse effects are quantified with the Life Cycle
Assessment (LCA) method. LCA is a worldwide adopted approach (ISO
14040 series, 2006) that aims at investigating with a holistic approach
all inputs and outputs of a production system and at transforming these
data (i.e. inventory data) in potential environmental impacts. From the
several studies performed with LCA approach on the environmental
evaluation of agricultural food and feed productions (Notarnicola et al.,
2015) it has emerged that field operations are responsible for a relevant
share of the environmental load attributed to agriculture (Dace et al.,
2015; Hokazono and Hayashi, 2012; IPCC, 2006). Mechanical field
operations (e.g., soil tillage, seeding, fertilisation, harvest), are re-
sponsible for the consumption of important masses of fuel, of the
emission of engine exhaust gases (carbon dioxide CO2, nitrogen oxides
NOX, carbon monoxide CO, hydrocarbons HC, etc.) and of the con-
sumption of materials (tires abrasion, materials that must be substituted
along the machinery life span and those that must be disposed of at the
end of the machinery life span, etc.) (Boone et al., 2016; Bacenetti et al.,
2015c; Lee et al., 2016; Schmidt Rivera et al., 2017). Each of these
substances is responsible for environmental impacts.

The aim of this study is to calculate, using the LCA approach, the
environmental load of mechanical field operations for seedbed pre-
paration of arable crops evaluating the effect that the different pedo-
climatic, mechanical and operating conditions can have on the en-
vironmental point of view. To do this, different seedbed preparation
options (primary + secondary soil tillage) were considered. They were
defined by taking into account that arable crops can demand for highly
or lowly refined soils and for deeper or shallower primary soil tillage.

Several LCA studies have already been performed to quantify the en-
vironmental impact of crop production and, although the system boundary
often differed, one consistent finding was that mechanisation of seedbed
preparation is responsible for a relevant share of the environmental impact
of those production systems (Bacenetti et al., 2015a, 2015c; Niero et al.,
2015; Noya et al., 2015). Therefore, to identify the operational sequence
that present a more environmentally sustainable behaviour, 13 alternative
sequences of operations for seedbed preparation of arable cropping systems
composed of primary and secondary soil tillage have been assessed focusing
on the Italian productive context.

The results of this study can be helpful for farmers’ associations, stake-
holders and politicians to promote policies and define incentives for the
completion of operations with higher environmental benefits, in view of
promoting more sustainable productions in the near future. Similarly, the
upscaling to other geographic contexts characterised by similar pedo-cli-
matic and operating features such as other Mediterranean countries can be
particularly useful and interesting for policies promotion.

2. Materials and methods

The sequences of operations for seedbed preparation selected for
this study were analysed with the Life Cycle Assessment (LCA) method
(ISO 14040, 2006). LCA is a standardised approach adopted worldwide
for quantifying the potential environmental impact of processes for

products or services during their whole life cycle using a holistic ap-
proach. In LCA, four steps are typically taken:

(i) goal of the study, selection of the functional unit, description of the
system and of the system boundary,

(ii) Life Cycle Inventory data collection, aimed to identify and quantify
the flow of materials and energy from the studied systems and the
environment,

(iii) Life Cycle Impact Assessment, during which inventory data are con-
verted in few numeric indicators of environmental impact thanks to a
characterisation method. Several characterisation methods were de-
veloped over the years but, for agricultural systems, ReCiPe (Goedkoop
et al., 2008) and ILCD (Wolf et al., 2012) are the most applied. Within
the characterisation method, for each impact category, different
characterisation factors allow the conversion of the inputs (e.g., mass of
fuel consumed) and outputs (e.g., emission of pollutant i in the at-
mosphere) in the environmental impact,

(iv) interpretation of the results and identification of the process hotspots.

How these steps were implemented in this study is outlined below.

2.1. Goal and scope

The goal of this study is to quantify the environmental impact of several
sequences of field operations for seedbed preparation of arable crops to
identify those with a lower environmental burden. With sequence of field
operations is meant the set of primary and secondary soil tillage operations
to carry out in order to prepare the soil to sowing. Along the manuscript, the
term “sequence” will be adopted to identify this set.

The focus is on primary and secondary soil tillage, which represent
the most energy-consumptive operations for crop production systems
(Gronle et al., 2015; Mileusnić et al., 2010). In this study, field opera-
tions were carried out by farmers and not by contractors; therefore, the
identified sequences were built upon Italian farm-scale contexts.

2.2. Functional unit and system boundary

During this phase, the Functional Unit (FU) must be defined. The FU
describes the function of the system and represents the unit to which all
inputs and outputs are referring. Commonly, LCA studies about crop
cultivation assess the environmental impact using 1 ha as FU (Nemecek
et al., 2015; Solinas et al., 2015) or, alternatively, 1 t. In this study, no
specific crop is evaluated; therefore, the selected FU is “1 ha tilled with
an appropriate soil refinement for sowing and seed germination”.

Additionally, in this phase, also the system boundary must be de-
fined; in the system boundary is stated what is included in the assess-
ment and what is excluded. In this case, it comprises primary (soil
overthrow/breaking with no repetition on the same field) and sec-
ondary (soil refinement with one or more repetitions on the same field)
soil tillage, as illustrated in Fig. 1. Given the recent importance at-
tributed to minimum tillage, sequences of operations characterised by
no ploughing were analysed; however, in order to respect the identified
FU, interventions on field had to guarantee the appropriate soil re-
finement and seed germination.

2.3. Description of the system

Scientific literature, experts, farmers’ associations and technical
journals were queried about the most common sequences of mechanical
operations that characterise seedbed preparation of arable crops in
Italy. The options disclosed to farmers for field operations were similar
to different countries (Bacenetti et al., 2015a; Çarman, 1997; De Vita
et al., 2007; Dimanche and Hoogmoed, 2002; Lazzari and Mazzetto,
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2005; Marques Da Silva et al., 2004; Noya et al., 2015).
To identify the field operations in this study, the conceptual steps

were: (i) identifying the most common crops cultivated in Italy, (ii)
completing interviews and queries to collect information about the
most common sequences of field operations for seedbed preparation for
these identified crops, (iii) grouping the sequences as function of a
common ground (hereafter explained), and (iv) quantifying and com-
paring their environmental impact. As reported in Table 1 the grouping
of sequences was made first considering that crops can demand for:

(i) deep ploughing (35 cm, mainly for spring-summer crops) or
shallow ploughing (25 cm, mainly for winter cereals),

(ii) high soil refinement intensity (e.g., maize, soybean, sunflower,
sorghum, rape and vegetables) typical for spring-summer crops, or
low soil refinement intensity (e.g., bread wheat, durum wheat,
barley and triticale) for winter crops.

A second distinction was made in terms of soil texture, and three
major categories were considered:

(i) coarse textured, characterised by soil particles that break easily by
field operations, the latter thus being less energy-consumptive;

(ii) medium textured, characterised by intermediate and generally
optimal physical features for crop growth;

(iii) fine textured, where soil particles are cohesive and, therefore, require
more energy-consumptive operations (e.g., high tractor engine power
and demanding refinement capabilities of the tillage equipment).

A general assumption is that the finer textured the soil is, the higher
tractor engine power to carry out both primary and secondary soil til-
lage and the higher the number of repetitions for secondary soil tillage
are necessary.

In all the studied sequences, soil moisture was assumed to favour op-
timal conditions for tilth, in agreement with recommendations for best
working conditions (Ahmadi and Mollazade, 2009; Šarauskis et al., 2014).
As regard to tractors and implements availabilities and selections, it was
assumed that operations were carried out by farmers equipped with average
machinery fleets and that no operation was carried out by contractors. The
implements present in each sequence of operations were selected and
analysed using the model ENVIAM (ENVironmental Inventory of Agri-
cultural Machinery operations) (Lovarelli et al., 2016), a tool developed to
support the filling of inventories for agricultural machinery operations.

Since not every implement was adequate for any soil texture
(Table 2), the following operations were evaluated:

- primary soil tillage, which included:

a subsoiler as alternative to ploughing in conservation tillage;
b plough, mainly mouldboard, as it was the most common; slatted plough
was used on medium texture and fine textured soils to reduce high
traction forces while disc plough was uncommon on fine textured soils;

c rotary tiller was commonly not used on coarse textured soils, since such
an energy-consumptive implement is discouraged on these soils. This
implement could be used for either primary or secondary soil tillage;

- secondary soil tillage, which included:

a spring tine harrows, fixed teeth harrows and disc harrows. All of them
are no power-take-off (PTO) implements combined with rollers and are

Fig. 1. System boundary with decreasing soil re-
finement. Inputs and emissions are included, while
sowing is excluded.

Table 1
List of the queried crops with information about the related seedbed cultivation practice
(i.e. ploughing depth and refinement intensity). On the right a code has been attributed to
each of them.

Crop Ploughing depth Refinement Code

≈ 25 cm ≈ 35 cm Low (L) High (H)

Maize x x H35

Soybean x x H25

Sunflower x x H35

Sorghum x x H25

Rape x x H25

Bread wheat x x L25
Spring wheat x x L25
Barley x x L25
Triticale x x L25
Vegetables x x H25
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common on all soil textures. They require, however, a different number
of repetitions on the same field according to texture and refinement.
From the interviews, it has emerged that the most common implement
was the spring tine harrow; fixed teeth harrows only achieved a good
result on coarse textured soils when more repetitions were done. Disc
harrows were frequently employed when the soil particles after
ploughing were still big and needed an intermediate refinement step;

b rotary harrow. It employed PTO and had interesting refinement
quality, although it was more energy-consumptive than other no-
PTO harrows. Similarly to rotary tiller, its use was uncommon on
coarse textured soils, since other implements could obtain a similar
result with lower fuel consumption and power requests.

The common seedbed preparation solution entailed one primary soil
tillage operation and one secondary soil tillage operation that could be
carried out with one or more implements and in one or more repeti-
tions. Alternatively, even if still less practised, minimum tillage solu-
tions have been analysed (De Vita et al., 2007; Alvarez and Steinbach,
2009). Among all the studied alternatives, the sequences that emerged
more than once were removed from the analysis to avoid identical re-
petitions of arrangements.

The studied sequences, showing information about the typology of
implement and number of repetitions, are shown in Table 3. For each
sequence, a distinction was made among soil texture category and
primary and secondary soil tillage grouping (i.e. ploughing depth and
refinement intensity). A code is reported: in the sequences, when the
same letters are shown it means that the same sequence was carried out.

2.4. Life Cycle Inventory

In each sequence, the tractor power needed to carry out the operation
and the machinery inventory data were calculated with the model ENVIAM
(Lovarelli et al., 2016, 2017), described in Section 2.4.1.

Inventory data were assessed for three farms located in the Italian Po
Valley, each characterised by 60 ha of arable irrigated land devoted to
cereal crop cultivation. The farms were selected according to soil texture:
one characterised by coarse textured soils (named “FA”, located in the
District of Alessandria), the second by medium texture soils (named “FM”,
located in the District of Lodi) and the third by fine textured soils (named
“FF”, located in the District of Ferrara). The dimension of the farm and the
soil texture category affected the farms’ machinery fleets, which were
composed of three 4WD tractors (on average 5–6 kW/ha) for seedbed pre-
paration with features summarised in Table 4. Tractors’ engines belonged to
the emissive Stage IIIB (EU Directive 97/68/EC; 2010/26/EU; 2010/22/
EU) and exhaust gases emissions were calculated accordingly. Their char-
acteristics (mass, power, life span, specific fuel consumption, etc.) as well as
those of implements were available in ENVIAM. The annual working time
(h/yr) was assumed considering the average value for tractors working on
cereal farms. Seedbed preparation was considered being repeated twice per
year, since the three farms were characterised by a double cultivation
system that is a common practice in the Po Valley (Bacenetti et al., 2015a;

Negri et al., 2014a, 2014b). The annual working time reported in Table 4
was close to the Italian average available in Calcante et al. (2011) for two
groups of tractors with average power of 84 kW and 117 kW.

The agricultural land area (ALA) was located surrounding each farm,
with fields close to it (farm-field distance equal to 10 m) and fields located
farther (farm-field distance equal to 1500 m). According to this, an average
farm-field distance equal to 1000 m was considered. Field shape was sup-
posed to be rectangular, with a width-length ratio equal to 1:4 (identified
shape per hectare: 50 m wide and 200 m long; slope was absent).

The coupling between tractor and implement was the most sensible
considering the tractors available on farm and the engine power requests.
The coupling choices as well as inventory data (i.e. implement working
depth and width, worked days, working time, effective field capacity, fuel
consumption and exhaust gases emissions and materials and lubricants
consumed) are reported in the Supplementary material (Tables S1–S3).

With LCA, the extraction, production, transport, use, recycling and
disposal of the inputs is also considered within the system boundary.
These background data of raw material extraction (e.g., fossil fuels and
minerals), manufacture (e.g., tractors and implements), use, main-
tenance and final disposal of machinery as well as of buildings for
machinery shelter were obtained from Ecoinvent Database v3 (Althaus
et al., 2007; Frischknecht et al., 2007; Jungbluth et al., 2007; Nemecek
et al., 2015; Spielmann et al., 2007).

2.4.1. ENVIAM description
ENVIAM (ENVironmental Inventory of Agricultural Machinery op-

erations) is a tool developed to support the filling of inventories for
agricultural machinery operations characterised by the possibility of
introducing local variables. In particular, ENVIAM consists of:

– a database of tractors and one of implements that are filled in with
information from the market and from which the user selects the
machinery to study;

– a section devoted to the introduction of input data (e.g., worked
area and working time split in effective work, turns at headlands,
transport, maintenance, etc.) and to the selection of local variables;

– a section for calculations necessary for coupling tractor and imple-
ment. Here, it is possible to pursue results adopting both the se-
lected/available implement and tractor as well as the tractor that
best responds to the power coupling calculations;

– a results section in which fuel consumption (kg/ha), lubricant con-
sumption (g/ha), engine exhaust gases emissions (CO2, CO, NOX,
HC, PM) (g/ha)1 and materials depletion2 (kg/ha) are quantified
and available as inventory data.

Additional details about this tool can be found in Lovarelli et al.
(2016, 2017).

2.5. Life Cycle Impact Assessment

For the impact assessment phase, the ReCiPe3 midpoint method
(Goedkoop et al., 2009) was adopted. It is a method used to transform the
inventory data (inputs and outputs) in environmental impacts through
characterisation factors. In other words, within the characterisation method,
characterisation factors are numerical values used to attribute a share of
environmental impact to one or more substances at a midpoint level
(identified by means of impact categories). In this study, the following 13
impact categories were evaluated: climate change (CC; kg CO2 eq), ozone
depletion (OD; kg CFC-11 eq), terrestrial acidification (TA; kg SO2 eq),

Table 2
Implements that have been adopted in the studied system for the soil texture typologies
(“X” allowed; “–” not allowed).

Implement Coarse textured
soil

Medium texture
soil

Fine textured soil

Subsoiler X X X
Mouldboard plough X X X
Disc plough X X –
Slatted plough – X X
Rotary tiller – X X
Spring tine harrow X X X
Fixed teeth harrow X X X
Disc harrow – X X
Rotary harrow – X X

1 Quantified in accordance with the EU Directive 97/68/EC (and following amending
ones: Directive 2010/26/EU, Directive 2010/22/EU) on the Emissive Stage.

2 Mass of tractor and implement depleted during the operation.
3 The ReCiPe method for LCIA has been given this name, because it provides a recipe to

calculate life cycle impact category indicators. The acronym also represents the institutes’
initials that mainly took part in its design.
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freshwater eutrophication (FE; kg P eq), marine eutrophication (ME; kg N
eq), human toxicity (HT; kg 1,4-DB eq), photochemical oxidant formation
(POF; kg NMVOC), particulate matter formation (PM; kg PM10 eq), ter-
restrial ecotoxicity (TEx; kg 1,4-DB eq), freshwater ecotoxicity (FEx; kg 1,4-
DB eq), marine ecotoxicity (MEx; kg 1,4-DB eq), metal depletion (MD; kg Fe
eq) and fossil depletion (FD; kg oil eq).

3. Results

The environmental outcomes are reported per soil texture category.
The figures present the evaluated sequences of operations; when a se-
quence was missing, it was not reported graphically.

The results involve, for all three soil texture categories, a section in

Table 3
Sequence of operations per code (ploughing depth and soil refinement) and per soil texture. The same letters characterise the same sequence of operations. The codes identify:
L25 = ploughing depth 25 cm and low refinement intensity; H25 = ploughing depth 25 cm and high refinement intensity; H35 = ploughing depth 35 cm and high refinement intensity.
“N. rep” stands for the number of repetitions carried out with the implement.

Soil texture Code

L25 H25 H35

Operation N. rep Operation N. rep Operation N. rep

Coarse texture A Mouldboard plough 1 A Mouldboard plough 1 A Mouldboard plough 1
Spring tine harrow 1 Spring tine harrow 1 Spring tine harrow 1

B Mouldboard plough 1 B Mouldboard plough 1 B Mouldboard plough 1
Fixed teeth harrow 1 Fixed teeth harrow 1 Fixed teeth harrow 1

C Disc plough 1 C Disc plough 1 C Disc plough 1
Spring tine harrow 1 Spring tine harrow 1 Spring tine harrow 1

D Subsoiler 1 D Subsoiler 1 D Subsoiler 1
Spring tine harrow 1 Spring tine harrow 1 Spring tine harrow 1

Medium texture A Mouldboard plough 1 A Mouldboard plough 1 A Mouldboard plough 1
Spring tine harrow 1 Spring tine harrow 1 Spring tine harrow 1

C Disc plough 1 C Disc plough 1 C Disc plough 1
Spring tine harrow 1 Spring tine harrow 2 Spring tine harrow 2

D Subsoiler 1 D Subsoiler 1 D Subsoiler 1
Spring tine harrow 2 Spring tine harrow 3 Spring tine harrow 3

E Mouldboard plough 1 E Mouldboard plough 1 E Mouldboard plough 1
Rotary harrow 1 Rotary harrow 2 Rotary harrow 2

F Mouldboard plough 1 F Mouldboard plough 1 F Mouldboard plough 1
Disc harrow 1 Disc harrow 2 Disc harrow 2

– – – G Subsoiler 1 G Subsoiler 1
Rotary tiller 1 Rotary tiller 1

H Subsoiler 1 H Subsoiler 1 H Subsoiler 1
Disc harrow 2 Disc harrow 3 Disc harrow 3

– – – I Disc plough 1 I Disc plough 1
Rotary harrow 1 Rotary harrow 1

– – – J Mouldboard plough 1 J Mouldboard plough 1
Spring tine harrow 1 Spring tine harrow 1
Rotary harrow 1 Rotary harrow 1

– – – K Slatted plough 1 K Slatted plough 1
Disc harrow 1 Disc harrow 1
Spring tine harrow 1 Spring tine harrow 1

Fine texture A Mouldboard plough 1 A Mouldboard plough 1 A Mouldboard plough 1
Spring tine harrow 2 Spring tine harrow 3 Spring tine harrow 3

E Mouldboard plough 1 E Mouldboard plough 1 E Mouldboard plough 1
Rotary harrow 1 Rotary harrow 2 Rotary harrow 2

G Subsoiler 1 – – – – – –
Rotary tiller 1

H Subsoiler 1 H Subsoiler 1 H Subsoiler 1
Disc harrow 2 Disc harrow 3 Disc harrow 3

J Mouldboard plough 1 J Mouldboard plough 1 J Mouldboard plough 1
Spring tine harrow 1 Spring tine harrow 2 Spring tine harrow 2
Rotary harrow 1 Rotary harrow 1 Rotary harrow 1

K Slatted plough 1 K Slatted plough 1 K Slatted plough 1
Disc harrow 1 Disc harrow 1 Disc harrow 1
Spring tine harrow 1 Spring tine harrow 2 Spring tine harrow 2

– – – L Subsoiler 1 L Subsoiler 1
Rotary tiller 1 Rotary tiller 1
Spring tine harrow 1 Spring tine harrow 1

– – – M Mouldboard plough 1 M Mouldboard plough 1
Disc harrow 2 Disc harrow 2
Rotary harrow 1 Rotary harrow 1

Notes: For details about implements, tractors and effective field capacity see Tables S1, S2, S3 in Supplementary material.

Table 4
Inventory of the selected tractors for farms FA, FM and FF.

Farm Tractor Power kW Mass kg Annual working time h/yr

FA 1 45 2992 500
2 77 3841 600
3 83 5240 300

FM 1 64 4327 550
2 97 5670 650
3 113 7635 350

FF 1 64 4327 550
2 147 8225 700
3 170 9707 400
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which the impacts on all impact categories are quantified and dis-
cussed, and a second part in which the hotspot processes4 are identified.

3.1. Coarse textured soil

The comparison among the alternative sequences studied for the
coarse textured soil is illustrated in Fig. 2. A good condition of soil
refinement is easily obtained with a single secondary tillage operation;
therefore, the results are shown for the cases with different ploughing
depth (i.e. H35 and H25-L25). H25 and L25 are put together, because in
this case – due to the soil texture category – it is not possible to dis-
tinguish the highly refined from the lowly refined case. Fig. 2-top il-
lustrates H25-L25 for all evaluated impact categories. Option C (disc
plough and spring tine harrow) is the most impacting, mainly due to
disc ploughing that has higher fuel consumption (14.3 kg/ha) and
higher tractor mass (5240 kg) that is subject to material depletion if
compared with the mouldboard plough. For the complete seedbed
preparation, fuel consumption is 15.9 kg/ha (14.3 kg/ha for disc
ploughing + 1.6 kg/ha for harrowing). The least impacting sequence
for all impact categories is minimum tillage (option D: subsoiler and
spring tine harrow) where the impact ranges between −37% and
−50% compared with the highest impacting option.

For these seedbed preparation alternatives, ploughing is the key
process on all impact categories. It ranges between 69% and 79% of the
total on FE, HT, TEx, FEx, MEx and MD and between 80% and 91% on
CC, OD, TA, ME, POF, PM and FD. For solution D (no ploughing), the
subsoiler is the main contributor (61–62% of the total impact for
seedbed preparation for TEx, FEx and MEx and 89–96% for all re-
maining categories).

As regard to the case of H35 in the coarse textured soil (Fig. 2-
bottom), disc plough and spring tine harrow (option C) show the
highest environmental impact for all evaluated categories, and sub-
soiler and spring tine harrow (solution D) the lowest. Compared to
option C, the impact reduction for option D is overall consistent (range
between 41% on MD and 55% on ME). These differences are due to
primary tillage: subsoiling has −42% fuel consumption in comparison
with mouldboard ploughing (9.0 kg/ha and 15.6 kg/ha, respectively)
and −45% of implement mass subject to wear. Mainly because of
machinery mass and fuel consumption, primary tillage is the environ-
mental hotspot; for options A, B and C ploughing contributes between
70% and 81% of the total impact on FE, HT, TEx, FEx, MEx and MD and
84%-92% on CC, OD, TA, ME, POF, PM and FD. Instead, in the no-
plough option D, subsoiling is the hotspot (range between 61% on TEx,
FEx and MEx and 86% on POF).

From the results, it emerges that disc plough has a higher en-
vironmental impact than mouldboard: fuel consumption, exhaust gases
emissions and tractor wear are higher in Option C than in the other
ones. However, the absence of ploughing in Option D shows that the
environmental impact can be reduced considerably, although sub-
soiling still demands for medium-high tractor power. Moreover, con-
stantly along the analysed options, deeper ploughing is the main vari-
able affecting the increase in environmental impacts between L25-H25

and H35.

3.2. Medium texture soil

On the medium textured soil, the eventual need for more harrowing
repetitions and the possibility of carrying out secondary tillage with
two different implements complicates the results. In L25 (Fig. 3-top),
Option E (mouldboard plough and rotary harrow) has the worst

outcomes on CC, OD, TEx and FD because this sequence shows the
highest fuel consumption (21.0 and 8.8 kg/ha, respectively). On the
remaining 9 of 13 categories, minimum tillage Option H (subsoiler and
disc harrow) has the highest environmental impact. On the opposite,
the most preferable option for all impact categories except for TEx (for
which it is the second best) is Option A (mouldboard plough and spring
tine harrow) with an impact reduction ranging around 19% for CC, OD
and FD and 36–46% for all other categories compared to the worst
options.

Concerning the hotspot processes, ploughing is the main contributor
to the environmental impact of all sequences in a range of 59%-89% of
the total impact on all categories; the lowest values occur when rotary
and disc harrows are present, since their environmental impacts have a
more important role if compared to spring tine harrows. With minimum
tillage (Option D and Option H) the main contributor to the environ-
mental load is the subsoiler (55–84% and 40–70% in Option D and
Option H, respectively). On FE, TEx, MEx and MD, however, the hotspot
is secondary tillage (disc harrow repeated twice in Option H).
Therefore, contrarily to the coarse textured soil, minimum tillage on
medium texture soils does not show the lowest environmental impact,
because carrying out twice the harrowing causes a higher environ-
mental load. In particular, inputs production and consumption (ma-
chinery materials and fuel and lubricant consumption) are the main
causes for a higher environmental burden.

In the group of H25 performed on the medium textured soil (Fig. 3-
middle), the environmental impact is the highest on: (i) CC, OD, TA,
ME, POF, PM and FD for Option G; (ii) FE, HT, FEx, MEx and MD for
Option H and (iii) TEx for Option E. As concerns the first one, rotary
tiller is the implement that mostly affects the impact categories mainly
related to fuel consumption and exhaust gases emissions. In Option E
and H, instead, the environmental burden is due to the number of re-
petitions of secondary soil tillage, which affects the materials con-
sumed. For all impact categories, Option A has the best environmental
behaviour (range between −36% on CC and −58% on FD), due to the
very low impact caused by secondary soil tillage.

As regard to H35 (Fig. 3-bottom), Option E is the most impacting for
impact categories affected by fuel consumption and exhaust gases
emissions (CC, OD, TA, PM, TEx and FD), while Options H and G for
those affected by materials consumption (FE, HT, FEx, MEx, MD in
Option H and ME and POF in Option G). Instead, Option K (slatted
plough, disc harrow and spring tine harrow) has the lowest environ-
mental load on OD, TA, ME, POF and PM. For all remaining categories,
Option A (mouldboard plough and spring tine harrow) has, once more,
the most preferable performance. Slatted plough shows a lower impact
than mouldboard, and also spring tine harrow is one of the least im-
pacting operations (3.0 kg/ha of fuel consumed, 275 kg the implement
mass, 1.85 ha/h the effective field capacity). In fact, PTO-implements
involve higher fuel consumption and machinery wear than no-PTO-
implements, which deeply influences the environmental burdens.

Similarly to the previous results, either ploughing or subsoiling (in
minimum tillage options) are hotspot.

3.3. Fine textured soil

Fig. 4-top shows the results for L25 of the fine textured soil. Option G
(mouldboard plough, rotary and spring tine harrows) has the highest
environmental impact on FE, HT, TEx, FEx, MEx and MD due to the
depletion of materials of three implements. On CC, OD, TA, ME, POF,
PM and FD impact categories, Option H (subsoiler and rotary tiller) has
the most detrimental environmental burden given the high fuel con-
sumption and exhaust gases emissions. On the opposite, the best en-
vironmental performances are obtained with Option H (on MD), J (on
CC, OD, TEx and FD) and K (TA, FE, ME, HT, POF, PM, FEx and MEx).
Compared with the most impacting options, the best ones achieve re-
ductions between −23% and −46% of the total impact for the seedbed
preparation on all impact categories.

4 A process is considered hotspot when it is the prominent process responsible for the
environmental impact. In every impact category, a hotspot process can be identified. The
analysis of the hotspot processes is evaluated putting the environmental impact cate-
gory = 100% and attributing a share of this to each included process.
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In H25 (Fig. 4-middle), Option L (subsoiler, rotary tiller and spring
tine harrow) has the highest environmental burden on CC, OD, TA, ME,
POF, PM and FD impact categories, which is mainly caused by the ro-
tary tiller (38.1 kg/ha fuel consumed and 0.52 ha/h effective field ca-
pacity). Instead, the lowest environmental impacts are, respectively: for
Option E (mouldboard plough and rotary harrow) on TA, for Option J

(subsoiler and disc harrow) on OD and TEx, for Option K (slatted
plough, disc and spring tine harrow) on CC, FE, ME, HT, POF, PM, FEx,
MEx and FD and for Option L on MD.

In H35 (Fig. 4-bottom), Option E (mouldboard plough and rotary
harrow) has the highest environmental impact on CC, OD, TA, ME, POF,
PM and FD impact categories, whereas Option H (mouldboard plough,

Fig. 2. Results of the studied options on coarse textured soil (1 ha). On the top: L25 with equal results to H25 coarse textured soil only. On the bottom: H35. See Table 1 in Section 2.1 for
details about sequences of operations (i.e. implements and number of repetitions).
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rotary harrow and spring tine harrow) has the most detrimental effect
on HT, TEx, MEx ad FEx and Option M on FE and MD. Option J (sub-
soiler and disc harrow) and K (slatted plough, disc harrow and spring
tine harrow) are the best performing solutions on all evaluated impact
categories.

Primary tillage, once more, represents the key process on all cate-
gories and for all sequences: in minimum tillage options the subsoiler is
responsible for 33%-70% of the total impact, while in the conventional
tillage options plough/rotary tiller for 44%-84% of the total impact.

4. Discussion

Other studies previously carried out on the environmental impact of
crop production reported a high environmental responsibility attribu-
table to soil tillage in a range between 26%-46% of the total impact of
the different produced crops (Bacenetti et al., 2015b; Fedele et al.,
2014; Fusi et al., 2014; Niero et al., 2015; Noya et al., 2015). Never-
theless, none of these studies aimed to compare alternative sequences of
operations for seedbed preparation; moreover, since they used different
functional units, system boundaries and Life Cycle Impact Assessment
(LCIA) methods, the environmental results cannot be compared.

Mileusnić et al. (2010) built a model for fuel consumption for arable
crop production. Similarly to this study, they assumed mechanical farm
operative information (number of tractors, working promptness) and
compared soil tillage alternatives (conventional, conservation and zero
tillage). Decreasing fuel consumption (correct coupling, reduced tillage,
etc.) is fundamental for reducing production costs and greenhouse gases
emissions (Šarauskis et al., 2014).

As expected, in this study, for all the assessed alternatives the en-
vironmental impact was the lowest on coarse textured soils and highest
on fine textured soils; moreover, it was the lowest for shallow
ploughing and low refinement (L25) and the highest for deep ploughing
and high refinement (H35). Working time and speed and the worked
days per year affected the results because of both the duration of the
operation and the farm-field distance and the related transport phases.
Besides, fuel consumption and exhaust gases emissions are subjected to

serious specific increases when the engine load (i.e. share of power used
to the maximum power of the tractor) does not comply with optimal
mechanical conditions (Bacenetti et al., 2015b; Lovarelli et al., 2017).
Transport from farm to field and vice versa, similarly to turns at
headlands, are characterised by a specifically high environmental load
if compared to effective work, due to low engine load and, mainly, to
transient conditions in engine (i.e. sudden change in engine speed and
torque) (Lindgren and Hansson, 2004; Lovarelli et al., 2017; Pitla et al.,
2016). Furthermore, field shape ratio (i.e. width and length) as well as
implement working width influence the number of turns at headlands,
which have a role on the total working time and environmental impact
of the operation. For example, 3-m wide instead of 2-m wide harrows
determine that only 60%-65% of turns at headlands must be completed,
which reduces the working time and the related fuel consumption and
exhaust gases emissions.

From the results has emerged that lower environmental impacts can
be obtained when:

(i) low-energy-consumptive implements are used (e.g., no PTO har-
rows),

(ii) a lower number of implements are used (e.g., one for primary and
one for secondary tillage and minimum tillage),

(iii) implements are characterised by low masses (e.g., slatted plough
instead of mouldboard plough).

As regard to the number of implements used and their mass, lower
impacts occur mainly for those categories affected by material pro-
duction, consumption and depletion (e.g., TA, TEx, FEx, MEx and MD)
as lower amounts of materials and energy are used, and fewer emissions
are released to air, soil and water. Indeed, implements are often un-
derused along their life span and better exploiting few of them would be
less environmentally detrimental than using a wider fleet of implements
for a shorter working time. This is even more valid when secondary
tillage is carried out by no-PTO harrows, characterised by light masses
(e.g., 200–300 kg), high field capacity (e.g., 1.5–1.8 ha/h) and low fuel
consumption (e.g., 2.0-5.0 kg/ha). With these implements, impact

Fig. 3. Results of the studied options on medium texture soil (1 ha). On the top: L25. In the middle: H25. On the bottom: H35. See Table 1 in Section 2.1 for details about sequences of
operations (i.e. implements and number of repetitions).
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Fig. 3. (continued)

Fig. 3. (continued)
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Fig. 4. Results of the studied solutions on fine textured soil (1 ha). On the top: L25. In the middle: H25. On the bottom: H35. See Table 1 in Section 2.1 for details about sequences of
operations (i.e. implements and number of repetitions).

Fig. 4. (continued)
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categories affected by fuel consumption and exhaust gases emissions
(e.g., CC, OD and FD) also show positive outcomes.

Nevertheless, specific ploughing depth and soil refinement intensity
required by the crop must be accurately evaluated, since the best seed
germination is the main goal for farmers. Therefore, comparisons
should be carried out only within the same group of seedbed prepara-
tion characteristics. In fact, the impact of H35 is undeniably higher than
L25 and H25 with equal soil texture, but choosing H35 instead of H25 or
L25 is an upstream decision due to the cultivated crop. Therefore, only
the alternative sequences studied in the same grouping can be inter-
estingly compared to identify the sequence with a lower environmental
impact.

For example, on CC, the most impacting solution on medium texture
soil has an absolute impact equal to 190.3 kg CO2 eq/ha, while the
related alternative in L25 is 136.9 kg CO2 eq/ha. The same trend occurs
on coarse textured (92.7 and 82.9 kg CO2 eq/ha for H35 and L25, re-
spectively) and on fine textured (369.3 and 281.5 kg CO2 eq/ha for H35

and L25, respectively) soils. However, considering the most en-
vironmentally beneficial solution in each grouping, the results are more
interesting and show an absolute impact on CC equal to: (i) on medium
texture, 111.6 kg CO2 eq/ha, 111.7 kg CO2 eq/ha and 127.0 kg CO2 eq/
ha, respectively on L25, H25 and H35; (ii) on coarse textured soils,
52.0 kg CO2 eq/ha, 52.1 kg CO2 eq/ha, respectively on L25-H25 and H35;
(iii) on fine textured soils, 200.7 kg CO2 eq/ha, 203.2 kg CO2 eq/ha and
205.2 kg CO2 eq/ha, respectively on L25, H25 and H35. This means that,
compared to the most impacting sequences, the selection of the optimal
sequence of operations permits to have reductions in the environmental
impact of seedbed preparation.

Another consideration is that, if soil tillage is not carried out with
optimal conditions for tilth soil, the mechanisation identified with the
proposed sequences could remarkably underestimate the effective en-
vironmental impact of seedbed preparation. In fact, soil moisture af-
fects, on one hand, the tractor traction power and, on the other hand,
the number of repetitions of secondary tillage for soil refinement
(Ahmadi and Mollazade, 2009; Barthelemy et al., 1992); thus, it has
effects on the agronomic, environmental, economic and operative
points of view. Considering primary tillage, slatted plough determines a

lower environmental impact if compared to the mouldboard (Lovarelli
et al., 2017), while disc plough shows, usually, a behaviour similar or
slightly more beneficial than the traditional mouldboard. Mass of im-
plements (810 kg and 1795 kg, respectively for disc and mouldboard)
and fuel consumption (17.1–22.6 kg/ha for disc and 15.6–43.0 kg/ha
for mouldboard, depending on soil texture categories) imply the major
dissimilarities. Subsoiling represents a valid substitute to ploughing for
minimum tillage systems (Qingjie et al., 2014); instead, when used to
complete an extraordinary operation, its impact must be summed to the
ordinary operations (i.e. primary and secondary soil tillage). The use of
a subsoiler for minimum tillage must match with adequate additional
implements to produce pre-sowing operations with an environmental
benefit. In fact, two options are usually available to farmers: either the
farmer works the soil with his available implements or he charges
contractors with the seedbed preparation. In this last case, contractors
commonly have high-power tractors to be coupled with the high-power-
demanding implements specifically developed for minimum tillage
operations. This implies that the inventory data and, consequently, the
environmental impact related to seedbed preparation can be much
different if completed by a farmer or by a contractor.

As concerns secondary soil tillage, the environmental burdens are
much variable. The evaluated non-PTO harrows (e.g., spring tine, fixed
teeth, disc harrows) have very low contributions because the tractor
power they require is very low (on average 5–15 kW) and fuel con-
sumption is restrained (on average 2.0–5.0 kg/ha). On the opposite,
rotary harrows and rotary tillers are more effective for soil refinement,
but greatly affect the environmental results (e.g., higher tractor power
absorbed and fuel consumed, lower field work capacity).

For farmers, working promptness and operative suitability are very
important (Lazzari and Mazzetto, 2005) since the period within which
to act can be very short (e.g., few days). For this reason, as well as for
reducing labour and production inputs costs, farmers pursue solutions
that permit seedbed preparation with implements working at fast
speed, with high field capacity and not demanding for many repeti-
tions. Accordingly, for example, rotary tiller is less common on Italian
farms devoted to crops cultivation in the lowlands (i.e. low field ca-
pacity). However, it can still be interesting in other countries such as

Fig. 4. (continued)
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Greece, Turkey and Morocco (Dimanche and Hoogmoed, 2002;
Vasileiadis et al., 2007). Nevertheless, although giving interesting re-
sults in terms of soil refinement, its use should be discouraged because
of its serious environmental impact.

5. Conclusions

In this study, using the LCA approach, the environmental impact of
13 alternative mechanical sequences for seedbed preparation of arable
crop with two different ploughing depths and two refinement in-
tensities were evaluated and compared within the same working as-
sumptions. The identified alternatives were referred to typical working
conditions of farmers, and not taking into account contractors.

The results highlight the environmental impact of the different
mechanical solutions. By choosing the proper mechanisation for
seedbed preparation, the environmental load can be steeply reduced for
those impact categories affected by fuel consumption and exhaust gases
emissions (e.g., climate change, ozone depletion, fossil depletion).
Moreover, if low energy-consumptive implements characterised by high
field capacity are used, also a higher benefit arises for the categories
affected by materials production, consumption and disposal (e.g., ter-
restrial acidification, human toxicity, terrestrial ecotoxicity, metal de-
pletion) because their production requires minerals, materials and en-
ergy. Most of the solutions are affected by this condition, since
implements are often underused during their life span, and materials
must be disposed of.

The approach used was limited to evaluating 13 sequences of op-
erations. The effect of the operations on soil health and soil quality was
not considered, although soil quality indices represent an important
environmental variable as well (Congreves et al., 2015; Mitchell et al.,
2017). Regarding this aspect, further research is needed in order to
include it in the LCA approach.

Moreover, none of the studied sequences can be selected without
considering the specific growing crop and local soil and climatic con-
ditions. In particular, the selected sequences aimed to equally prepare
the soil for seed emergence, although in minimum tillage sequences
operations can determine a lower seed emergence. Specific features
such as crop, geographical position and soil texture are among the most
influencing features that drive farmers to selecting a sequence of op-
erations and, consequently, to an environmental impact. Assuming that
Mediterranean countries are characterised by similar crop growing
systems, due to their similar pedo-climatic characteristics, the achieved
results can be useful, on a large scale and on a large variety of working
conditions, for the development of policies and incentive systems able
to promote more environmental sustainable decisions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.still.2017.06.006.
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a  b  s  t r  a  c  t

The  environmental  impact  of  crop  production  is  mainly  related  to fossil  fuels  consumption  and  to  fer-
tilisers  application.  Emissions  arising  from  the  spreading  of  organic  and  mineral  fertilisers  are  important
contributors  for  impact  categories  such  as  eutrophication  and  acidification.  The  choice  of the  fertilis-
ers  and  of  the spreading  techniques  as well  as  the  crop  residues  management  can  deeply  affect  the
environmental  impact  related  to  crop cultivation.

In  this  study,  seven  scenarios  describing  fertilising  schemes  characterised  by  different  organic  and
mineral  fertilisers  and  by  different  mechanisation  were  compared.  The  aim  is to  evaluate,  using the Life
Cycle  Assessment  (LCA)  method,  how  the environmental  performances  of  grain  maize  production  were
affected  by  these  different  fertilisers  schemes.  The  study  was  carried  out  considering  a  cradle  to farm
gate  perspective  and  1 t grain  maize  was  selected  as  functional  unit.  Inventory  data  were  collected  on
a  farm  located  in  Po  Valley  (Northern  Italy)  during  year  2013  and were  processed  using the  composite
method  recommended  by  the International  Reference  Life  Cycle  Data  System  (ILCD).  The compared  sce-
narios  involved  organic  and  mineral  fertiliser  distribution  and  were:  pig  slurry  incorporation  after  >3  days
after spreading  (BS),  fast pig slurry  incorporation  within  2 h  from  spreading  (AS1),  direct  soil  injection  of
pig slurry  (AS2),  pig  slurry  incorporation  (after  >3  days)  with  straw  collection  (AS3),  digestate  spreading
instead  of pig slurry  (after >3  days)  (AS4),  only  mineral  fertilisers  (i.e.  urea  and superphosphate)  distribu-
tion  (AS5)  and  only  mineral  fertilisers  (i.e.  calcium  ammonium  nitrate  and  superphosphate)  distribution
(AS6).

The results  were  not  univocal,  since  climate  and  soil  conditions  as  well  as  physical  and  chemical
fertiliser characteristics  differently  affected  the  environmental  load,  especially  for  particulate  matter
formation,  terrestrial  acidification  and  terrestrial  eutrophication  impact  categories.  AS1 and  AS2  showed
the  most  beneficial  results  for these  impact  categories  (between  −67%  and  −73%  respect  to  worst  sce-
nario).  AS6,  on the opposite,  showed  the  highest  environmental  impact  for  those  impact  categories  mainly
affected  by  energy  and  fossil  fuel  consumption  (climate  change,  ozone  depletion,  human  toxicity  with
carcinogenic  effect,  particulate  matter,  freshwater  eutrophication,  freshwater  ecotoxicity  and  mineral,
fossil and  renewable  resources  depletion),  categories  on which  AS3  and  AS4  were  the  best  solutions.  AS3
was  the  most  impacting  for  terrestrial  acidification  and  eutrophication
A sensitivity  analysis  was  carried  out varying  grain  maize  yield  (mostly  affected:  marine  eutrophica-
tion)  and  ammonia  volatilisation  losses  due  to  organic  fertilisers  (mainly  affected:  terrestrial  acidification
and  eutrophication).

The achieved  results  can  be  useful  for the development  of “spreading  rules”  that  drive  the  application
of  organic  fertilisers  in  agricultural  areas  where  there  is  an  intense  livestock  activity.

©  2016  Elsevier  B.V.  All  rights  reserved.
∗ Corresponding author.
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1. Introduction
Evaluation of the environmental performance associated with
agricultural processes is increasingly becoming important because
agriculture is responsible for remarkable environmental impacts.
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ccording to FAO, the greenhouse gases (GHG) emissions related
o agricultural systems have increased of about 96% from 1961
o 2011 (from 2.7 to about 5.3 billion tonnes of CO2 equivalents).
mong the different emissions sources, enteric fermentation plays

he major role, but also GHG emissions related to synthetic fer-
ilisers and to manure management cannot be neglected. In Italy,
n 2012, GHG emissions from agriculture were about 32,100 t and
he most important emission sources were enteric fermentation
37.5%), manure management (20.0%), synthetic fertilisers (13.8%),
missions from manure application to the soil (8.9%) and rice cul-
ivation (8.1%) (FAOSTAT, 2016). Above all, this occurs in Northern
taly, where the livestock activities are concentrated (66% of Ital-
an cow livestock and 87% of Italian pig livestock; ISTAT, 2016) and
here is an abundant availability of animal waste (manure and/or
lurry) with important environmental concerns. In particular, from
he Italian Agricultural Census of 2010 emerges that in Po Valley
re produced about 11.0 and 55.2 million t year−1 of pig and cow
lurries, respectively. Therefore, the slurry mass to manage is very
igh. The management of organic fertilisers is regulated by the
uropean Nitrates Directive (91/676/EEC) and also by regional reg-
lations and guidelines (e.g., LR n. 37/1993, D.g.r. 2244/2006, D.g.r.
0890/2009). Mainly, slurry is spread before summer crops sowing
e.g., maize) and the agricultural area dedicated to maize cultiva-
ion is about 752,220 ha (ISTAT, 2016), which is quite a limited area
or the N application and regulation enforcement.

As regard to crops cultivation, the environmental impact is usu-
lly related to fossil fuels use, fertilisers production (Hasler et al.,
015) and emissions generated by the application of organic and
ineral fertilisers (González-García et al., 2012; Nemecek et al.,

015; Wang and Dalal, 2015). In more details, when organic fertilis-
rs are applied, emissions of nitrogen and phosphorous compounds
ake place (De Vries et al., 2015). The first (e.g., ammonia, dinitro-
en oxide, nitrate) occur because of volatilisation, denitrification
nd leaching, while the second mainly because of run-off, but also
eaching (Brentrup et al., 2001; Ciampitti et al., 2011; Maguire and
ims, 2002). In particular, ammonia emissions deeply affect soil
cidification, water eutrophication and particulate matter forma-
ion (Bacenetti et al., 2015a; De Vries et al., 2015). Mostly, these
missions take place immediately after the application of organic
ertilisers and are strictly dependent upon climatic and soil charac-
eristics (e.g., temperature, rainfall, wind, soil texture and structure
nd pH) (Brentrup et al., 2004a,b), but are also deeply affected
y spreading techniques. Fast soil incorporation as well as direct
oil injection were recognised as spreading techniques capable to
educe considerably ammonia volatilisation phenomena (Carozzi
t al., 2013; Ferrara et al., 2016; Minoli et al., 2015). Although
here are evidences about their effectiveness for ammonia emis-
ion mitigations, there is no information about their impact on
he environmental performances. Instead, there is a need of multi-
riteria assessment that addresses several environmental issues
ot focusing only on the reduction of ammonia emissions. In fact,
he focus only on field emissions is not enough: the substitution of
ne fertiliser with another could reduce NH3 emission, but in the
eanwhile it could involve a higher energy consumption or higher

missions of P-compounds. For example, direct soil injection deter-
ines a substantial request of traction force, which causes increase

f fuel consumption that could offset the environmental benefits
rising from ammonia emissions reduction. Currently, there are no
etailed studies on a global perspective that evaluate the environ-
ental benefits that arise from adopting one spreading technique

nstead of another. The choice of the fertiliser as well as of the
preading technique must be evaluated with holistic assessment

ethods that permit to evaluate the whole crop cycle. Among the

nvironmental assessment methods implemented over the years
Bockstaller et al., 2009; Gaudino et al., 2014; Lebacq et al., 2013)
he Life Cycle Assessment (LCA) is the most adopted approach to
nomy 79 (2016) 107–118

fulfil this requirement. It is the most applied approach also thanks to
the availability of specific ISO standards (ISO, 2006). By using LCA, it
is possible to analyse the potential environmental impacts of prod-
ucts (processes or services) throughout their whole life cycle. The
LCA has been used in several studies for assessing environmental
impacts of fertilisers application (Brentrup et al., 2000; Brockmann
et al., 2014; Hasler et al., 2015; IPCC, 2006). However, in this study
the environmental impact of alternative mechanisation solutions
for organic fertilising and different organic and mineral fertilisers
were investigated, which brings new knowledge to the sector and
permits to identify the environmental benefits and drawbacks of
each spreading solution and selected fertiliser.

The aim of this study is to evaluate, using the LCA methodol-
ogy with a cradle to farm gate perspective, how the environmental
performances of grain maize production are affected by fertilising
schemes characterised by different organic and mineral fertilisers
as well as different organic fertilisers spreading techniques.

2. Materials and methods

Life cycle assessment (LCA) has been used to estimate the envi-
ronmental impacts of maize grain production system, following the
ISO 14040/44 methodology (ISO 14040, 2006) and the EPD guide-
lines developed for “Arable Crops” (Environdec, 2014).

In more details, the following sections are devoted to the four
steps of LCA studies: (i) goal of the study, selection of the functional
unit, description of the system and of the system boundary, (ii) Life
Cycle Inventory data collection, (iii) Life Cycle Impact Assessment,
(iv) interpretation of the results and identification of the process
hotspots.

The LCA is performed with real data (see Sections 2.2–2.4) for
a baseline scenario and for 6 alternative scenarios, as described in
Section 2.3.1.

2.1. Goal of the study and selection of functional unit

The goal of this study is to evaluate the environmental benefits
achievable from the adoption of different organic fertilisers spread-
ing techniques. To this purpose, maize cultivation in Northern Italy
and, in particular, in Lombardy region was  considered.

The achieved results are useful for the development of “spread-
ing rules” able to drive the application of organic fertilisers on
agricultural areas where there is an intense livestock activity
towards a more sustainable manure management.

The functional unit (FU) is defined as a quantified performance
of a product system to be used as a reference unit in a LCA (ISO,
2006ISO 14040, 2006). Although different FU such as area can be
used (Halberg et al., 2005; Nemecek et al., 2015; Solinas et al., 2015)
the mass based FU is widely used for LCA of agricultural systems
(Bacenetti et al., 2015b; Fedele et al., 2014; Notarnicola et al., 2015).
In this study, 1 t of maize grain (at commercial moisture of 14%) was
selected as FU because in the evaluated farm cereals are grown to
produce grain to be sold.

2.2. Description of baseline scenario

The analysed crop was  cultivated in the Po Valley area (North-
ern Italy) and more precisely on a farm in the district of Milan.
The global cultivated area was  40 ha, whose 92% was managed
under irrigation conditions. Grain yield was evaluated for 5 years,
during the cultivation seasons 2011–2015. The local climate is char-

acterised by an annual average temperature of 12.7 ◦C, ranging
between an average of −1.0 ◦C in January and +23.2 ◦C in July. Rain-
fall is on average 795 mm per year, mainly distributed in spring
and autumn. Soil was  of medium texture on all fields, well-drained,
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Table  1
Main information about maize grain cultivation practice.

Operation Description

Organic fertilisation Pig slurry spreading with slurry tanker
in April

Organic fertiliser incorporation
and primary soil tillage

Ploughing with 3 mouldboard
ploughshares plough in April

Secondary soil tillage Two harrowing interventions with
rotary harrow in April

Sowing Pneumatic precision seeder in April
Chemical weed control With pre-emergence herbicide within

1–4 days after sowing and with
post-emergence herbicide in May
(until machinery can work on field
without mechanical damages to the
crop, around 4 leaves unfolded)

Mineral fertilisation With urea in May  (within the 4 leaves
unfolded)

Mechanical weed control Mechanical hoeing within few hours
after mineral fertilisation

Irrigation Pump coupled with tractor, 3
interventions in June–August

Harvesting Combine harvester in September
Transport Two farm trailers used to transport

grain to the farm
Grain drying Farm dryer using natural gas
Straw management Straw chopped and incorporated into

the soil the following spring
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Fig. 1. System boundary for maize production: operations of the cultivation process
ith slope <1% and pH ranging between 6.7 and 6.8 (Negri et al.,
014a,b).

Maize FAO Class 700 was sown in April and harvested in
eptember, with a crop growing cycle equal to about 140 days.
equiring a long growing period that covers the soil from spring
o late summer, maize FAO Class 700 does not allow for any other
revious cultivation. This cropping system aimed to grain produc-
ion is commonly a monoculture, which means that during winter
eason the soil is bare.

For what concerns the pre-sowing organic fertilisation, it was
erformed by means of pig slurry surface spreading. In more details,
urface spreading was carried out with a slurry tanker (20.0 m3)
oupled with a 130 kW 4-wheel-drive (WD) tractor. For this oper-
tion, a precautionary traction force of 21 kN was required and
ractor power was calculated considering a working speed equal
o 5 km h−1 and a global tractor efficiency equal to 56% (Lazzari
nd Mazzetto, 2005).1 During transfers on paved road, average
peed was 25 km h−1, which affected tractor power with a higher
xtent, although lower traction force (i.e. 7 kN). Considering also
he loading time and the effective working width, the total working
ime for the operation was 2.6 h ha−1. In total, 85 t ha−1 were dis-
ributed, on 8th April. On this day, the measured temperature was
7.0 ◦C (9 ◦C min; 21 ◦C max) and during the following 3 days no
ainfall occurred and wind speed was lower than 5 km h−1. During
he month, the total precipitation was 65 mm.  The organic fer-
iliser incorporation was carried out with ploughing after more
han 72 h from spreading. Ploughing was carried out with a three
loughshares mouldboard plough coupled with a 90 kW 4WD  trac-
or.

More details about the cultivation practice are reported in
able 1.
1 Traction force (Ftr; N) is calculated as: Ftr = mOM × 9.81 N kg−1 × cr, where mOM

s the implement mass (kg) and cr the rolling coefficient (no unit). Tractor power
Pm; kW)  is calculated as: Pm = (Ftr × va)/�g, where va is the working speed (km h−1)
nd �g the global tractor efficiency. A surplus of 20% of power is also considered to
vercome possible harder working conditions.
(on green background) and inputs-outputs (on white background). (For interpreta-
tion  of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

2.3. System boundary

The system boundary for the cereal grain crop (baseline
scenario—BS) is reported in Fig. 1. A cradle to farm gate perspective
has been adopted; therefore, the system starts with the application
of organic fertiliser and ends with grain drying and straw manage-
ment. In more details, the following activities were included in the
analysis: raw materials extraction (e.g., fossil fuels), manufacture of
agricultural inputs (e.g., seed, fertilisers, pesticide and agricultural
machines) and energy, use of the agricultural inputs (fertilisers
emissions, pesticide emissions, diesel fuel emissions and tire abra-
sion emissions), maintenance and final disposal of machines and
supply of inputs to the farm.

According to previous studies (González-García et al., 2012;
Niero et al., 2015), no environmental load was  considered for the
organic fertilisers used, since they are waste of livestock activities.

Among the capital goods involved in the production process,

tractors, equipment and the dryer were included, while other
infrastructures (e.g., building) were excluded.

The agricultural area surrounding Milan, where the fields under
study were located, was cultivated with cereals crops for many
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F preading with a slurry tanker, after which soil incorporation during ploughing needs to
b y tanker equipped with 5 anchors.
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Table 2
Evaluated scenarios.

Scenario Acronym Fertilisers Timing of soil
incorporation for
organic fertiliser

Baseline BS Pig slurry and ureaa >3 days after spreading
Fast incorporation AS1 <2 h after spreading
Soil injection AS2 During the spreading
Straw collection AS3 >3 days after spreading
Digestate AS4 Digestate and urea >3 days after spreading
Only mineral (urea

for N)
AS5 Urea and triple

superphosphate
n/a

Only Mineral-(CAN
for N)

AS6 Calcium ammonium
nitrate and triple
superphosphate
ig. 2. Different application techniques for organic fertilisers. On the top: surface s
e  carried out. On the bottom: direct soil injection of slurry carried out with a slurr

ears (>30 years) and the soil carbon content was supposed to be
n equilibrium. Therefore, carbon sequestration into the soil was
ot included, following the recommendations of PCR “arable crops”
Environdec, 2014).

.3.1. Alternative scenarios
Beside BS (Fig. 2—top), six alternative scenarios were analysed:

 AS1—“fast incorporation”, this scenario involved pig slurry sur-
face spreading and incorporation into the soil within 2 h after the
slurry application. The same mechanisation foreseen for BS was
adopted;

 AS2—“soil injection”, where a different technique was consid-
ered: direct injection of pig slurry into the soil. Direct injection
was performed with a slurry tanker (20.0 m3) equipped with 5
anchors working at 7–8 cm depth that directly injected pig slurry
into the soil. The tanker was coupled with a 180 kW 4WD  tractor
(Fig. 2—bottom) because of the higher traction force requested
for the operation. Namely, the traction force was 33 kN, of which
12 kN were due to the injecting system.2 The distribution flow
of the direct soil injection system permits to increase working
speed, which is 7 km h−1. Tractor power was calculated consider-
ing 56% as tractor global efficiency. Working time was  different
from BS, with a total equal to 3.2 h ha−1 due to the lower working
width;

 AS3—“straw collection”, in this scenario the straw was baled and
collected to be sold. Organic fertilisers were spread with a mech-
anisation scheme similar to BS. However, considering that straw
collection involved an additional removal of nutrient from the
soil (Fusi et al., 2014), a supplementary amount of pig slurry was
spread;

 AS4—“digestate”, where digestate from a biogas plant fed with
maize silage and pig slurry was distributed instead of pig slurry,

with the same mechanisation scheme available for BS;

 AS5—“only mineral-urea for N”, in this scenario the fertilisation
was carried out using only mineral fertilisers (urea and triple
superphosphate) with a tractor coupled with a mineral fertilis-

2 In addition to the traction force (Ftr; N) necessary for towing the implement, the
raction force of the injecting system must be considered. It is calculated taking into
ccount a coefficient (�; N m−1 cm−1) of 260 N m−1 cm−1, 5 anchors working at 7 cm
epth (H; cm) and an implement working width (b; m)  of 2.5 m.  Traction force for
he  injecting system is calculated as: Ftr = � × b × H.
a In AS3 respect to BS/AS1/AS2 an additional amount of pig slurry is spread to
compensate the higher nutrient removal.

ers spreader working at 10 km h−1 and for a total working time
of 0.5 h ha−1;

- AS6—“only mineral-CAN for N”, this scenario was characterised
by only mineral fertilisers and by an equal mechanisation scheme
to AS5. However, calcium ammonium nitrate was  spread instead
of urea. Triple superphosphate was also applied with the same
amount as AS5.

In all the scenarios where organic fertiliser schemes were stud-
ied, the same amount of urea was applied during top mineral
fertilisation (60 kg ha−1 of urea equal to 27.6 kg ha−1 of N). Table 2
summarises the different scenarios evaluated, no change in grain
yield was  considered.

2.4. Inventory data collection

The main inventory data were collected on a farm located in the
district of Milan (Italy) as described in Section 2.2.

Data about maize cultivation and storage (e.g., field operations
sequence, fuel consumption, seed, fertilisers, agro-chemicals and
water use) were collected during 2013 by means of surveys at
the farm and farmer interviews and were representative for grain
maize cultivation in irrigated fields.
In more details, information concerning field operations and
drying (e.g., working times, characteristics of tractors and imple-
ments such as mass, age, power, length, width and life span) and
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he amount of production factors applied (e.g., fertiliser, water, etc.)
ere collected through a survey form.

The amount of tractors and implements needed for each field
peration was calculated considering the annual working time and
he physical3 and economical4 life span (Fiala and Bacenetti, 2012).

Table 3 reports the main inventory data for Baseline Scenario
BS), the characteristics of the employed tractors and implements
s well as the amount of production factors applied.

The grain yield was measured by means of the farm weigh-
ridge; a yield of 14.1 t ha−1 of fresh matter (equal to 12.3 t ha−1

ith a moisture content of 14%) was considered as a medium of
he yield recorded over the five growing seasons.

Field emissions into air, water and soil of nitrogen compounds
ere assessed according to the model EFE-So, (Estimation of Fer-

ilisers Emissions-Software, available at: http://www.sustainable-
ystems.org.uk/tools.php) (Fusi and Bacenetti, 2014) that, simi-
arly to the one proposed by Brentrup et al. (2000), considers the
arameters reported in Table 4. The model EFE-So assesses the
mission of ammonia (NH3) and dinitrogen oxide (N2O) in air
nd of nitrate (NO3) and phosphate (PO3) in water considering
oil type, climatic conditions and agricultural management oper-
tions. Ammonia volatilisation from organic fertilisers application
as assessed considering (i) air temperature, (ii) time between the

pplication and the rainfall or the incorporation in the soil; (iii) infil-
ration rate according to the fertiliser application circumstances
e.g., presence of crop residues on the soil). NH3 emission from

ineral fertiliser application was evaluated taking into account (i)
ype of fertiliser, (ii) climatic conditions and soil properties (e.g., pH,
exture). N2O emissions were computed considering the emission
actor proposed by the IPCC (IPCC, 2006).

Finally, NO3 emissions into water due to leaching were esti-
ated considering (i) nitrogen balance, (ii) field capacity in the

ffective rooting zone, (iii) rainfall, (iv) drainage water zone.
The nitrogen balance considers (i) supply of N, coming both from

he application of mineral and organic fertilisers, as well as from the
 released from crop residues mineralisation, and (ii) N removal

rom the harvested biomass. If during the crop cycle the nitrogen
emoval is higher than the N supply, no NO3 leaching occurs. On the
ontrary, if the N applied is higher than the one removed and during
he winter season (when the soil is bare due to no crop presence)
he rainfall exceeds the field capacity in the effective rooting zone,
eaching takes place.

For AS1 and AS2, the experimental data recorded by Carozzi
t al. (2013) in the same geographic area were considered. In more
etails, for ammonia the following emission reductions were con-
idered:

 84% for AS1 “Fast incorporation”,
 95% for AS2 “Injection”.

For AS3, straw yield was equal to 14.5 t ha−1 (Baldoni and
iardini, 2000) and the nutrient removal related to straw collection
as assessed considering a nitrogen content in the biomass equal

o 0.75% of fresh matter. This nitrogen removed was supposed to

e replaced by additional application of pig slurry and urea in the
ame proportion than in BS. Consequently, 123 t ha−1 of pig slurry
nd 86 kg ha−1 of urea were applied.

3 Physical life span (PLS, h) was considered equal to 12,000 h for tractors, 2000 h
or  plough, harrow, seeder and organic and mineral fertiliser spreader, 2500 h for
he self-propelled harvester and 3000 h for farm trailers (Bodria et al., 2006).

4 Economical life span (ELS, years) was 12 years for tractors and farm trailers,
0 years for self-propelled harvester and mineral and organic fertiliser spreader; 8
ears for plough, harrow and seeder.
nomy 79 (2016) 107–118 111

For AS4, the amount of digestate was  computed considering
a mineral fertiliser equivalence (MFE)5 of the N applied with the
organic fertiliser equal to 75% (instead of the 60% considered for pig
slurry) (Amon et al., 2006; Hamelin et al., 2014; Lijó et al., 2014b;
Regione Emilia-Romagna, 2011; Vu et al., 2015; Wulf et al., 2006).
Considering the average digestate composition, in AS4 56.4 t ha−1 of
digestate were applied.6 As for pig slurry, no environmental impact
was taken into account for digestate.

In AS6 868 kg of calcium ammonium nitrate (CAN) were consid-
ered.

Phosphate emissions were calculated following Prahsun (2006)
and Nemecek and Kägi (2007); in more details, two  different phos-
phorus emissions into water were considered:

- leaching to ground water: assessed using a factor of
0.07 kg P ha1 year−1; and

- run-off to surface water: evaluated considering
0.175 kg P ha−1 year−1 as emission factor.

Due to a lack of data about fraction of the eroded soil, phosphate
emissions through erosion to surface waters were not included.

With regard to AS5, only mineral fertilisers were distributed,
in the amounts of 500 kg ha−1 urea and 150 kg ha−1 triple super-
phosphate. Also in AS6, only mineral fertilisers were applied:
898 kg ha−1 CAN and 150 kg ha−1 triple superphosphate.

Table 5 highlights the main differences among BS and AS for
what concerns the emissions from organic and mineral fertilisation.

Pesticide emissions into the environment were assessed consid-
ering the model proposed by Margni et al. (2002).

Background data for the production of seed, diesel fuel, fertilis-
ers, pesticides, tractors and agricultural machines (equipment and
combine harvester) were obtained from the Ecoinvent database
Database v.3 (Althaus et al., 2007; Frischknecht et al., 2007;
Jungbluth et al., 2007; Nemecek and Kägi, 2007; Spielmann et al.,
2007). Table S1 (see Supplementary Table S1 in the online version
at DOI: 10.1016/j.eja.2016.05.015) reports the different Ecoinvent
processes considered in the analysis.

2.5. Allocation

Allocation of environmental burdens is a recognised method-
ological problem in LCA and it is needed when a system fulfils
more than one function. With allocation the environmental bur-
dens is shared among each functional input or output of a
multiple-function system. The systems under assessment in this
study can be considered as multiple-function system since they
generate two marketable products (grain and straw).

Grain is the main product of maize cultivation. However, also
straw is produced during cultivation. When straw is sold, the envi-
ronmental burdens of maize cultivation must be shared between
grain and straw by means of allocation procedure. In the Scenarios
(BS, AS1, AS2, AS4, AS5 and AS6) where straw was  chopped and
incorporated into the soil, allocation was  not necessary.

In AS3, following the guidelines for EPD in “arable crops”, an

allocation based on economic criteria was performed considering
the selling price of grain and straw. This resulted in the allocation
factors displayed in Table 6.

5 The mineral fertiliser equivalency (MFE) for nitrogen is a measure of the fertiliser
ability to supply nitrogen to crops compared with mineral fertiliser

6 In BS, 85.0 t ha−1 of pig slurry with a nitrogen content of 2.43 kg t−1 was  applied.
With a MFE  of N in the slurry equal to 60%, the corresponding efficient nitrogen is
123.93 kg ha−1. In AS4, 56.4 t ha−1 of digestate with a nitrogen content of 2.93 kg t−1

was applied. With a MFE  of N in the digestate equal to 75%, the corresponding
efficient nitrogen is 123.93 kg ha−1.

http://www.sustainable-systems.org.uk/tools.php
http://www.sustainable-systems.org.uk/tools.php
http://www.sustainable-systems.org.uk/tools.php
http://www.sustainable-systems.org.uk/tools.php
http://www.sustainable-systems.org.uk/tools.php
http://www.sustainable-systems.org.uk/tools.php
http://www.sustainable-systems.org.uk/tools.php
http://www.sustainable-systems.org.uk/tools.php
http://10.1016/j.eja.2016.05.015
http://10.1016/j.eja.2016.05.015
http://10.1016/j.eja.2016.05.015
http://10.1016/j.eja.2016.05.015
http://10.1016/j.eja.2016.05.015
http://10.1016/j.eja.2016.05.015
http://10.1016/j.eja.2016.05.015
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Table 3
Main inventory data concerning the agricultural machinery operations present in the baseline scenario (BS, surface spreading of pig slurry and incorporation after >3 days).

Operations Rep.a Month Tractor Operative machine Notes Production
factors

Mass–Power Type & Size Time (h ha−1) FCb (kg ha−1)

Organic fertilisation,
slurry spreading

1 April 7080 kg–130 kW Slurry tanker 20 m3 2.60 44.5c 85 t ha−1 pig slurry
0.24% N, 0.25 P2O5,
0.55 K2O

Organic fertiliser
incorporation and
primary soil tillage,
ploughing

1 April 5050 kg–90 kW 3 ploughshares
mouldboard
plough depth
35 cm

1.66 24.9

Secondary soil tillage,
harrowing

2 April 4000 kg–73.5 kW Rotary harrow 1.00 20.2

Sowing 1 April 4900 kg–62.5 kW Pneumatic
precision seeder

0.50 8.4 19 kg ha−1 seed

Chemical weed control 2 April & May  4900 kg–62.5 kW Pesticides sprayer 0.28 3.3 4 kg ha−1 lumaxd;
1 + 1 kg ha−1 duale;

Mineral fertilisation 1 May  4900 kg–62.5 kW Centrifugal mineral
fertiliser spreader

0.50 3.0 60 kg ha−1 urea

Mechanical weed
control

1 May  4900 kg–62.5 kW Mechanical hoeing 0.83 4.2

Irrigation 3 June/August 4900 kg–62.5 kW Pump 1.10 12.6 1100 m3 ha−1

Harvesting 1 Sept. 8100 kg–110.3 kW Combine harvester 2.00 42.0
Transport Sept. 5050 kg–90 kW 2 Farm trailers 2.00 15.1
Grain  drying 1 Sept. 4000 kg–73.5 kW Dryerf – 191g

Straw management 1 Sept. 5050 kg–90 kW Straw chopper 1.00 18.5

a Repetitions.
b Fuel consumption.
c Fuel consumption = 55.6 kg ha−1 in AS2.
d Mesotrione 3.39% (37.5 g l−1); S-metolachlor 28.23% (312.5 g l−1); terbuthylazine 16.94% (187.5 g l−1).
e S-metolachlor 86.5% (960 g l−1).
f For 16 t of grain maize with 23% of moisture content.
g dm3 of LPG.

Table 4
Parameters for N compounds emissions into the environment.

Parameter Value

Characteristics of the
organic fertiliser

Pig slurrya: dry matter content 1.89%,
pH 7.5, total N content 2.43 kg t−1,
ammonia content 0.75 kg t−1, P content
2.1 kg t−1

Digestateb: dry matter content 2.5%,
pH 7.9, total N content 2.93 kg t−1,
ammonia content 2.47 kg t−1, P content
2.4 kg t−1

Air temperature during spreading 17 ◦C
Soil texture Medium texture
pH 6.8
Cation Exchange Capacity 15.5 meq/100 g
Rainfall after the spreading No rain in the first 3 days
Average wind speed 2 m s−1

Atmospheric deposition of N 45 kg ha−1c

Infiltration rate High for pig slurry, medium for
digestate

Maximum crop rooting depth 1.5 m
N content in maize grain 1.5% of dry matterd

Rainfall in winter season 350 mm
NH3 emission factor for
mineral fertiliserse

Urea: 15% of total applied mineral N
CAN: 15% of total applied mineral N

a Lijó et al. (2014a,b, 2015).
b Bacenetti et al. (2014).
c EC, Joint Research Center.
d Idikut et al. (2009).
e Brentrup et al. (2000).
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Table 5
Fertiliser related emission into air, soil and water.

Scenario N-NH3

(kg ha−1)
N-N2O
(kg ha−1)

N-NO3
−

(kg ha−1)
N2

(kg ha−1)
PO4

−−−

(kg ha−1)

BS 36.86 2.47 50.03 17.77 5.03
AS1  11.13 2.79 72.93 20.07 5.03
AS2  8.42 2.82 75.39 20.32 5.03
AS3  49.61 3.34 7.52 24.04 6.54
AS4  30.17 2.03 18.81 14.64 3.99
AS5  34.40 2.44 48.26 17.60 0.82
AS6  4.60 2.82 75.11 20.29 0.82

Table 6
Allocation factor for grain and straw in AS3.

Product Yield (t ha−1) Price (D ha−1) Allocation factor (%)

The environmental impacts have been estimated using the com-
.6. Sensitivity analysis

To test the robustness of the results and investigate the effect of
ey assumptions, the following parameters have been considered

ithin the sensitivity analysis:
Grain 12.3 180 82
Straw 14.5 35 18

i) grain yield: minimum and maximum values recorded in the
same farm during the previous 5 years were considered, first
assuming the minimum (9.75 t ha−1 at commercial moisture)
and then the maximum (14.50 t · ha−1 at commercial moisture)
yield;

ii) maximum ammonia volatilisation losses for organic fertilisers:
a variation of ±20% respect to the value assessed by the model
EFE-So (55%) was  considered.

The sensitivity analysis was performed on the BS scenario.

2.7. Life Cycle Impact Assessment (LCIA)
posite method recommended by the International Reference Life
Cycle Data System (ILCD) (Wolf et al., 2012). The following impact
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Table  7
Environmental impact for 1 t of maize grain at commercial moisture (14%).

Impact category Unit BS

Climate Change (CC) kg CO2 eq 2.36 × 102

Ozone depletion (OD) kg CFC-11 eq 2.16 × 10−5

Human toxicity with carcinogenic effect (HTc) CTUh 7.99 × 10−6

human toxicity with no carcinogenic effect (HTnc) CTUh 1.02 × 10−4

Particulate matter (PM) kg PM2.5 eq 3.41 × 10−1

Photochemical ozone formation (POF) kg NMVOC eq 1.36 × 100

Terrestrial acidification (TA) molc H+ eq 1.25 × 101

Terrestrial eutrophication (TE) molc N eq 5.58 × 101

Freshwater eutrophication (FE) kg P eq 1.74 × 10−1

Marine eutrophication (ME) kg N eq 2.86 × 100

c
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Freshwater ecotoxicity (FEx) CTUe 97.49 × 102

Mineral and fossil resource depletion (MFRD) g Sb eq 2.97 × 100

ategories were considered: climate change (CC; kg CO2 eq), ozone
epletion (OD; kg CFC-11 eq), particulate matter (PM; kg PM2.5
q), human toxicity with carcinogenic effect (HTc; CTUh), human
oxicity with no carcinogenic effect (HTnc; CTUh), photochemical
zone formation (POF; kg NMVOC eq), terrestrial acidification (TA;
olc H+ eq), terrestrial eutrophication (TE; molc N eq), freshwater

utrophication (FE; kg P eq), marine eutrophication (ME; kg N eq),
reshwater ecotoxicity (FEx; CTUe), and mineral and fossil resource
epletion (MFRD; kg Sb eq).

. Results

.1. Baseline scenario

Fig. 3 shows the environmental hotspots for BS while Table 7
eports the absolute impacts for the FU.

In more details, the emissions caused by the application of the
rganic fertiliser in BS are responsible for more than 90% of TA,
E and ME  and for 98% of FE. For the fertiliser emissions, the

mpacts are more relevant on PM and CC (78% and 42%, respec-
ively). This is due to runoff, leaching and emissions to air caused

y nitrate, ammonia, dinitrogen monoxide and phosphorous com-
ounds. Slurry spreading affects HTnc for 22% (5.02 × 10−7 CTUh)
nd, although with a less extent POF (17%). Soil tillage (ploughing
nd harrowing) is one of the main contributors of POF (18%) and
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it cannot be neglected for OD, HTnc and MFRD (about 10%). Crop
management (weed control, irrigation and top fertilisation) is the
main hotspot for HTnc, HTc and MFRD (37%, 54% and 50%, respec-
tively) while the harvest (harvesting and transport to the farm) for
POF (28%). The main reason for OD, HTc, HTnc, POF and MFRD is the
high fossil fuel consumption and related engine tractor emissions.
Machinery wear (i.e. amount of machinery consumed) is impor-
tant for HTc and MFRD. Drying plays a prominent role on OD (26%,
mainly due to fossil fuel combustion for heat production) and CC
(15%, exhaust gas emissions of dryer). Finally, pesticides emissions
are almost completely responsible for the impact on FEx (98%), due
to their harmful effect on freshwater, while their role on HTnc and
HTc is negligible. Sowing and the production of seed, urea and pes-
ticides do not represent hotspots for any impact category (<4% for
all impact categories).

3.1.1. Sensitivity analysis results
The results of the sensitivity analysis are reported in Table 8.
Yield variability deeply affects the environmental results. In par-

ticular, yield reduction involves not only an impact increase due to
the lower output from the system, but also due to higher emissions
of N compounds. At lower yields is gathered a lower N removal from
the soil and, consequently, higher nitrate leaching. ME, among the
assessed impact categories, is the most affected by yield variation
because of its close relationship with nitrate emission into water.

The variation of the maximum ammonia volatilisation losses has
a little impact on the environmental performances of grain maize
production (<1%) except for:

- PM (+12% and −10%, when maximum ammonia volatilisation
losses increase and decrease of 20%, respectively),

- TA (+14.8% and −12.3%),
- TE (+14.9% and −12.4%),
- ME  (+3.4% and −2.8%).
This confirms the relevance of ammonia emissions in air as
important source of acidification and eutrophication.

TA TE FE ME FE x MFRD

Sowing Crop management

Seed produ c�on Urea produ c�on

EM pes�cides

ification for BS.
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Table 8
Results of the sensitivity analysis in which both NH3 volatilisation and grain maize yield have been varied one by one. The results are given on all impact categories.

Impact category NH3 volatilisation for organic fert. Grain yield

+20% −20% Max Min

Climate Change (CC) −1.0% 0.8% −12.7% 21.2%
Ozone  depletion (OD) 0.0% 0.0% −11.3% 18.8%
Human toxicity with carcinogenic effect (HTc) 0.0% 0.0% −14.0% 23.4%
human toxicity with no carcinogenic effect (HTnc) 0.0% 0.0% −14.3% 24.0%
Particulate matter (PM) 12.0% −10.0% −14.9% 25.0%
Photochemical ozone formation (POF) 0.0% 0.0% −14.3% 24.1%
Terrestrial acidification (TA) 14.8% −12.3% −15.0% 25.3%
Terrestrial eutrophication (TE) 14.9% −12.4% −15.1% 25.4%
Freshwater eutrophication (FE) 0.0% 0.0% −15.2% 25.5%
Marine eutrophication (ME) −3.4% 2.8% −45.0% 75.7%
Freshwater ecotoxicity (FEx) 0.0% 0.0% −15.1% 25.5%
Mineral and fossil resource depletion (MFRD) 0.0% 0.0% −14.8% 24.9%

 of the
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Fig. 4. Relative comparison of the environmental impact

.2. Comparison among the different scenarios

The relative comparison among these and BS is shown in Fig. 4.
he results are reported as a percentage of the worst performing
cenario. They are not univocal: there is not a best scenario that
utperforms the others in all the evaluated impact categories.

Overall, AS6 is the worst scenario for 9 of the 12 evaluated
mpact categories. Respect to all the other scenarios wide differ-
nces emerge; in more details, the closest scenario for CC (−67%),
D (−52%), HTc (−63%), and MFRD (−39%) is AS5 while for HTnc

−15%) and POF (−45%) is AS2. When the AS6 is not considered,
he differences among the other scenarios are reduced but AS5,
he other scenario where only mineral fertilisers are spread, is the

econd worst scenario for 7 of the 12 evaluated impact categories.

AS3 is the worst scenario for 2 of the 12 evaluated impact
ategories: TA and TE, while for PM the highest environmental
mpact is related to AS5. For CC, OD and HTc a similar trend can
 different scenarios (worst performing scenario = 100%).

be identified: AS6 and AS5 are by far the worst scenarios, AS3
and AS4 the best while BS, AS1 and AS2 show similar results,
although AS2 has a slightly higher environmental impact. AS6 and
AS5, where only mineral fertilisers (CAN-triple superphosphate and
urea-triple superphosphate, respectively) are applied, show the
highest impact, mainly due to the application of N fertiliser whose
production is an energy-intensive process. Between these two sce-
narios, for PM,  TA and TE the difference is related to the lower NH3
emissions associated to CAN application instead of urea. For what
concerns CC, the environmental difference among AS2 and the sce-
narios BS and AS1 is related to the higher fuel consumption for
slurry spreading; in fact the injection requires higher traction force
(due to the 5 anchors working at 7–8 cm depth) and, consequently,

higher diesel requirement.

For HTnc, BS, AS1 and AS2 show a higher impact respect to
AS3, AS4 and AS5, this latter has the lowest environmental impact
(−14.7% AS6).
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Table  9
Hotspots identification for each of the 7 scenarios distinguished per impact category. The values are percentages of the total impact.
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ote: CC = climate change; OD = ozone depletion; HTc = Human Toxicity with car
atter;  POF = photochemical oxidant formation; TA = terrestrial acidification; TE =

Ex  = freshwater ecotoxicity; MFRD = mineral, fossil and renewable resources deple

For PM,  mainly due to ammonia emissions and mineral fer-
ilisers production, AS5 is the worst scenario followed by AS6, the
ifference among these two scenario where only mineral fertilisers
re applied is related to the low volatilisation rate of CAN (15% of
he applied N) respect to urea (15% of the applied N). Respect to
S5, BS and AS3 show an impact reduction of about −20%, while
S1 and AS2, thanks to the substantial reduction of ammonia emis-
ions related to fast soil incorporation and injection of the slurry,
o even better (−63.4% and −65.8%, respectively).

For POF, excluding AS6 that is by far the scenario with the high-
st impact, AS2 shows the highest environmental impact, while the
est performance is achieved by AS3 (−58.1%) and AS4 (−54.7%). BS,
S1 and AS5 achieve lower impact reductions (about −52% respect

o AS2). The difference among the scenarios in which organic fer-
ilisers are applied are related to diesel fuel consumption.

For TA and TE, AS3 is the worst scenario, while BS and AS5
ead to similar results (about −3%, −9% respectively). AS1 and AS2,
hanks to ammonia emissions minimising due to different timing
nd organic fertiliser spreading technique, show by far the low-
st environmental impact (respect to AS5, about −66% and −72%,
espectively).

For FE, the scenarios with the worst performances are AS5 and
S6, mostly caused by the impact related to mineral fertilisers
roduction and in particular to the manufacturing of triple super-
hosphate. Respect to AS5 and AS6, only AS4 achieves a significant

mpact reduction (−47.6%). For AS4, the higher MFE  accounted for
he digestate allows not only the spreading of a lower amount of
rganic fertiliser but also of a lower amount of P that, consequently,

s less leached and lost by run-off.
For ME,  AS6 is again the worst scenario but the difference

ith the solutions where volatilisation is reduced are little: AS2
−5.6%), AS1 (−8.8%). Wider impact reductions are achieved by BS
−31.6%) and AS5 (−34.2%). AS4 and AS3 are the two  scenarios
ith the lowest environmental impact (respect to AS6, −69.0% and
82.7%, respectively). For this impact category, the nitrate leaching
lays a relevant role; in AS1 and AS2, ammonia emission reduction
chieved thanks to the different timing and spreading technique of
ig slurry involves higher nitrate leaching. AS3 is the best scenario
ot only due to allocation between grain and straw but also because
traw removal reduces the nitrogen supply and, consequently, the

 leaching during the winter season.

For FEx, AS3 is the only scenario where a considerable impact

eduction (−21.6%) is achieved, this reduction is completely related
o allocation.
nic effect; HTnc = Human Toxicity with no carcinogenic effect; PM = particulate
trial eutrophication; FE = freshwater eutrophication; ME = marine eutrophication;

For MFRD, AS6 shows a doubled impact respect to scenarios
where organic fertilisers are spread, mainly because of fossil energy
consumption during mineral fertilisers manufacturing. Among the
other scenarios, AS5 is the worst and AS3 is the best (−38.2 and
−56.7%, respectively). As for CC, the difference between BS-AS1 and
AS2 is related to higher fuel consumption.

Table 9 reports the environmental hotspots for the different sce-
narios. The environmental impact related to the mechanisation of
field operations such as the one related to production factors man-
ufacturing (e.g., seed, pesticide and mineral fertilisers) have been
gathered.

The hotspots analysis highlights similar trends among the dif-
ferent scenarios except for AS6 and AS5 that present the major
differences respect to other scenarios. In more details:

- mechanisation of field operations is responsible for the main
share of the environmental impact in OD (about 63–68%, except
for AS5 where it is 37% and AS6 19%), HTc (about 82–84%, except
for AS5 where it is 51% and AS6 19%), HTnc (about 82–92% except
for AS6 where it is 61%), POF (about 74–93% but 37% for AS6) and
MFRD (about 95%, except for AS5 where it is 70% and AS6 43%)
and of about 26–40% of CC (except for AS6: 9%);

- grain drying, whose role is important only for CC (about 11–16%)
and OD (about 9–27%). For both these two  impact categories the
share in AS5 and AS6 is slightly lower. This is not due to a lower
absolute impact for drying (about 31.99 kg CO2eq FU−1 for all sce-
narios, except for AS3 where allocation is carried out), but only
to the higher absolute impact related to other processes (namely
mineral fertilisers production);

- inputs production (seed, pesticides and mineral fertilisers),
except for AS5 and AS6, is not an environmental hotspot in any
scenario: their role is little (<10%) for CC, HTnc, POF, TA, TE, FE,
ME,  FEx and MFRD. On the contrary, in AS5 and AS6, inputs pro-
duction is responsible for more than 10% of the total impact in 8
of the 12 evaluated impact categories and plays a prominent role
in CC, OD, HTc, HTnc, PM,  POF, FE and MFRD. This impact is mainly
related to mineral fertilisers production and, in particular, to urea
and CAN production and their related high energy consumption;

- the emissions related to fertiliser application have no impact in 6
of the 12 impact categories (OD, HTc, HTnc, POF, FEx and MFRD)

but are relevant for PM,  TA and TE that are affected by ammonia
emissions, FE (about 97–99% for the scenarios 1–4, where losses of
P compounds are high due to the high P amount applied with the
organic fertiliser) and ME  (about 71–94%, due to nitrate leaching);
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 pesticide emissions are practically the only responsible for FEx
(about 94–98% in all the scenarios).

. Discussion

Other studies were previously carried out regarding the envi-
onmental impact of grain maize production (Bacenetti et al.,
015c; Bacenetti and Fusi, 2015; Goglio et al., 2012; González-
arcía et al., 2012; Kim and Dale, 2008; Noya et al., 2015).
evertheless, a direct comparison cannot be always drafted among

he achieved results because of different system boundaries, func-
ional unit, methodological assumptions (e.g., allocation) and LCIA

ethod. For example, for CC impact category, which is not affected
y the LCIA method used, the Ecoinvent database reports for
witzerland context a value of 610 kg of CO2 eq t−1 and 438 kg of
O2 eq t−1, respectively for organic and integrated farming maize
ultivation. These values are much lower than those found in this
tudy. The differences with the impact assessed in this study are
ainly related to lower grain yield (9.28 and 7.78 t ha−1 at commer-

ial moisture for organic and integrated farming maize production,
espectively) and to the mineral fertiliser consumption. In a study
arried out by Noya et al. (2015) in the same geographic area (Po
alley), 5 different maize FAO classes were compared and, for CC,

 value ranging from 346 to 586 kg of CO2 eq t−1 was assessed. The
C value for FAO classes 600 and 700 (about 350 kg of CO2 eq t−1)

s higher than the one achieved in this study for a maize hybrid
ith the same FAO class. In this case, the differences are not due to

he grain yield, which is similar, but to fertilisation and irrigation.
n Noya et al. (2015) both a higher amount of mineral fertiliser is
pplied in pre-seeding operation and a higher amount of diesel is
onsumed during surface irrigation carried out by pumps.

Regarding the different scenarios, the outcomes of this study
how that with direct injection and – although with a lower extent

 with fast incorporation into the soil, substantial environmental
enefits can be achieved for those impact categories deeply affected
y ammonia emissions (PM, TA and TE). Nevertheless, the down-
ide cannot be neglected: without a correct quantification in space
nd time of the fertilisation, the minimisation of ammonia volatili-
ation could involve higher nitrogen leaching and, consequently, a
emarkably higher impact for ME.  Catch crops could be a suitable
olution to reduce nitrate leaching and phosphorous run-off dur-
ng the winter season and, consequently, to mitigate FE (affected
y P losses) and ME  (affected by nitrate). Nevertheless, it should be
onsidered that the additional field operations as well as the seed
onsumption could affect the other impact categories.

For ME,  which is mainly related to emissions of N compounds
nto water, small benefits respect to BS can be achieved when the
ertilisation is carried out only with mineral fertilisation (AS5),
sing digestate instead of pig slurry (AS4) or collecting straw (AS3).
traw collection and sell involves a potential reduction of the envi-
onmental impacts as a consequence of allocation (about 18% of the
otal impact is allocated to straw). However, the additional organic
ertiliser spreading required to compensate the higher nutrient
emoval and the related emissions offset this potential reduction
nd give rise to higher TA, FE and TE.

The use of only mineral fertilisers (AS5 and AS6) is not a valuable
olution to reduce the environmental impact of maize grain pro-
uction. The substitution of organic fertilisers with mineral ones
oes not involve environmental benefits for the impact categories
ffected by ammonia emissions arising from pig slurry spreading;

n the opposite, it is related to impact increase for those impact
ategories affected by energy and fossil fuel consumptions (CC, OD,
Tc and MFRD). Furthermore, the use of animal slurry as organic

ertiliser responds to best agricultural practices and that whether
nomy 79 (2016) 107–118

not spread on fields, slurry management would be a notable issue,
especially in areas devoted to livestock such as Northern Italy.

For what concerns the achieved results, it should be considered
the following:

- the assessment is carried out considering that the different
spreading techniques as well as the choice of one fertiliser instead
of another does not affect the maize yield because the plant
nutrient requirements are always satisfied. Whether yield was
affected, the environmental results would be different (Amaducci
et al., 2016);

- concerning the results for CC, due to the lack of experimental
data, in the assessment no change in the soil organic matter con-
tent has been considered. For scenarios where organic fertilisers
are spread, their application over a long period could involve an
increase of carbon sequestration into the soil and, then, a reduc-
tion of CO2 eq emissions. On the contrary, in AS3, the straw
collection could involve a decrease of soil C sequestration and,
therefore, a CC increase.

5. Conclusions

Organic fertiliser application is associated with emissions into
air, soil and water that are responsible of not negligible envi-
ronmental impacts. In this study, using the LCA method, the
environmental impact of maize cultivation was  evaluated taking
into account fertilising schemes characterised by different organic
and mineral fertilisers (pig slurry, digestate and urea, triple super-
phosphate and calcium ammonium nitrate) as well as different
spreading techniques (direct soil injection and soil incorporation
with different timing).

Although the achieved results are specifically referred to a case
study and assessed considering that grain yield is not affected
by changes in fertiliser type and spreading technique, they high-
light the importance of organic fertilisers different application
techniques. Depending on climatic and soil conditions as well as
on physical and chemical fertiliser characteristics, by choosing
the proper spreading technique (namely injection and fast soil
incorporation), the environmental load can be steeply reduced for
those impact categories affected by ammonia emission (e.g., par-
ticulate matter formation, terrestrial acidification, terrestrial and
marine eutrophication). Nevertheless, this is a trade-off. If any
of these solutions was  implemented, a beneficial environmental
effect would be not assured without taking into account that lower
ammonia volatilisation involves higher nitrogen availability into
the soil and that this could determine an increase of nitrogen
leaching and of the related environmental impact (marine eutroph-
ication). Consequently, a change in the amount of fertiliser spread
is recommended to avoid the high leaching.

The achieved results are useful for the development of “spread-
ing rules” able to drive the application of organic fertilisers in
agricultural areas where there is an intense livestock activity. In
fact, taking into account the environmental benefits and draw-
backs that have arose from this assessment on the different type
of fertiliser and organic spreading technique, can be useful for the
development of targeted rules and policies.
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Abstract 14 

Agricultural machinery play an important role in the environmental sustainability assessments. In 15 

order to study with reliability the fuel consumption and the exhaust gases emissions from fuel 16 

combustion in the tractor engine, a case study was performed with field tests. During the trials 17 

several operations were monitored while carrying out the operations on field and the measured 18 

CAN-bus data and engine exhaust gases emissions (CO2, CO and NOX) were attributed to the field 19 

working states of effective work, turns at headlands and stops thanks to the GPS. Additionally, data 20 

during the farm-field transfers were also collected.  21 

In addition to data processing from the field trials, a model for predicting fuel consumption and 22 

engine exhaust gases emissions was adopted and its reliability was studied for further future uses.  23 

From the results, specific considerations about the tested tractor (Valtra N101, 82 kW maximum 24 

power, IIIA emissive stage) and the studied working conditions (e.g., engine speed, torque, working 25 

speed and depth) can be performed to get information valid for the engine and the operations. 26 

The final goal is to adopt trustworthy data on agricultural machinery operations for fulfilling 27 

inventories in Life Cycle Assessment (LCA) studies. 28 

 29 
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1 Introduction 34 

Thanks to the application of recent technology to agricultural machinery, and to tractors in 35 

particular, a great potentiality for the enhancement of efficiency and for the monitoring of engine 36 

variables has been proven (Pitla et al., 2016; Shadidi et al., 2014; Solaimuthu et al., 2015). 37 

Specifically, employing CAN-bus (Controller Area Network), data logging software, GPS (Global 38 

Positioning System) and exhaust gases emission analysers allows for collecting a huge amount of 39 

data, which are related to in-field activity, characterised by local reliability and geographical 40 

identification. To this, the growing interest in quantifying and reducing the environmental load of 41 

agricultural productions (Renzulli et al., 2015) must be added, which involves the possibility of 42 

adopting the abovementioned technology for a twofold scope: improving the machinery 43 

engineering and knowledge (Bishop et al., 2016) as well as the related environmental sustainability 44 

(Bacenetti et al., 2017).  45 

For what concerns the environmental point of view, agricultural mechanisation is responsible for a 46 

substantial share of impacts (Niero et al., 2015; Silva Capaz et al., 2013), mainly due to fuel 47 

consumption and engine exhaust gases emissions and to the materials wear. The quantification of 48 

these impacts, at least for the mechanical field operations, still shows shortcomings (Lovarelli et al., 49 

2017), but also room for improvement. In fact, collecting data and monitoring tractors’ activity 50 

permits to improve the efficiency of tractors, their size and their use. This certainly presents 51 

advantages on the construction and management perspectives, but also on the environmental 52 

one (Lovarelli et al., 2016). Commonly, one of the most limiting factors to inventory data collection 53 

for the environmental impact assessment of agricultural machinery operations is the unfeasibility to 54 

collect or measure inventory data (i.e. primary source) because they can be time consuming, 55 

expensive and site and time dependent. Although primary data are the most reliable, the 56 

collecting difficulties and the limit of being site-specific cause the widespread use of secondary 57 

data (i.e. databases, scientific literature) that, on the other side, can be simplified and not fully 58 

reliable (Sala et al., 2017), especially if uncritically used (Bacenetti et al, 2017). Nevertheless, 59 

particularly for agricultural productions, the geographical (Perozzi et al., 2016), temporal and 60 

managerial characteristics (e.g., soil texture, field shape and slope, climate and seasonality, 61 
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machinery adopted and management choices) deeply affect most environmental loads 62 

(Bacenetti et al., 2015; Lovarelli et al., 2017).  63 

The availability on the market of tractors and implements equipped with new technology and of 64 

new techniques or management strategies increases the possibilities of collecting primary data 65 

(Marx et al., 2015). In particular, thanks to modern technology such as CAN-bus, GPS, electronic 66 

devices and exhaust gases analysers, a huge amount of data is accessible and measurable easily, 67 

constantly and simultaneously to the work on field (Fellmeth, 2003; Molari et al., 2013; Pitla et al., 68 

2016). These data describe how the engine works, the fuel consumed and exhaust gases emitted 69 

and the working features and interactions in the tractor (Janulevičius et al., 2016), which 70 

encompasses the possibility of monitoring and mapping variables (Bietresato et al., 2015), of 71 

increasing the analyses reliability on modern machinery and of optimising inputs use and 72 

management (Larsson and Hansson, 2011; Lindgren and Hansson, 2002) due to the possibility of 73 

identifying the optimal combination of work conditions to reduce inputs use. In particular, 74 

manufacturers can use information about the effective usage on field of tractors to improve the 75 

construction and maintenance of tractors as well as to identify failures.  76 

In this context, the possibility of performing field experiments to collect primary data is very 77 

promising both for reliable data collection and use and for the development of robust models for 78 

predicting the behaviour of engine-related variables. In particular, several prediction models exist 79 

in literature and one of them was adopted in this study; it uses engine specific coefficients that, 80 

although requiring detailed information for their quantification, ensure reliable assessments. 81 

The general aim of the study is to make advances on the data and model availability related to 82 

the modern technology present on tractors, which results helpful for multiple scopes among which 83 

the improvement of the data reliability for sustainability evaluations completed by means of Life 84 

Cycle Assessment (LCA) method. The possibility of having trustworthy and specific data permits to 85 

calculate the environmental load of agricultural machinery operations in a reliable way, thus 86 

allowing to play a management role for the environmental sustainability and for introducing 87 

effective sustainability measures in the manufacturing field and in the farmers’ perspective. For 88 

reaching this goal, the specific aims of this study are to: 89 
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(i) describe the experimental field trials carried out to collect primary data on mechanical field 90 

operations for cereal crops production, as well as the methodology that was adopted for the 91 

data processing and its possible future repeatability,  92 

(ii) identify the most important data for the filling of reliable inventories of agricultural machinery 93 

field operations, thus showing what happens along the different working states of a single 94 

operation,  95 

(iii) apply a reliable quantification model for the prevision of fuel consumption and exhaust gases 96 

emissions that takes into account the engine behaviour during the field operations, 97 

(iv) show the discrepancies that can emerge in terms of description of field activities among 98 

measured data on field, data related to single working states respect to the whole field work 99 

as such and data from test benches, these last with regard mainly to engine exhaust 100 

emissions. 101 

 102 

2 Materials and methods 103 

2.1 Field trials 104 

Data collection was performed directly during field trials in order to evaluate the real field working 105 

conditions and not the standardised bench testing ones.  106 

The experiments were performed in Umeå (Sweden) at the Swedish Machinery Testing Institute and 107 

they involved performing field operations with the tractor Valtra N101, made available by the 108 

contractor company. Table 1 reports the tractor characteristics.  109 

 110 

Table 1. Tractor Valtra N101 characteristics.  111 

Characteristic Unit Value 

Rated power PMAX 82 kW 

Rated engine speed s 1860 rpm 

maximum torque MMAX 490 Nm 

Mass m 4850 kg 

Driving wheels 4 WD 

Emissive Stage IIIA 

Engine emission 

abatement technology 

EGR (Exhaust Gas Recirculation) 

for abating NOX 

 112 
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Valtra N101 was equipped with CAN-bus (Controller Area Network), GPS (Global Positioning 113 

System), Dewesoft® software for CAN-bus data collection and storage, and guidance control. 114 

Additionally, to measure the exhaust gases released during the field operations, Testo® 350 115 

portable emissions gas analyser was used.  116 

During trials, the following operations were monitored: 117 

(i) ploughing, with a 3-furrow mouldboard plough, 118 

(ii) harrowing, with a 3.0 m wide rotary harrow,  119 

(iii) harrowing, with a 3.0 m wide spike harrow, 120 

(iv) sowing, with a 6.0 m wide universal mechanical sowing machine, 121 

(v) rolling, with a 5.4 m wide compactor roller. 122 

 123 

2.2 Background and instrumentation used 124 

Among the instrumentation developed to map, understand and study the activity of the tractor 125 

engine and of the related devices employable during on-field activity, the most widely used system 126 

is the CAN-bus (Controller Area Network). It is a serial high-speed wired data network connection 127 

that permits to electronic devices to communicate with each other and that, coupled with storing 128 

instrumentation, permits to collect huge amounts of data with high frequency (Speckmann and 129 

Jahns, 1999). CAN-bus is normed with SAE J1939 for the connections of electronic devices on 130 

agricultural machinery and with the standard protocol ISO 11898 (ISO, 2003).  131 

It is commonly available on modern medium-high power tractors and has permitted to use and 132 

take advantage of electronics on agricultural machinery, in particular with the improvement in 133 

data monitoring and collection and in sustainability evaluations. 134 

The data logger that was used for the acquisition and storage of CAN-bus data is Dewesoft® 135 

software that is equipped with the translation key from CAN-bus and uses more than 100 136 

communication canals that can be selected. Already on-board it was possible to check how 137 

variables were changing over time, due to the interface available with an on-board-mounted 138 

personal computer that allowed to select the variables to show. The data collection and saving in 139 

Microsoft Office Excel format was performed for the subsequent processing phase.  140 
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The portable instrument for the measurement of engine exhaust gases is Testo® 350; it analyses the 141 

flux of gases from the exhaust pipe of the tractor and results the values in ppm (or in % for CO2). The 142 

measured gases are NOX, NO, NO2, CO and O2; CO2 (%vol) is obtained from calculations deriving 143 

from O2 concentration. In addition, the sample exhaust gas temperature (°C), the sample flow of 144 

exhaust gas (L min-1; maintained as constant as possible by a pump) and the instrument 145 

temperature (°C) are also measured. Gas emissions (g h-1) were calculated based on measured 146 

flow rates and concentrations with the methods described in Directive 97/68/EC.  147 

It includes a stainless-steel gas sampling probe equipped with integrated thermocouples located 148 

close to the exhaust pipe. From here, gases reach Testo® 350 on-board of the tractor, equipped 149 

with up to 6 electrochemical (for NOX – obtained as sum of NO and NO2) and infrared (for CO) 150 

sensors, and it stores data in an on-board memory (up to 250,000 values). Digital sensors for 151 

calibration history and interference filter with electronic lifespan indicator are available as well as 152 

temperature monitoring and diagnostics are guaranteed by the instrument. The retention time 153 

ranges between 20 s and 40 s depending on exhaust gases. The instrument accuracy is high: for 154 

CO2 is equal to ± 0.2% vol O2; for CO ±5 ppm within a CO concentration value between 0-199 ppm 155 

and ± 5% mass for higher concentration (200-2000 ppm); for NO and NO2, the accuracy is ±5 ppm 156 

within a NO and NO2 concentration value between 0-99 ppm and ± 5% mass for a concentration 157 

of 100-2000 ppm and 100-500 ppm, respectively for NO and NO2. A thermoelectric chiller removes 158 

moisture and every 30 minutes, for approximately 7 minutes, the analyser rinses from moisture the 159 

sensors and the analysis chamber. During this period, therefore, no emission measurement took 160 

place and the tractor was left on, in idling stationary conditions.  161 

With the GPS (Global Positioning System), the position on field was identified to build a map in 162 

which the phases of working activity could be classified. The instrument’s precision is characterised 163 

by less than 100 mm error. CAN-bus and the exhaust gases emission analyser detected engine and 164 

tractor data and, thanks to the GPS, all of them were attributed to a position on field. 165 

 166 

2.3 Goal of the field trials 167 

The aim of the field experiments is to collect data from CAN-bus and gases analyser in order to 168 

have information about the engine working features, fuel consumption and exhausts emissions 169 
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while directly working on field in view of detailed and reliable Life Cycle Assessment (LCA) studies 170 

on agricultural machinery operations. LCA is a worldwide recognised method that permits to 171 

quantify the environmental impact of processes (ISO 14040 Series), for which inventory data 172 

concerning fuel consumption, engine exhaust gases emissions and the consumption of materials 173 

composing machinery represent essential information. 174 

Thus, thanks to GPS were built maps of the field with CAN-bus and exhaust gases emissions 175 

variables, and these data were grouped in the following working states: 176 

(i) effective work: condition in which the tractor is driving on the stretch effectively carrying out 177 

the operation; 178 

(ii) turn at headland: condition in which the driver is manoeuvring at the headlands, including 179 

when the implement is lifted/lowered and/or turned before or after the turn; 180 

(iii) stop: when the tractor is not moving, therefore its GPS position along time does not change. 181 

In this condition, often, the engine is idling, but this is not a compulsory condition;  182 

(iv) transfer: the whole condition of transport from the farm to the field and vice versa. 183 

To better study the role of the working states, the trials can be distinguished in two main parts: 184 

(i) comparison of alternative headland strategies during an operation to study the behaviour of 185 

the engine within different conditions during the turns at the headlands; 186 

(ii) completion of other field operations with defined engine and field working features to study 187 

the behaviour of the tractor in those conditions. 188 

In both cases the aim is to identify the most relevant differences in terms of fuel consumed and 189 

exhaust gases released, what working conditions show the best outcomes on the environmental 190 

perspective and how can vary the fuel consumption and engine exhaust gases emissions by 191 

changing only few work conditions.  192 

 193 

2.4 Description of the field trials 194 

Several field operations were monitored during trials carried out in October 2016 on two sandy-195 

loamy fields in collaboration with the Swedish Machinery Testing Institute (SMP) in Umeå (Sweden).  196 

 197 
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2.4.1 Alternative headland strategies 198 

In the first field (area = 1.7 ha), rotary harrowing was carried out with the aim of comparing 199 

alternative strategies for completing the turns at the headlands. In more details, to perform these 200 

turns different driving schemes were used in accordance with practical farm working schemes and 201 

each of them was characterised by different engine running features. Five headland strategies 202 

were identified as shown in Figure 1; analysing all of them allowed to compare the engine use 203 

during the strategies and to identify the most beneficial on the environmental point of view and the 204 

improvable driving conditions that permit to reach lower fuel consumption and lower exhaust 205 

gases emission. Hence, the field was split in five areas; the dimension of each of them was defined 206 

in order to have a minimum number of turns (at least 10 for all operations) for repeatability in the 207 

statistical analysis. 208 

 209 

Figure 1 around here 210 

 211 

Figure 1. Studied headland strategies, namely A, B, C, D and E. The spotted lines identify the turn on 212 

the headlands, with the black-coloured line for the forward direction and the red-coloured line for 213 

the reversing. 214 

 215 
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In the sections of each area where the phase of effective work was carried out, the same working 216 

variables were considered, which means that gear, engine speed (rpm), working speed (km h-1) 217 

and working depth (mm) were kept constant; the exception is the effective work on two areas, as 218 

reported in Table 2, where on 3 areas (i.e. I, II and V) the same engine speed and gear were kept 219 

during all the effective work, while in the remaining 2 areas (i.e. III and IV) engine speed or gear 220 

changed the way forward from the way back. 221 

 222 

Table 2 around here 223 

 224 

Table 2. Engine speed and gear used in the 5 areas characterised by different headland turning 225 

strategies. 226 

Areas Engine speed (rpm) Gear (-) 

I rpm1 = 1850 g1 = 2 

II rpm1 = 1850 g1 = 2 

III 
rpm1 = 1700 

rpm2 = 2000 
g1 = 2 

IV rpm1 = 1850 
g1 = 1 

g2 = 3 

V rpm1 = 1850 g1 = 2 

 227 

 228 

2.4.2 Other field operations  229 

With regard to the operations of ploughing, spike harrowing, sowing and rolling, a second field 230 

characterised by an area = 4.2 ha was used (ploughing and rolling were performed only on one 231 

part of the field, with Aplough = 1.2 ha and Aroller = 2.8 ha). Similarly to rotary harrowing, data were 232 

collected during the work on field, taking into account the transfers from farm to field and vice 233 

versa and the work on field distinguished in effective work, turns at headlands and stops.  234 

In each operation, engine speed and working speed were changed as reported in Table 3. When 235 

applicable (i.e. ploughing and spike harrowing) the working depth was also varied. The headland 236 

strategy was kept constant along the whole operation, but – when needed - differed in the 237 

different operations.   238 

 239 

Table 3 around here 240 
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 241 

Table 3. Variables adopted in each operation.  242 

Operation* 
Headland 

strategy 

Implement 

working 

width  

(b; m) 

Implement 

working 

depth  

(H; mm) 

Implement 

mass (m; kg) 

Working 

speed  

(s; km h) 

Tractor 

engine 

speed  

(n; rpm) 

Ploughing 

(1-2) 
D 1.47  

H1 = 180 

H2 = 280 
1200 kg 

s1 = 5.0 

s2 = 7.0 

n1 = 1400 

n2 = 1800 

Harrowing, 

rotary 

harrow (A-E) 

A-B-C-D-E 3.0 100 890 kg 

s1 = 4.0 

s2 = 5.0 

s3 = 6.0 

n1 = 1700 

n2 = 1850 

n3 = 2000 

Harrowing, 

spike 

harrow (1-4) 

E 3.0 
H1 = 80 

H2 = 120 
350 kg 

s1 = 6.0 

s2 = 8.0 

n1 = 1000 

n2 = 1400 

n3 = 1800 

Sowing (1-2) A-E 6.0 -- 570 kg 
s1 = 5.0 

s2 = 8.0 

n1 = 1080 

n2 = 1800 

Rolling D 5.4 -- 2460 kg 
s1 = 7.0 

s2 = 10.0 
1000 

* In brackets are shown the codes that identify the operations. More in details:  243 
(i) ploughing 1 = work depth 180 mm; ploughing 2 = work depth 280 mm; 244 
(ii) rotary harrowing A-E = A-E represent the 5 different headland strategies abovementioned; 245 
(iii) spike harrowing 1 = all three engine speeds are studied one after the other on the same 246 

stretch; spike harrowing 2 = engine speed 1000 rpm; spike harrowing 3 = engine speed 1400 247 
rpm; spike harrowing 4 = engine speed 1800 rpm; 248 

(iv) sowing 1 = external part of the field with headland A; sowing 2 = internal part of the field with 249 
headland E. 250 

 251 

2.5 Data processing of measured data 252 

Collected data were processed on Microsoft Office Excel spreadsheet.  253 

A first temporal offsetting of data from CAN-bus and Testo® 350 was made, and the identification 254 

of geographical coordinates from GPS followed.   255 

As mentioned above, the working states were identified with the GPS coordinates considering that 256 

the worked fields had rectangular shape and, therefore: (i) when the GPS coordinates varied 257 

according to a defined angle the tractor was turning, (ii) when the GPS coordinates varied without 258 

exceeding the defined angle the tractor was working on the stretch (effective work) and (iii) when 259 

the GPS coordinates did not change for a period longer than 5 s, the tractor was stopping. An 260 

example of ploughing operation is shown in Figure 2. 261 

 262 

Figure 2 around here 263 

 264 
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 265 

Figure 2. Distinction of work states for the ploughing operation. The working depth in Section 1 (left-266 

bottom) was H1 = 180 mm and in Section 2 (right-top) H2 = 280 mm.  267 

 268 

According to the working states distinction, the CAN-bus data related to torque (M; Nm), engine 269 

speed (s; rpm), fuel consumption (FC; L h-1), engine power (P; kW), engine load (L; %), and the 270 

Testo® 350 data on exhaust gases emissions (EM of CO2, CO and NOX; g h-1), O2 (ppm) and 271 

instrument and gas temperatures (°C) could be attributed to each state. 272 

In addition, in all operations, every stretch of effective work and every turn at headlands were 273 

numbered. This made possible to take mean values per stretch or turn and thereby quantify the 274 

stretch-to-stretch and turn-to-turn variation. Additionally, the specific values of brake specific fuel 275 

consumption (bsfc, g kWh-1) and engine exhaust emissions (g kWh-1) were also quantified in each 276 

stretch and turn, in order to be widely comparable among operations.  277 

 278 

2.6 Predicting model adopted 279 

From a literature analysis emerged that several prediction models for fuel consumption exist, some 280 

of which are based on generic equations (Grisso et al., 2004; Janulevičius et al., 2013; Sørensen et 281 

al., 2014) and others on engine-specific (Lindgren, 2004, 2005). Among them, the engine-specific 282 

one proposed by Lindgren (2005) has been adopted (Eq. 1). In this model, torque (M; Nm), engine 283 

speed (s; rpm) and engine-specific coefficients are needed. Torque and engine speed were 284 
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directly gathered from the field measurements, while the 9 engine-specific coefficients were 285 

calculated referred to the equation (Eq. 1) modelling the semi-static condition (i.e. with no transient 286 

effect) and they were identified with Matlab® using a least square fit for calibration. Fuel 287 

consumption (FC; L h-1) was quantified for all working states and total working time considering the 288 

following equation, which is also adopted for the quantification of EM (CO2, CO and NOX; g h-1) 289 

with the related 9 engine-specific coefficients for EM. The total FC and EM for the operation is the 290 

sum of every value got per record of engine speed and torque.   291 

 292 

FC = c1 ∙ s + c2 ∙ s2 + c3 ∙ s3 + M ∙ (c4 ∙ s + c5 ∙ s2 + c6 ∙ s3) + M2 ∙ (c7 ∙ s + c8 ∙ s2 + c9 ∙ s3)  [1] 293 

 294 

where:  295 

- FC = fuel consumption (L h-1);  296 

- from c1 to c9 = engine-specific coefficients; 297 

-  s = engine speed (rev min-1);  298 

- M = torque (N m). 299 

Data processing on engine exhaust gases is more complex because the production of each gas 300 

depends on a wide range of factors such as other gases present, temperatures, oxygen 301 

concentration, technologies and after-treatment systems and driving abilities (Larsson and 302 

Hansson, 2011; Lindgren and Hansson, 2002, 2004). However, Equation 1 responds well to engine 303 

exhaust emissions (Lindgren, 2005) and is valid for their quantification adopting adequate 304 

coefficients for each of the studied exhaust gases (see Table 7).  305 

Lindgren (2005) studied two equations for fuel and exhaust emissions prediction: one assumes 306 

steady state conditions and one takes into account transient effects. Steady state is when no 307 

change occurs during the experiments for the measured data, whilst transient effects are changes 308 

due to fast variations in torque and/or engine speed. Transients are quantified evaluating the 309 

difference (%) from the steady state condition. As stated in Lindgren (2005), Equation (1) is valid for 310 

the steady state condition; the additional presence of three coefficients for the transients would 311 

permit to quantify FC and EM in transient conditions. 312 

 313 
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3 Results  314 

Results are reported in two sections; first, on the processing of the measured data on field and then 315 

on the application of modelling.  316 

 317 

3.1 Results on the measured data 318 

For each operation, the working time was measured distinguishing in effective work, turns at the 319 

headlands, stops and the transfer from farm to field and vice versa. Results about the working time 320 

are reported in Table 4 for all operations. In most cases, the effective work ranges between 60% 321 

and 70% of the total work time on the field (i.e. effective work, turns and stops without transfers), 322 

with a lower value for sowing (where stops are responsible for 29% of the total working time on field 323 

due to the filling of the hopper) and a higher value for rolling (which is a quite straight-forward 324 

operation). The turns at the headlands show a higher variability, ranging between 8% for rolling and 325 

28% for rotary harrowing where the 5 headland strategies for the turns have been studied. For the 326 

stops, the result is affected by the rinsing of Testo® instrumentation that was performed with the 327 

tractor in a stationary idling position, as well as by the hopper filling during sowing. When 328 

considering the effective field work capacity, thus taking into account the transfers, the share of 329 

the total working time of the operation is affected by the distance from the field and influences the 330 

results; in particular, the contribution of transfers ranges between 17% and 56% for all the evaluated 331 

operations. Of course, considering the transfers (total working time of the operation = 100%), the 332 

work capacity on field decreases (i.e. effective work plus turns plus stops in a range between 44% 333 

and 83% of the total working time).  334 

 335 

Table 4 around here 336 

 337 

Table 4. Working time distribution (h) in the studied operations. 338 

Operation 
Effective 

work 

Turns at 

headlands 
Stops Transfers 

Total 

working 

time 

Ploughing 1.93 h  0.62 h 0.39 h 1.46 h 4.40 h 

Harrowing, rotary 1.77 h 0.82 h 0.36 h 1.40 h 4.35 h 

Harrowing, spike 2.10 h 0.31 h 1.00 h a 0.70 h b 4.11 h 

Sowing 0.69 h  0.16 h 0.35 h c 1.19 h 2.39 h 
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Rolling 0.29 h 0.03 h 0.09 h  0.53 h b 0.94 h 
a This includes the time to couple tractor-implement on field (implement already on field) and to 339 
change the work layout of the implement (i.e. change of working depth between two field parts). 340 
b The spike harrow and roller were already on the headlands of the field, therefore only the way 341 
back was measured. Thus, the total time (including way forward and way back) has been 342 
estimated. 343 
c This includes the time to refill the hopper with seed. 344 
 345 

The trend along time of the measured variables can be retrieved from the processing.  Figure 3 346 

illustrates an example for this by focusing on two sections of rotary harrowing (i.e. headland turning 347 

strategies A and D) in which is also shown the distinction of collected data among effective work, 348 

turns at headlands and stops. In particular, when the headland strategy included changes in 349 

direction (e.g., strategy A), the trend in fuel consumption is widely variable (5-17 L h-1), whereas 350 

when the turn is performed in a homogeneous driving scheme (e.g., strategy D) the fuel 351 

consumption is homogeneous and with a reduced variation level (5-8 L h-1 for most data). The 352 

variation in fuel consumption due to the effective work during the case of “headland strategy D” is 353 

consistent along the field in accordance with the change in gear (see Table 2, area IV). 354 

 355 

Figure 3 around here 356 

 357 

 358 

Figure 3. Trend along time of the measured fuel consumption for the rotary harrowing with the 359 

strategies for the headlands named “A” and “D”. 360 
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To get a value per stretch of effective work and per turn, every stretch and turn was numbered and 362 

for every of them it was possible to calculate statistics. In particular, Figure 4 shows an example for 363 

ploughing, where every stretch and every turn are identified and report the average brake specific 364 

fuel consumption (bsfc; g kWh-1) and CO2 specific emission (EMCO2; g kWh-1). The specific values for 365 

bsfc and CO2 were calculated considering the fuel consumed (L h-1), CO2 emitted (g h-1) and 366 

absorbed engine power (kW) and averaging them per section of work state (i.e. per stretch and 367 

per turn). During the effective work, the values go up and down due to the field gradient that 368 

affected the tractor’s developed engine power, which caused changes in brake specific fuel 369 

consumption and specific exhaust gases emissions between the way forward and the way back. 370 

 371 

Figure 4 around here 372 

 373 

  

Figure 4. Average values for each work state of effective work, turn at headlands and stop for the 374 

ploughing operation (specific for Section 2 of ploughing). On the left, brake specific fuel 375 

consumption (g kWh-1). On the right: specific values for CO2 emission (g kWh-1). 376 

 377 

From the figure, it emerges that the specific values referred to the turns are higher respect to those 378 

during the effective work; thus, the efficiency of fuel (kWh g-1) and the related one of CO2 are 379 

better for the effective work state. It can also be seen that the stops play a role in regard of specific 380 

consumption and emission; in particular, although the stops are short in time, the bsfc and specific 381 

emission of CO2 show values higher (340.3 g kWh-1 and 1020.7 g kWh-1 for bsfc and specific CO2, 382 

respectively) than the average of turns (318.3 g kWh-1 and 1054.9 g kWh-1 for bsfc and specific CO2, 383 
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respectively) and, mainly, of effective work (274.2 g kWh-1 and 897.0 g kWh-1 for bsfc and specific 384 

CO2, respectively), especially in the second part of the field.  385 

Similarly, all results on the assessed operations that refer to the average bsfc (g kWh-1), CO2, NOX 386 

and CO (g kWh-1) per effective work, turn and stop are reported in Figure 5. Each operation was 387 

distinguished in different parts when different variables were considered (e.g., rotary harrow A-E for 388 

the 5 headland strategies, ploughing 1-2 for the two different working depths).  389 

As expected, the specific values for fuel and exhaust gases emissions are almost always higher 390 

during turns at headland and stops rather than during the effective work on field due to the 391 

tougher working conditions, engine load and impact of transients. In particular, bsfc and CO2 have 392 

a similar trend, due to their dependence on fuel use; instead, NOX and CO show higher variability, 393 

mainly due to the EGR system, oxygen concentration and catalyst temperature.  394 

 395 

Figure 5 around here 396 

  

  
Table 4. Brake specific fuel consumption (bsfc; g kWh-1), CO2 (g kWh-1), NOX (g kWh-1) and CO (g 397 

kWh-1) average values per work state gathered from the data from field measurements. Standard 398 
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deviation is also reported for effective work and turns at headlands, while it was not calculated for 399 

stops due the low number of stops in the operation.  400 

 401 

From the figure, a comparison among headland strategies can be performed within the rotary 402 

harrowing operation (i.e. headland strategies A-E). The results show that the highest values for bsfc, 403 

CO2 and NOX specific emissions are gathered during headland strategy D, followed by strategy C 404 

(-6.8% respect to turns in D) and strategy E (-7.9% respect to turns in D). For CO, instead, the 405 

opposite trend emerges, being strategy A the worst (followed by strategy C: -18% respect to A). 406 

Regarding the effective work, instead, the values are much closer to each other, as expected, due 407 

to the choice of adopting the same work conditions; however, higher values for bsfc and NOX 408 

specific emission are shown in headland strategy D, where the turn strategy affected the effective 409 

work values as well. Another comparable operation is ploughing, where, however, not relevant 410 

differences emerge between the ploughing performed at 280 mm or at 180 mm depth (all values 411 

range within 89% and 100%, except for CO where lower results were highlighted during the first 412 

case).   413 

The last comparable operation is the spike harrowing with options 2-4 (the variable is engine speed, 414 

with s2 = 1000 rpm, s3 = 1400 rpm and s4 = 1800 rpm, respectively), from which it emerges that at 415 

lower engine speed the bsfc and the CO2 specific emission were higher for all the three evaluated 416 

working states (other harrowing cases range for both variables between -16% and -32% of option 417 

2); for NOX as well as for CO, the best condition resulted the one in which the harrowing was 418 

performed at s3 = 1400 rpm (effective work and turns at headlands) (-6% and -16% for NOX during 419 

effective work and turns, respectively and even more for CO, for which, however, high variability is 420 

encountered) while the emissions during the stops were lower when the engine speed was s4 = 1800 421 

rpm (range between 42% and 85% respect to the worst case). In particular, the results obtained 422 

during the stops were affected by the fact that, when stops were shorter than 20 s, the engine 423 

speed was not idling but remained set at the work conditions.  424 

For each variable is also reported the standard deviation of the operation and working state in 425 

order to understand how repeatable are the results. In most cases, standard deviation values are 426 

restrained, except for CO emission for which quite high values can be identified; moreover, in some 427 
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operations such as ploughing 2 (H = 280 mm) and spike harrowing 1 (with the combination of 3 428 

engine speeds one after the other on the same stretch; the field length was b = 420 m) show high 429 

standard deviations for torque and engine speed. Differences in these values can also be found 430 

from stretch to stretch and from turn to turn, mainly due to the specific field work conditions. 431 

In order to understand in which working conditions, the Valtra N1010 engine performs the best in 432 

terms of bsfc and specific emission, the median values for bsfc, CO2, NOX and CO specific 433 

emissions (g kWh-1) have been grouped according to engine speed and torque combinations 434 

(Table 5). In more details,  435 

- engine speed is split in 3 groups: (A) s < 1100 rpm; (B) 1100 ≤ s < 1600 rpm; (C) s ≥ 1600 rpm; 436 

- torque is split in 3 groups: (a) M < 100 Nm; (b) 100 ≤ M < 200 Nm; (c) M ≥ 200 Nm. 437 

In this case, median was chosen since it resulted being a better indicator than average and mode. 438 

 439 
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 441 

Table 5. Median value of brake specific fuel consumption (g kWh-1) and of specific emissions of 442 

CO2, NOX and CO (g kWh-1) for each combination of engine speed and torque.  443 

Variables 
Combination of engine speed and torque 

A-a A-b A-c B-a B-b B-c C-a C-b C-c 

BSFC g kWh-1 312.5 394.5 421.4 239.6 278.8 263.4 219.8 252.1 288.5 

CO2 g kWh-1 907.9 1265.6 1338.2 760.1 884.3 1027.5 710.1 810.0 927.2 

NOX g kWh-1 7.5 9.1 10.2 7.1 8.4 7.2 6.6 5.8 5.5 

CO g kWh-1 0.0 0.0 0.2 0.0 0.0 0.1 0.0 0.0 0.1 

Notes: (A) s < 1100 rpm; (B) 1100 ≤ s < 1600 rpm; (C) s ≥ 1600 rpm; (a) M < 100 Nm; (b) 100 ≤ M < 200 444 

Nm; (c) M ≥ 200 Nm.  445 

 446 

In more details, the combined groups that include low engine speed values (i.e. A-a, A-b and A-c) 447 

are the less desirable solutions, since they show the highest values. High values mean that a worse 448 

efficiency is linked to this condition, characterised by the engine running slowly (idling or almost 449 

idling). The same trend is confirmed for CO2 and NOX. For nitrogen oxides, however, the trend 450 

involves also that at low torque (i.e. A-a, B-a and C-a) emissions are bigger than at high torque 451 

and, similarly to previous variables, they are the highest at low engine speed (s < 1100 rpm) 452 

followed by the intermediate step with medium-high torque and engine speed (B-b). 453 
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Regarding CO, the results are again more complicated to evaluate, although it emerges that CO 454 

specific emissions are higher with low engine speed (s < 1100 rpm) and high torque (≥ 200 Nm) (i.e. 455 

case A-c). 456 

 457 

3.1.1 Data processing of the transfer working phases 458 

The transfer phases were studied considering the complete transfer from farm to field and vice 459 

versa. This phase involves a wide range of variation in fuel consumption (1.5-24.9 L h-1), due to the 460 

transferring on the paved road that involves fast travel speed changes.  461 

In Table 6 are reported the values of bsfc (g kWh-1) and of the specific emission of exhaust gases (g 462 

kWh-1) (when available) during each of the transfers studied for the field operations. Besides, also 463 

torque (Nm), engine speed (rpm) and engine power (kW) are given as average value of the 464 

transfer. 465 

 466 
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 468 

Table 6. Brake specific fuel consumption (bsfc, g kWh-1), specific emission of CO2, NOX and CO (g 469 

kWh-1), torque (Nm), engine speed (rpm) and power (kW) for the transfer phases. During part of the 470 

transfers, no information was collected on exhaust gases emission.  471 

Work 

phases 

bsfc  

g kWh-1 

CO2  

g kWh-1 

NOX  

g kWh-1 

CO 

g kWh-1 

Torque  

Nm 

Eng. speed 

rev min-1 

Eng. power 

kW 

Transfer 1 371.79 0.32 27.50 4.17 134.0 1650.7 23.2 

Transfer 2 412.53 -- -- -- 93.49 1408.30 13.8 

Transfer 3 429.86 0.58 51.55 0.64 63.06 1094.95 7.3 

Transfer 4 452.18 0.00 0.02 0.00 84.0 1220.8 10.7 

Transfer 5 268.01 -- -- -- 116.5 1019.7 12.4 

 472 

3.2 Results on the modelled data 473 

The 9 coefficients needed for modelling fuel consumption and engine emissions for the engine of 474 

tractor Valtra N101, in accordance with the model described in Section 2.6, are shown in Table 7. 475 

For both fuel consumption and emissions, they were calibrated with the measured values. 476 

 477 

Table 7 around here 478 
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 479 

Table 7. Model engine-specific coefficients calculated for tractor Valtra N101. 480 

Engine-specific 

coefficients 

Variable 

Fuel consumption CO2 emission CO emission NOX emission 

c1 -2.29∙10-3 -5.57∙100 4.33∙10-2 -3.95∙10-1 

c2 4.35∙10-6 1.12∙10-2 -6.77∙10-5 6.27∙10-4 

c3 -1.10∙10-9 -2.90∙10-6 2.67∙10-8 -2.14∙10-7 

c4 5.92∙10-5 1.49∙10-1 -1.52∙10-4 5.74∙10-3 

c5 -5.15∙10-8 -1.26∙10-4 2.80∙10-7 -7.04∙10-6 

c6 1.91∙10-11 4.81∙10-8 -1.46∙10-10 2.38∙10-9 

c7 -1.18∙10-7 -3.04∙10-4 2.66∙10-7 -1.19∙10-5 

c8 1.64∙10-10 4.27∙10-7 -5.97∙10-10 1.64∙10-8 

c9 -5.35∙10-14 -1.42∙10-10 4.31∙10-13 -5.85∙10-12 

 481 

As stated in Lindgren (2005), adopting the equation that evaluates transient effects permits to 482 

reduce the model error. Nevertheless, for these field experiments, the equation (Eq. 1) in steady 483 

state conditions was selected. The reason is related to the analysis performed on transients (i.e. the 484 

rate of change in engine speed per second over the maximum engine speed of the engine): their 485 

effect on all studied operations is reduces, as shown in Figure 7. The difference in the colours is 486 

related to the couple Engine Speed-Torque, which was made in order to identify the possible 487 

differences in transient due to the relation between engine speed and torque; the adopted 488 

couples “engine speed-torque” were built splitting engine speed in three groups (s < 800 rpm; 800 ≤ 489 

s <1200 rpm; s ≥1200 rpm) and torque in three groups (M < 50 Nm; 50 ≤ M <150 Nm; M ≥ 150 Nm) 490 

and matching the combinations. The values that constitute the grouping differ from the former 491 

ones because, in this case, it was more important to focus on the phases in which transients can 492 

play a prominent role, thus splitting with bigger detail the sections with low engine speed and 493 

torque. The graph is aimed to show the impact of the transient respect to fuel consumption 494 

modelling with the steady-state condition (Y-axis, left) at different transient presence, both 495 

negative and positive transients (X-axis). It can be seen with the triangular dots in the figure (Y-axis, 496 

right) that most data (96.0%) are enclosed in the range ±5% of transient effect; instead, in the range 497 

±10% are included 99.3% of all data. Considering the range ±5%, the impact of the transient is very 498 

restrained, which explains why the steady state modelling equation was adopted.   499 

 500 

Figure 7 around here 501 
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 502 

 503 

Figure 7. Transients effect during all the studied operations. The legend reports the combination of 504 

values of engine speed (s < 800 rpm; 800 ≤ s < 1200 rpm; s ≥ 1200 rpm) and torque (M <50 Nm; 50 ≤ 505 

M < 150 Nm; M ≥ 150 Nm) per series. The triangle-dots show the averaged frequency of transients. 506 

 507 

The model described very well the engine, and mostly the fuel consumption and CO2 emissions; for 508 

NOX and, mainly, for CO more variability must be considered and therefore the model outcomes 509 

are less performing. Carbon monoxide (CO) was subject to excessive unrepresentativeness from 510 

the steady state model and usually depends on unregular conditions. In fact, CO is affected by 511 

several variables (Lindgren, 2005), among which air supply and the abilities of the driver, motivating 512 

the not sufficient response to the model. Table 8 reports the R2 that describe the model response to 513 

fuel consumption and exhaust gases emissions. 514 

 515 
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 517 

Table 8. Values of R2 for the model used in predicting fuel consumption and engine exhaust gases 518 

emissions.  519 

Work state 

R2 

Fuel 

consumption 

CO2 

emission 

NOX 

emission 

CO 

emission 

Effective work 0.97 0.90 0.22 0.19 
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Turns at headland 0.92 0.77 0.38 0.32 

Stops 0.95 0.65 0.42 0.05 

 520 

Nitrogen oxides (NOX) depend on the internal engine temperature and the higher the temperature 521 

the higher is the exhaust gas emission. In this case, the tractor is equipped with the EGR, which 522 

involves that when the exhaust gases reach a defined threshold for temperature, the EGR system 523 

starts and brings to NOX reduction. This works mostly during the effective work; instead, during turns 524 

the temperature in the exhaust pipe varies more in accordance with the working conditions, 525 

therefore higher variation can be identified. For what regards the stops, the engine is commonly 526 

idling and the EGR does not start working, at least until the threshold temperature is reached. Due 527 

to the lower temperature, NOX emission values are lower. The main problems in this case are, 528 

however, that: first, some measured data reach very high values, probably due to the working 529 

conditions and sensibility of the instrument and, second, the temperature fast variation cannot be 530 

correctly identified with the model. 531 

Considering the general model’s response with all data processed and considering effective work, 532 

turns and stops, the model calculated values were, on average: (i) +4% respect to the measured 533 

bsfc (coefficient of variance = 0.09), (ii) -1% respect to the measured CO2 (coefficient of variance = 534 

0.39), (iii) +4% respect to the measured NOX (coefficient of variance = 0.39), and (iv) +2% respect to 535 

the measured CO (coefficient of variance = 0.60). It can be observed that most differences are 536 

related to bsfc and NOX, for which, however, the reasons are connected to the higher data 537 

availability for bsfc, since differently from emissions there is no rinsing; moreover, most discrepancies 538 

from the measured values are related to the turns and stops where the impact of the transients, 539 

although restrained, plays a more important role respect to the effective work phase. In support of 540 

this, if the model was not used for the stops, the outcomes would be included within ±2% respect to 541 

the measured values for all the 4 variables (bsfc, CO2, NOX and CO specific emission). The 542 

coefficient of variance for the measured and calculated values is close to 0 for most data, except 543 

for the section characterising the stops of two field operations (i.e. section of rotary harrowing and 544 

section of ploughing). The good response in this case is also motivated by the fact that, being an 545 

average for all data, variability is averaged along the whole dataset.  546 

 547 



24 
 

4 Discussion 548 

In the current study are reported the results of field experiments carried out with one tractor 549 

coupled with several implements; in particular, the aim was first to measure all variables affecting 550 

the work of the tractor engine, the fuel consumption and the engine exhaust gases emissions, and 551 

second to use a model that could satisfactorily describe the system with the goal of having reliable 552 

data to adopt in Life Cycle Assessment studies.  553 

From the results, it emerges that a high-level modelling can be reached by monitoring field 554 

operations through the electronic instrumentation, which is a very useful step forward to efficiency 555 

increase, inputs use and agricultural sustainability assessment. In particular, an interesting finding 556 

was the possibility of showing that working states highlight strong differences respect to each other 557 

and that studying what working state compose the operation is important.  558 

Collected data on field only describe the specific tractor’s engine tested that was built to match 559 

the IIIA Emissive Stage restrictions and, therefore, was equipped with the EGR system for the 560 

reduction of NOX emissions. Older engines as well as newer ones that must respect the legislation 561 

with Stage IIIB (presence of Selective Catalytic Reduction - SCR - with Adblue) are likely to have a 562 

different dynamic. Thus, the results of this study are not applicable to other tractors/engines in their 563 

specific terms of the resulting values, but they are widely applicable in general terms when 564 

focusing on the engine’s behaviour and on the methodology in building a model.  565 

An additional plus is given by the fact that, usually, studies refer to test bench measurements and 566 

to the operating points defined by the ISO 8178-C1 Standard (ISO, 1996), whilst in this study the 567 

measurements were done directly on field, involving that higher variability due to the effective field 568 

work conditions should be taken into account, especially with regard to engine exhaust gases 569 

emissions (Larsson and Hansson, 2011; Lindvall et al., 2015). Having data directly measured on field 570 

makes values not comparable with other operations but permits to reliably describe the effective 571 

work conditions under assessment, without underestimates of variables due to the test bench. 572 

However, test bench measurements can be still efficaciously used to produce the coefficients for 573 

the steady state modelling, which permits to gather these coefficients without specifically 574 

performing tests on field and, thus, to fasten reliable data collection for subsequent environmental 575 

assessments.  576 
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Studying the different headland strategies was aimed to show whether and to what extent the 577 

operating modes on the headlands affect fuel and exhaust gases emissions (Janulevičius et al., 578 

2013). More complex headland strategies involved, in fact, higher specific fuel consumption and 579 

higher specific engine emissions. In addition, the distinction of the field in the states of effective 580 

work, turns and stops permitted to understand if and how the fast variation in engine features such 581 

as engine speed and torque causes specific increases in consumption and emission. As expected, 582 

the specific values gathered during the stops involve an increase in brake specific fuel 583 

consumption and specific exhaust gases emissions, causing higher costs for fuel and higher 584 

environmental air pollution. The best efficiency of fuel is related to the effective work for almost all 585 

studied operations.  586 

Considering data processing, the model for steady state conditions was adopted, since the studied 587 

operations highlighted a low impact of transients; this means that extending this model to transient 588 

effects was not expected to give important benefits on the modelling. However, the extension can 589 

be useful in predicting fuel and emissions (Lindgren, 2004) when transients are more present respect 590 

to these trials (e.g., during front loading operations).  591 

The adopted model gave a very good response to fuel consumption and CO2 emission. However, 592 

for NOX and CO, it underestimated the real emission, probably due to the transient effects playing 593 

a greater role on these emissions rather than on fuel and CO2. Moreover, CO is affected by air 594 

supply and incomplete combustion (Lindgren and Hansson, 2004). With positive transients, CO 595 

emissions increased because of the incomplete combustion, whereas during negative ones the 596 

emissions were close to the steady state condition. However, CO has resulted being subject to hikes 597 

and with an unregular trend also in other studies. Considering NOX emissions, instead, commonly 598 

what occurs is that at higher temperatures the NOX emissions increase (Janulevičius et al., 2013); in 599 

this case, on the contrary, when the threshold temperature was reached, the EGR system started 600 

working, therefore when temperatures increased considerably, the NOX did not follow the trend. 601 

Consequently, with the EGR, NOX emissions reduced (condition that usually occurs during the 602 

effective field work - medium-high torque and medium-high engine load - while increased during 603 

the accessory working time). Given this wide variability in the modes to reduce exhausts, a trade-604 

off among them must be found. 605 
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For what concerns the transport phases, instead, the transient effects had higher importance than 606 

those on field and, in fact, the steady state model works less well. In particular, considering that 607 

farms are becoming fewer but bigger and that farmers need to drive longer distances to reach 608 

fields from farm, especially on an environmental perspective the transfer distances, engine features 609 

during transfers as well as fuel consumption and exhaust gases emissions of these accessory work 610 

phases are becoming increasingly important. 611 

The results can be widely applicable, both to estimate variables that can be adopted in other 612 

models and to fill in the inventories for Life Cycle Assessment (LCA) studies in order to quantify 613 

appropriately the environmental impact of agricultural field operations (Larsson and Hansson, 2011; 614 

Bacenetti et al., 2017), providing more reliable results on specific studied cases. Different working 615 

conditions and implements (Lovarelli et al., 2017) as well as exhaust gases emissions from tractors 616 

equipped with different emission control strategies and/or engine emissive stages (Bacenetti et al., 617 

2017) can be consistently evaluated, and adequate mitigation strategies for agricultural 618 

production chains can be identified (Renzulli et al., 2015). Considering the effect of fuel and 619 

exhaust gases, the environmental assessment through LCA is very important, since fuel 620 

consumption, CO2 and NOX are important sources of environmental impact. Fossil resources affect 621 

several environmental impact categories, such as Climate Change, Ozone Depletion, Terrestrial 622 

Acidification, Marine and Freshwater Eutrophication, and Mineral, Fossil and Renewable Resources 623 

Depletion (Wolf et al., 2013). On the other hand, CO plays an important role on human health, 624 

although it is commonly less important from an agricultural perspective due to the lower population 625 

density that lives in the countryside where most agricultural activities occur. 626 

 627 

5 Conclusions 628 

The study was aimed to report the results of measurements deriving from trials on field with different 629 

field operations and to apply a model that could describe the tractor’s fuel consumption and 630 

exhaust gases emissions with reliable results. Every data was related to a work state on field to show 631 

what occurs during each field work state within different work conditions (e.g., working speed, 632 

working depth, engine speed, engine load). This permitted also to make statistics on the most 633 
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frequent work conditions and engine features that characterise agricultural machinery field 634 

operations. However, it is fundamental to underline that the results only refer to the tested engine. 635 

The use of such values in the completion of the inventory for environmental sustainability studies 636 

permits to improve the reliability of LCA results and, therefore, to make valid assessments that allow 637 

for suggesting valid environmental mitigation strategies. In more details, focusing on the effective 638 

working conditions on field permits: (i) to avoid underestimations or overestimations as due to 639 

bench tests, (ii) to quantify the difference between the most sustainable solution and the other 640 

alternatives for the farmer, (iii) to understand where improvements can be introduced along the 641 

work stages on field and, finally, (iv) to make farmers conscious of their role on the environmental 642 

sustainability of agricultural productions.  643 
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Water Footprint is an indicator recently developed with the goal of quantifying the virtual content of water in
products and/or services. It can also be used to identify the worldwide virtual water trade. Water Footprint is
composed of three parts (green, blue and grey waters) that make the assessment complete in accordance with
the Water Footprint Network and with the recent ISO14046.
The importance ofWater Footprint is linked to the need of taking consciousness about water content in products
and services and of the achievable changes in productions, diets and market trades. In this study, a literature
review has been completed on Water Footprint of agricultural productions. In particular, the focus was paid on
crops for the production of food and bioenergy.
From the review, the development of theWater Footprint concept emerged: in early studies themain goalwas to
assess products'water trade on aglobal scale,while in the subsequent years, the goalwas the rigorous quantification
of the three components for specific crops and in specific geographical areas. In the most recent assessments,
similarities about the methodology and the employed tools emerged.
For 96 scientific articles on Water Footprint indicator of agricultural productions, this literature review reports
the main results and analyses weaknesses and strengths. Seventy-eight percent of studies aimed to quantify
Water Footprint, while the remaining 22% analysed methodology, uncertainty, future trends and comparisons
with other footprints. It emerged that most studies that quantified Water Footprint concerned cereals (33%),
among which maize and wheat were the most investigated crops. In 46% of studies all the three components
were assessed, while in 18% no indication about the subdivision was given; in the remaining 37%, only blue or
green and blue components were quantified.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

During the last years, high attention has started being paid on
environmental analyses with multiple goals: quantifying environmental
impacts of processes, identifying environmental hotspots and suggesting
mitigation strategies to reduce the impact of anthropogenic productions
on the environment.

Human impact on the environment has grown much more and
faster thanwhatwas expected, and humanity consumesmore resources
(e.g., land, water) thanwhat Earth is capable of regenerating (Galli et al.,
2012;Hoekstra and Chapagain, 2008; IPCC, 2006). Immediate policies to
limit the drawbacks and to restore a sustainable condition are needed,
and stakeholders and decision makers are aware of this (Roelich et al.,
2014;Wang et al., 2015). For example, more than 20% of Italian agricul-
tural area is irrigated, but climate change is exposing the country to a
deep change in precipitation trends (Natali et al., 2009). Thus the sector
must adapt.

Themost spreadmethodology to quantify the environmental impacts
is the Life Cycle Assessment — LCA (ISO 14040, 2006) (Bacenetti et al.,
2015a, 2015b; Bacenetti and Fusi, 2015; González-García et al., 2012;
Ingrao et al., 2015a, 2015b; Rinaldi et al., 2014). Indicators such as Carbon
Footprint, Ecological Footprint and Water Footprint have also developed
to fulfil similar evaluations (Galli et al., 2012; Steen-Olsen et al., 2012)
for specific environmental issues.

With regard to water, all over the world, the freshwater natural
resource is getting precious, since scarcity and overexploitation are
undeniable issues (Van Oel and Hoekstra, 2012; Zhang et al., 2013)
that lead to social, environmental and economic problems (Ridoutt
and Pfister, 2010). In more details, freshwater is a resource necessary
not only for human and health concerns but also for productions and
industrial processes; hence, its use must be distributed among different
opportunities (e.g., Cazcarro et al., 2014; Lee, 2015). Because water is
becoming scarcer and scarcer, mitigation strategies and a conscious
use are key concerns.

In this context, a methodologywas developed to analyse and quantify
water use and to better understand the linkages between humanity's
productive activities and the growing pressure on water directly
and indirectly embedded in products and services (Hoekstra,
2010). This methodology is the “Water Footprint” (WF) and was
introduced by Hoekstra and Hung (2002). Since then several studies
have been carried out considering both the agricultural field production
and the processing phases till the reach of consumers andwaste disposal.
Moreover, legislation to safeguard water has spread. WF was recently
standardised by the ISO Standard 14,046 (ISO, 2014) and the EU defined
the Water Framework Directive (WFD) (European Commission,
2010) to improve water quality, scarcity and productivity across
Member States.

The aim of this paper is to carry out a literature review on theWater
Footprint (WF) indicator, with focus on the WF of agricultural pro-
ductions, and in particular of crops for food and energy purposes.
The reason is that agricultural productions are the major responsible
for water use and water stress (Hoekstra and Hung, 2002; Ridoutt
and Pfister, 2010) and the availability of many studies inserted in
different productive contexts needs clarity. In addition, even if WF
has spread only in recent times, the concept upon which it grounds
has gone through a constant progress; therefore, it is interesting to
understand the aim and the development steps to comprehend its
evolution.

The questions to which the present review aims to answer are:

(i) How did the concept of Water Footprint develop in the 10–
15 years in which it started being used worldwide?

(ii) Is it a reliable indicator? Are there any limits to its application?
(iii) What are the limits of studies carried out till present?
(iv) How can its application and reliability be improved?

The outcomes of the present review can be helpful for policymakers
and stakeholders in particular, in order to understand the usefulness of
WF indicator and to develop policies and/or global decisions able to
improve the freshwater use and to draft legislation on its sustainable
consumption.

The paper is divided in five parts. In Section 2, WF approach and the
definition of its components is given and in Section 3 the literature
review of selected products is fulfilled. Finally, in Sections 4 and 5 WF
limits and recommendations are analysed and conclusions are drawn.

2. Methods

2.1. Water Footprint definition

The concept of Virtual Water (VW) and the indicator of Water
Footprint (WF) were developed over many years, and defined
concepts and idea already clear in the 1990s. VW was first introduced
by Allan (1997, 1998, 2001). It was defined as the water volume
required to produce products or services during the production
processes and not only the volume directly present in products (it
is a “virtual” content). The concept got more precise and practical
with Hoekstra and Hung (2002), Chapagain and Hoekstra (2003b),
Hoekstra (2003), Oki et al. (2003), Zimmer and Renault (2003) and
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de Fraiture et al. (2004) who began quantifying the global virtual
water flows. In particular, the VW concept was closely related to
the Water Footprint one. This last was introduced to account for
the appropriation of natural capital in terms of the water volumes
required for human consumption (Hoekstra, 2010), in order to analyse
all links between human consumption andwater use (both directly and
indirectly embedded in products and services) and between global
trade and water resources management (Hoekstra and Chapagain,
2006).

The WF is commonly expressed as the water volume used to
produce a unit of product (m3/t) or the water volume per year of a
delineated area (e.g., nation, province, catchment), individual or
community (m3/yr). When assessing the WF of a nation, market
trades must be considered including products/services produced
and consumed in the country, surpluses (water exported) and deficits
(water imported) (Bulsink et al., 2010). Both internal and/or external
national WF can be used to evaluate the market, the movement of
water products and the sustainability of production and water use
(Hoekstra, 2010; Steen-Olsen et al., 2012).

The WF indicator's relevance is due to consumers and producers
that are often spatially disconnected from the production processes
(Hoekstra and Chapagain, 2008; Hoekstra, 2010; Hoekstra et al.,
2011). Quantifying the freshwater appropriation can raise awareness
of actual water consumption.

To complete the framework of WF application, in addition to the
original approach developed by theWater Footprint Network, a second
recent approach has been developed (Vanham and Bidoglio, 2013). The
two approaches are:

(i) the volumetric approach of theWater FootprintNetwork (WFN):
it is the original approach developed according to Hoekstra and
Hung (2002) and concerns the quantification of the virtual
water content going through: (i) goals and scope, (ii) accounting,
(iii) sustainability assessment, (iv) response formulation;

(ii) the LCA approach: it is in accordance with the recent ISO 14046
and similarly to LCA studies it must be carried out following:
(i) goal and scopedefinition, (ii) inventory assessment, (iii) impact
assessment, (iv) interpretation.

The most important difference between both methods is the
product-focus of the LCA approach and the water management-focus
of the WFN approach (Vanham, 2015). However, the methods have
been compared by Manzardo et al. (2015) confirming the consistency
in the results of both approaches, except for thedegradative use process.
In particular, a distinction between consumptive and degradative water
use is given in Pfister et al. (2009, 2011). In the studies, authors describe
the methodology to follow for the environmental impact of freshwater
consumption and introduce the Water Stress Index (WSI). No matter
which of the two approaches is chosen, the WF of a product, producer,
consumer or nation gives coherent results. However, WF is not a single
number stating the most or least water consuming production, but is
made of three colour coded components: green, blue and grey water
footprints (Hoekstra et al., 2011) and each of them represents an
essential element of water use.

2.1.1. Green, blue and grey water
The WF of a product or service is the result of the quantification of

three water volumes components:

(i) green (WFgreen, m3),
(ii) blue (WFblue, m3) and
(iii) grey (WFgrey, m3).

The relative contribution of each of them to the total is important to
be considered, because the meaning and role of each component are
different (Hoekstra, 2013). The reference unit (Functional Unit — FU)
must be defined according to the goal of the study. It can be expressed
in different forms: tonne (t; for products) or year (yr; for individuals,
communities or delineated geographical areas).

To produce a product of agricultural origin, the rainfall evaporated
from soil, absorbed from roots and transpired by the crop and the
water incorporated in harvested crop (Hoekstra et al., 2011) must be
considered. This component is the “green water” and represents the
major part of water commonly used during agricultural production
phases.

It is usually calculated following Allen et al. (1998). It does not have
any opportunity cost as it derives from natural processes and, conse-
quently, only occurswhen agricultural processes are part of the analysis.
In particular, if evapotranspiration (ET) is higher than the effective rain-
fall occurred during crop growth (P), WFgreen is equal to the effective
rainfall (Eq. (1)); on the opposite, if evapotranspiration is lower than
effective rainfall, WFgreen is equal to evapotranspiration (Eq. (2))
(Bocchiola et al., 2013).

if ET ≥ Peff ;WFgreen ¼ Peff ð1Þ

if ET b Peff ;WFgreen ¼ ET ð2Þ

The second component is the “blue water” that is the surface or
groundwater volume furnished on field through irrigation (i.e. evap-
orated water, product incorporated water and flow that does not
return to the same catchment area) or that is pumped in the system
during the processing phases (e.g., washings). In this component,
water evaporated during and after irrigation is not included because it
goes back to the natural system. Percolationwater is a loss for the single
field, but is not for the catchment area (Chapagain and Hoekstra, 2011).
Blue water is expensive to use, since it has a high opportunity cost with
other human activities; for example, Italian agriculture uses about
26 Gm3/yr of water for irrigation purposes, which represents 49% of
total water Italian needs (Antonelli and Greco, 2013). Reducing its
use, both production costs (e.g., energy for pumping, machines and
plants to buy and manage) and environmental impacts (due to energy,
materials, plants, etc.) are reduced as well. With regard to the agricul-
tural sector, the bluewater used depends on the crop, on crop tolerance
to water deficits, on irrigation efficiency and on green water. Whether
green water is insufficient, blue water is used. In particular, if evapo-
transpiration is higher than rainfall, WFblue is potentially equal to the
difference between evapotranspiration and rainfall (Bocchiola et al.,
2013). Otherwise, WFblue is zero (Eq. (4)). In more details, Eq. (3) is
valid when information about the irrigation method (e.g., surface,
sprinkler and drip irrigation), schedule (e.g., irrigation turn, automatic
irrigation) and volume, the soil water content, the crop growing
features (e.g., root depth, crop cover) and the eventual water stress
lack. On the opposite, when information about irrigation, soil and crop
is available,more detailedWFblue quantification is highly recommended
(Hoekstra et al., 2011).

if ET ≥ Peff ;WFblue ¼ ET−Peff ð3Þ

if ET b Peff ;WFblue ¼ 0 ð4Þ

TheWFblue quantification can be carried out followingwater balance
input–output assessment. This step is important because when a water
stress occurs, yield is affected. The Relative Irrigation Supply (RIS)
indicator described by GarcíaMorillo et al. (2015) can help to understand
how irrigation matches the theoretical water requirement.

As regard to grey water, it is the volume necessary to assimilate the
pollutants load caused by the production processes, based on existing
ambient water quality standards (Hoekstra, 2010). It is not a real
water volume used during production, but the volume needed to restore
water quality after having been polluted along the production process.
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Limits towater pollution and quality have been normed. It is important to
reduce polluting products intowater formultiple environmental reasons:

(i) no/less water gets polluted. This influences water and soil systems
and ecosystems, enhancing environmental sustainability and pub-
lic health (Mekonnen and Hoekstra, 2011; Watkins et al., 2006);

(ii) grey water reduction involves a reduction in water scarcity and in
water competition, as less water must be restored in its quality
(Liu et al., 2012; Mekonnen and Hoekstra, 2011; Orlowsky et al.,
2014).

According to Hoekstra (2010), WFgrey (m3/yr) is calculated as:

WFgrey ¼ Ladd
Cmax−Cnat

ð5Þ

where:

Ladd (Gg/yr) pollutant load,
Cmax (mg/dm3) ambient water quality standard (i.e. maximum

acceptable concentration for the pollutant),
Cnat (mg/dm3) natural concentration of the pollutant in the receiving

water body.
Ladd is:

Ladd ¼ L−Cnat � Qact ð6Þ

where:

L (Gg/yr) total pollutant (or nutrient) load
Qact (m3/yr) actual basin discharge.

Commonly, the natural concentration is not zero, because all rivers
naturally transport some nutrients. However, it is often considered
zero for simplicity, for keeping a conservative approach (Aldaya and
Hoekstra, 2010; Mekonnen and Hoekstra, 2011) and when human-
made pollutants are considered (Franke et al., 2013). In several studies,
the grey component is not assessed, due to difficulties in evaluating the
pollutants and in integrating the component in real water volumes
(Bocchiola et al., 2013; Jefferies et al., 2012; Mekonnen et al., 2015b;
Vanham, 2015). WFgrey is predominantly due to nutrient load of
fertilisers used in agriculture, sewage and industrial wastewaters (Liu
et al., 2012; Mekonnen and Hoekstra, 2015). For agricultural produc-
tions, nitrogen is commonly responsible for WFgrey because nitrogen
fertilisers are the most abundantly spread on field. For each substance,
the maximum permissible limits vary according to local conditions;
either the United States Environmental Protection Agency (US-EPA)
limits or the EU recommended limits are used. As regard to nitrogen,
US-EPA recommends using 45 mg/dm3 of NO3, whereas the EU recom-
mends using 50 mg/dm3 of NO3. Still, WF reliability and robustness is
affected by the lack of proper data that can wrongly affect results
(Bulsink et al., 2010; Galli et al., 2012; Hoekstra and Chapagain, 2008).
Franke et al. (2013) drewcomprehensive guidelines forWFgrey account-
ing in which three methods of increasing detail (Tier 1, Tier 2 and Tier
3) were defined. In addition, since the WFgrey effect depends on the
discharge to assimilate the pollutant in the catchments, thewater pollu-
tion level (WPL) can be quantified as well. It measures the fraction of
pollution assimilation capacity of a river basin that is consumed
(Hoekstra et al., 2011). When water is polluted, it is considered not
usable (Brown and Matlock, 2011).

The three components described (green, blue and grey) must be
quantified separately; nevertheless, in order to have a single indicator,
they can be summed in a single number (Eq. (7)).

WF ¼ WFgreen þWFblue þWFgrey ð7Þ
The choice for a single indicator often causes discussions among
researchers, because their economic, environmental and social impacts
are different (e.g., opportunity costs, land use, water depletion).
According to the economic sector of reference, the relative contribution
of the three components differs; in particular, a distinction can be
made among industrial, domestic and agricultural water use. In the
industrial and domestic sectors, the highest shares are attributed to
blue water, while in the agricultural one, green water has a consistent
role. Moreover, the agricultural sector has the highest global contribu-
tion to water use (N90%, Mekonnen and Hoekstra, 2010).

For green and blue waters, Brown and Matlock (2011) identified
social and environmental impacts. On the social point of view, use of
landmodifies the availability of green and bluewater for other purposes
and for future generations. On the environmental point of view, impacts
concern (i) a change in use of land from natural to agricultural land and
a loss of natural ecosystems and biodiversity and (ii) a competition in
the use of irrigation water with other industrial uses.

2.2. Methodology adopted

This paper reviews 96 scientific studies on the Water Footprint of
agricultural productions published till November 2015. Referring to
them, Fig. 1 shows the number of studies published per year from
2000 to 2015: the number of studies increased in the most recent
years, proving the growing interest on the indicator. Moreover, the
higher number of studies is linked to a higher specificity as well. It
also emerges that most of studies till 2008 were carried out on agricul-
tural productions with a world extent. Because WF is a recently devel-
oped indicator, those studies represent the methodological basis for
calculating WF and give average values valid for worldwide produc-
tions. Moreover, the focus is on global virtual water trades (imports
and exports) occurring for crops. From 2009, an increasing number of
studies emerged, focused either on one or few crops cultivated on a
specific location or on all crops that characterised an area. The greater
detail for crops is due to the availability of a defined methodology and
to the consciousness that local climate and local productive choices
affect WF.

Thus, in the next Section the literature analysis of cropsWF follows.
In more details, this review is organised grouping studies in which
similar cropswere assessed (with both aworld extent and a local extent
for single or small groups of agricultural productions) and basing the
structure of this study on the advancement obtained in the WF field.
The review focuses on the agricultural production phases of crops for
food, feed and fibre products and of bioenergy biomass. The agricultural
sector was analysed because it is the major responsible for freshwater
use (Mekonnen, 2011) and products of vegetable origin are at the
basis of the food and feed chain.

3. State of the art on theWater Footprint of agricultural productions

Table 1 reports the studies analysed in the present literature review.

3.1. WF on a world extent

Hoekstra and Hung (2002) were the first to make a global estimate
of the consumptive water use for several crops in several countries,
but did not split the composition in green, blue and grey water. From
here on, numerous studies have been carried out on a worldwide
scale (Chapagain et al., 2006; Chapagain and Hoekstra, 2011;
Mekonnen and Hoekstra, 2011). According to Chapagain and Hoekstra
(2004), the water volume globally used for crops production in the
period 1997–2001 was 6390 Gm3/yr. Generally, the virtual water
content of crops was lower than animal products, as these last include
also water for feed production (Enne et al., 2006; Gerbens-Leenes
et al., 2013; Hoekstra and Hung, 2002; Hoekstra, 2003; Mekonnen and
Hoekstra, 2012; Oki et al., 2003; Palhares and Pezzopane, 2015; Pahlow



Fig. 1. Number of studies onWF indicator per year (2000–2015) that have been considered in the present review and that have either a world or a local extent.
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et al., 2015; Vanham et al., 2013). The average WF quantified by
Chapagain and Hoekstra (2004) was 900, 1300 and 3000 m3/t for
maize, wheat and rice, respectively. Instead, for animal products such
as chicken meat, pork and beef, it was 3900, 4900 and 15,500 m3/t,
respectively. The main concern about these quantifications was that
they provided a global average not valid in every context, since
geographic and temporal locations, climate, technology and yield are
local issues. Recent studies that quantified theWFof animal productions
supported these evaluations; for example, Palhares and Pezzopane
(2015) quantified WF of dairy farms comparing conventional and
organic farming (1422 m3/kg ECM milk and 1510 m3/kg ECM milk,
respectively); Pahlow et al. (2015) quantified the WF of farmed fishes
and crustaceans equal to 1974 m3/t (83% green, 9% blue and 8% grey)
and deMiguel et al. (2015) quantified the SpanishWF for pork produc-
tion and processing, equal to 19.5 billion m3/yr (82% green, 8% blue and
10% grey).

Chapagain (2006) evaluated virtual water trades trying to under-
stand fluxes of water embedded in products and the impact of import
from water-scarce or water-abundant countries, either for resource
lack of the country or for saving domestic water in the country. The
possibility of increasing the dependency from water-abundant countries
to reduce local freshwater depletion was supported by a 222 Gm3/yr
saving, obtained through better water trade distribution. However, intro-
ducingwater savings by increasing dependency from external trades had
drawbacks, also highlighted by Fader et al. (2011), such as the risk of
(i) reducing food self-sufficiency, (ii) reducing employment in the
agricultural sector, (iii) increasing the environmental impact of
exporting–importing products and (iv) not importing as much as
needed, requiring to produce anyway the same products. Such risk was
underlined by Chapagain and Hoekstra (2008) as well, who reported
that 16% of total worldwide WF was attributable to products coming
from the external market.

Mekonnen and Hoekstra (2010) and Hoekstra et al. (2011) studied
the WF of a multitude of products and processes assessing agriculture
at a high spatial resolution. For example, among crops, maize had the
lowest WF (1222 m3/t) while wheat (1827 m3/t) had the highest and
rice stood near the average (average for crops: 1644 m3/t). The result
on rice was similar to Chapagain and Hoekstra (2010), where it was
1675 m3/t. Sugar crops and vegetables showed low WF (200 and
300 m3/t, respectively). Fruits reached 1000 m3/t and oil crops
2400 m3/t. Pulses, spices and nuts required higher volumes, varying
between 4000 and 9000 m3/t, respectively.

Nevertheless, the uncertainty of studies and the lack of spatial and
geographical specificity caused inaccuracy. Therefore, the need of
carrying out local studies grew faster.

The first attempt to modify the global water trade analyses was
carried out in 2008 by Hoekstra and Chapagain (2008) when they
argued that green, blue and grey waters should not be summed to a
total WF because their opportunity costs and impacts were different.
In particular, they also started focusing on concerns such as double
counting, water returns to catchments and runoff.

Even more importance of taking into account separately the three
components arose with Mekonnen (2011) who showed that in the
period 1996–2005 the global WF was 9087 Gm3/yr (30% higher
than what assessed by Chapagain and Hoekstra in 2004). The allocation
of the three components was 74% green, 11% blue and 15% grey.
Distinguishing among sectors, agriculture resulted contributing for 91%
of this total; the remaining 5% was attributed to industrial goods and
4% to domestic use. The average global consumer had a WF equal to
1385 m3/yr, but US citizens almost consumed the double (2842 m3/yr
per capita). On the opposite, most African countries had the lowest
WFs (500–600 m3/yr per capita). With regard to crops, for example,
the global wheat production required 1088 Gm3/yr (70% green, 19%
blue and 11% grey).

Regarding grey water, an interesting study was carried out by Liu
et al. (2012) who calculated the critical substance responsible for pollu-
tion, the WFgrey and the WPL in worldwide rivers using the Global
NEWS (Global Nutrient Export from WaterSheds) model. Results
showed that for the 1000 river basins analysed, about two thirds had
an undesirable WPL (WPL N 1). More in details, in year 2000, rivers
with WPL N 1 were 11% for N pollution and 54% for P pollution.

To identify and define the WF role when combined with the other
Footprints, Steen-Olsen et al. (2012) studied carbon, land and water
footprints of EU27. Referred to 2004, the WFblue (the only component
assessed, in accordance with Ridoutt and Pfister, 2010) resulted
87 Gm3/yr in the EU, which corresponded to 179 m3/yr per capita
(10% above the global average). Italy was slightly above the EU27
average; in particular, because of climate, Italy was one of the most



Table 1
Main results of the literature review.

Products Area Period FU Phases assessed Component⁎ Author

Agricultural commodities Morocco and Netherlands yr No dist. Hoekstra and
Chapagain
(2006)

Agricultural, industrial and domestic sectors Latin America and Caribbean 1996–2005 yr Green, blue,
grey

Mekonnen
et al. (2015a)

Agriculture (multiple crops, e.g., maize,
cassava, wheat, oilseeds), industry and
domestic

World — 16 regions (USA, Canada, Japan and
South Korea, Western Europe, Eastern Europe,
Australia and New Zealand, Russia, Middle
East, Central America, South America, South
Asia, South-East Asia, China, North Africa,
Sub-Saharan Africa and rest of the world)

2000 and
2050

yr Green, blue,
grey

Ercin and
Hoekstra
(2014)

Agriculture, industry and domestic World 1997–2001 yr No dist. Chapagain and
Hoekstra
(2008)

Agriculture, industry, domestic and waste
management

Netherlands yr Blue Hoekstra et al.
(2012)

Agriculture, industry and domestic China 2007 yr No dist. Dong et al.
(2014)

Agriculture, industry and domestic China 2007 yr No dist. Dong et al.
(2013)

Almonds, barley, carrots, dates, figs, grapes,
olives, oranges, potatoes, tomatoes and
wheat

Tunisia 1996–2005 t, yr and m3 Cultivation Green, blue,
grey

Chouchane
et al. (2015)

Almonds, barley, grapes, maize, olives,
oranges, sugar beets, sugar cane, mandarins,
tomatoes, wheat

Morocco yr Cultivation Green, blue,
grey

Schyns and
Hoekstra
(2014)

Bagasse and rice straw for second generation
bioethanol

Taiwan dm3 EtOH Raw material
production,
processing
(refining)

Green, blue,
grey

Chiu et al.
(2015)

Bioenergy and biofuel biomass World (USA, Brazil, China, Germany, Italy,
India, France, UK, Pakistan South Africa, etc.)

2030 Processing Blue Gerbens-Leenes
et al. (2012)

Bioethanol USA 2005–2008 t Blue Chiu et al.
(2009)

Bioethanol (sugarcane, sugar beets, maize) World t Cultivation and
processing

Green, blue,
grey

Gerbens-Leenes
and Hoekstra
(2012)

Cassava Thailand, Vietnam, Colombia t Processing and
wastewater
treatment

Not expl. Tran et al.
(2015)

Coal, lignite, natural gas, oil, uranium, wood,
wind, solar, geothermal, and hydropower

World (Europe, China, USA and Canada, Latin
America and Caribbean, Africa, India)

2008–2012 TJ Power plant
production and
operation

Green, blue Mekonnen
et al. (2015b)

Cotton World — 15 countries (USA, Brazil, China,
India, Mali, Pakistan, Uzbekistan, EU, etc.)

1997–2001 t and yr Cultivation and
consumption

Green, blue,
grey

Chapagain et al.
(2006)

Cotton, soybean, animal products, cocoa,
coffee, maize, barley, fodder crops, wheat,
rapeseed, sunflower, potatoes, etc.

France yr Cultivation,
processing and
use

Green, blue,
grey

Ercin et al.
(2013)

Coarse cereals, wheat, rice, maize, sunflower China 1960–2010 Not expl. Liu et al.
(2015)

Crops (wheat, rice, maize, barley, sorghum,
millet, cassava, potatoes, sweet potatoes,
sugar cane, sugar beet, soybeans,
groundnuts, sunflower seeds, soybean oil,
groundnut oil, sunflower seed and oil, etc.)

World 1997–2001 yr Green, blue Yang et al.
(2006)

Crops and animal products World 1971–2000
and
2070–2099

yr and
capita

Cultivation and
production

Green, blue Gerten et al.
(2011)

Crops and animal products World 1996–2005 t Feed, production,
drinking water,
service water,
feed-mixing
water

Green, blue,
grey

Mekonnen and
Hoekstra
(2012)

Crops for food, feed Cyprus 1995–2009 yr Green, blue Zoumides et al.
(2014)

Durum wheat and pasta Italy, USA, Greece, Turkey 2011 kg Cultivation,
processing,
packaging and
transport

Green, blue,
grey

Ruini et al.
(2013)

Maize Italy 2001–2010 mm Cultivation Green, blue Bocchiola et al.
(2013)

Maize Italy 2001–2010 kg Cultivation Green, blue Nana et al.
(2014)

Maize, Miscanthus, poplar, potatoes, sunflower Netherlands, USA, Brazil, Zimbabwe GJ Cultivation and Green, blue Gerbens-Leenes

(continued on next page)
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Table 1 (continued)

Products Area Period FU Phases assessed Component⁎ Author

and wheat for energy purposes processing et al. (2009)
Maize, palm oil, raw sugar cane, barley, cotton,
rice, coffee, cocoa, wheat, soybean,
groundnuts, potatoes, millet, cassava and
sorghum etc.

World 1997–2001 t and yr Cultivation No dist. Chapagain and
Hoekstra
(2004)

Maize, wheat, vegetables, melons, oil plants,
cotton

China 1978–2012 yr Green, blue,
grey

Xu et al. (2015)

Maize, soybean, rice and wheat Yellow river basin 1996–2005 t Cultivation Green, blue Zhuo et al.
(2014)

Maize, soybean, wheat, and rice plus
industrial, domestic, energetic and livestock
sectors

World (USA, China, Latin America, Europe,
Asia)

ha Blue Elliott et al.
(2014)

Maize, wheat, tropical crops Egypt, Ethiopia, India, China, Australia,
Argentina, France, USA

t Green, blue Hoff et al.
(2010)

Maize, wheat China 1960–2008 kg Cultivation Green, blue Sun et al.
(2013)

Multiple crops World 1995–1999 yr No dist. Hoekstra and
Hung (2002)

Maize, wheat, soybean, sweet potato,
groundnut, watermelon and vegetables

China 2002–2008 t Green, blue
and grey

Huang et al.
(2012)

Multiple (e.g., rice, wheat, maize) World 1995 m3, yr Green, blue de Fraiture
et al. (2004)

Multiple (e.g., fruits, meat, bread, cheese,
coffee, tea, cotton, vegetables, groundnuts,
paper, sugar, wine, biodiesel)

World 2010 kg, cup 125
ml, glass
250 ml, 1
sheet 80
g/m2

No dist. Hoekstra
(2010)

Multiple (wheat, maize, potatoes, beets, cane,
vegetables, citrus, fruits, groundnuts, etc.)

World (China, Indonesia, USA, EU) ha Cultivation Green, blue Bruinsma
(2003)

Multiple (wheat, fodder crops, barley and
maize)

EU28 2012 yr Green, blue Vanham and
Bidoglio (2013)

Multiple (wheat, rice, barley, maize etc.) World Green, blue,
grey

Mekonnen and
Hoekstra
(2014)

Multiple crops World 1996–2005 yr Cultivation Green, blue,
grey

Mekonnen
(2011)

Multiple crops World 1997–2001 yr Green, blue,
grey

Chapagain
(2006)

Multiple crops World Green, blue,
grey

Mekonnen and
Hoekstra
(2010)

Multiple (126 primary crops) World 1996–2005 t Green, blue,
grey

Mekonnen and
Hoekstra
(2011)

Olives Italy 2009–2014 t Cultivation Green, blue,
grey

Pellegrini et al.
(2015)

Oranges and strawberries Brazil, China, USA, Italy, Spain, Morocco, UK
and Poland

kg and ha Cultivation No dist. Mordini et al.
(2009)

Pasta sauce and peanuts Australia 575 g sauce
and 250 g
peanuts

Cultivation,
processing,
packaging and
consumption

Green, blue,
grey

Ridoutt and
Pfister (2010)

Potatoes Great Britain 1981–2010 t Blue Hess et al.
(2015)

Potatoes Argentina t Cultivation Green, blue,
grey

Rodriguez et al.
(2015)

Primary, processed, transformed products and
by-products

World 1961–1999 kg and yr Cultivation and
processing

Not expl. Zimmer and
Renault (2003)

Rice South Korea 2004–2009 t and yr Cultivation Green, blue,
grey

Yoo et al.
(2013)

Rice China, India, Indonesia, Bangladesh, Vietnam,
Thailand, Myanmar, Philippines, Brazil, Japan,
USA, Pakistan, Korea

2000–2004 yr Cultivation Green, blue,
grey

Chapagain and
Hoekstra
(2010)

Rice Argentina 2009–2013 t Cultivation Green, blue Marano and
Filippi (2015)

Rice Global (China, India, Indonesia, Bangladesh,
Vietnam, Thailand, Myanmar, Japan, the
Philippines, Brazil, USA, Pakistan, Korea rep.,
etc.)

2000–2004 yr and t Cultivation and
consumption

Green, blue,
grey

Chapagain and
Hoekstra
(2011)

Rice soybeans and wheat World — 92 countries 2030 Konar et al.
(2013)

Rice, maize, cassava, soybeans, groundnuts,
coconuts, oil palm, bananas, coffee, cocoa

Indonesia 2000–2004 t Cultivation Green, blue,
grey

Bulsink et al.
(2010)

Rice, maize, sweet potatoes, sugarcane and
sweet sorghum

Taiwan 2007–2011 t and dm3

EtOH
Cultivation and
processing
(refining)

Green, blue,
grey

Su et al. (2015)
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Table 1 (continued)

Products Area Period FU Phases assessed Component⁎ Author

Rice, wheat, soybean, maize, barley, beef, pork,
chicken, egg

Japan 1996–2000 t No dist. Oki et al.
(2003)

Rice, wheat, maize, miscellaneous cereals,
beans and tubers

China 2010 kg Cultivation Green, blue Wang et al.
(2014)

Strawberry Spain 2010–2012 t Blue García Morillo
et al. (2015)

Sugar beet Europe Not expl. Cultivation and
processing
(refining)

Green, blue,
grey

Thaler et al.
(2012)

Sugar cane Brazil t Green, blue,
grey

Scarpare et al.
(2016)

Tea and coffee Netherlands 1995–1999 125 ml
coffee cup;
250 ml tea
cup

Cultivation and
consumption

Not expl. Chapagain and
Hoekstra
(2007)

Tea and margarine Kenya, Indonesia and India, Germany 2005–2007 50 g tea
and 500 g
margarine

Cultivation,
transport
packaging and
distribution

Green, blue Jefferies et al.
(2012)

Temperate cereals, rice, maize, tropical cereals,
pulses, temperate roots, tropical roots,
sunflower, soybeans, groundnuts, rapeseed

World 1998–2002 t Green, blue Fader et al.
(2011)

Tomato Mediterranean kg Cultivation Not expl. Antón et al.
(2005)

Tomato Spain Cultivation Green, blue,
grey

Chapagain and
Orr (2009)

Tomato, bread wheat, durum wheat, pasta and
pizza

Italy t Cultivation and
processing

Green, blue,
grey

Aldaya and
Hoekstra
(2010)

Tomato sauce USA 680 g Cultivation,
processing,
packaging

Green, blue,
grey

Manzardo et al.
(2015)

Tomato dried 2011 kg Cultivation Green, blue Ramírez et al.
(2015)

Wheat World 1996–2005 yr and t Cultivation and
consumption

Green, blue,
grey

Mekonnen and
Hoekstra
(2010)

Wheat, rice, maize, soybeans and potatoes China 1998–2010 Cultivation Green, blue Cao et al.
(2015)

Wheat, rice, legumes, maize, other cereals,
potatoes, bread, snacks, biscuits, vegetables,
fruits, dried fruits, pork, lamb, beef, poultry
meat, aquatic products, other meats, eggs,
milk, butter, yogurt, cheese, sugar, sweets,
vegetable oils and others

China 2004,
2006, 2009

Per capita Food waste No dist. Song et al.
(2015)

Wine Italy 2011 dm3 Cultivation and
processing

Green, blue,
grey

Lamastra et al.
(2014)

⁎ Note: “not expl.” stands for “not explicit” and “no dist.” stands for “no distinction”.
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water consuming European countries (Antonelli and Greco, 2013;
Hoekstra et al., 2011). Also Galli et al. (2012) studied the three main
Footprints and stated that Water Footprint was the indicator with the
lowest overlapping with the two other indicators and that European
countries were the most important virtual water importers. Similar
conclusionswere drawnbyVanhamand Bidoglio (2013)who completed
a review on WF of EU28. Results showed that Italy and Spain accounted
for two thirds of the European irrigation water withdrawal (WFblue).
Italy, Spain, Portugal, Greece and France together accounted for 96% of
EU WFblue and France, Spain, Italy, Poland, Germany and Romany were
the most important green water consumers. The virtual water content
of products was low in northern and western EU, while southern and
eastern EU had the highest. The reason was the amount and type of
agricultural products consumed, as well as the local climate. Specifically
for the Spanish agricultural sector, Duarte et al. (2014) quantified WF
and confirmed that Spain was one of the largest water depleting
countries.

According toMekonnen and Hoekstra (2014), most of former litera-
ture values on a worldwide scale were not enough representative for
the global variability and could not be used to draw clear conclusions.
From a statistical analysis emerged that some former literature data
were too much approximated and that WF had a lower impact than
what was attributed. Moreover, they quantified the global water saving
whether green, blue and grey water were reduced (even reaching 79%
reduction for grey water). A closed result was obtained by Mekonnen
et al. (2015a) in a study focused on Latin America and the Caribbean
countries.

3.2. WF for specific and local agricultural productions for food, feed and
fibre

As previously mentioned, studies in specific contexts and specific
agricultural crop productions developed in a second phase.

The first study analysed concerning crops cultivation was by
Chapagain et al. (2006) who calculated WF of cotton consumption
assessing the most 15 cotton-productive countries. Differently from
former studies (Chapagain and Hoekstra, 2003b, 2004; Hoekstra and
Hung, 2002), the three components were calculated. The result was
about 9800 Gm3/yr. The lowest WF was in USA and Brazil where
green water was enough to have low blue water. Except for China and
USA, most countries were water-intensive cotton producers. WFgrey
had a remarkable role and was calculated in each processing stage
using the permissible limits recommended by US-EPA (2005). The
virtual water flow between countries was 204 Gm3/yr (40% green, 43%
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blue and 17% grey); 84% of EU cotton-related WF mainly lied in India
(with a high WFblue share, equal to 5.75 Gm3/yr).

Crops analysed by Bulsink et al. (2010) were responsible for 86% of
total Indonesian water use. For WFgrey, US-EPA (2005) nitrogen limit
was used. Results showed cassava having the lowest WF (514 m3/t).
Coffee was the most impacting (22,907 m3/t) because of both high
green water (96%) and high grey water (4%). The second largest resulted
cocoa, with a WF equal to 9414 m3/t (94% green, 0% blue and 6% grey).
Nevertheless, considering the total surface cultivated with these crops,
the highest WF was still rice one: 3473 m3/t (73% green, 21% blue and
6% grey). The largest virtual water flows were mainly attributed to oil
palm, coffee and coconut oil. In theNetherlands, coffee and tea production
and consumption were studied by Chapagain and Hoekstra (2003a,
2007):WFwas 140 dm3/cup of coffee and 34 dm3/cup of tea. Concerning
tea, Jefferies et al. (2012) studied WF referred to 50 g tea produced in
Kenya, Indonesia and India, transported toUK and packed and distributed
in Belgium. In the same study, they also assessed theWF of 500 gmarga-
rine produced and sold in Germany. Green and blue water were assessed
through CROPWAT. With regard to tea, the WF calculated by Chapagain
and Hoekstra (2003a, 2007) and Mekonnen and Hoekstra (2010) was
not comparable to the one by Jefferies et al. (2012) because both the
Functional Unit and the system boundary were different.

Concerning tomato production, Chapagain and Orr (2009) studied
the WF analysing Spanish water resources use both in open field and
in greenhouses. Greenhouses were the most spread over Spain with
60,000 ha (14% of the horticulture area). CROPWAT was used to calcu-
late green water in open field, while crop evaporation dynamics were
different in greenhouses, where, according to indoor climatic data,
evapotranspirationwas assumed 70–80% of that in openfields. Nitrogen
was the grey water indicator, with the limit set by the EU
(50 mg N-NO3/dm3). On average, WFgrey was 7.2 m3/t. Results were
quite different from other data available in literature: Antón et al.
(2005) had WF 4 times lower, with a study on both LCA and WF;
Chapagain and Hoekstra (2004) had much higher results (+60%)
but they overestimated green water in covered systems because
the different evapotranspiration dynamic was not assessed; Aldaya
and Hoekstra (2010) analysed Italian industrial tomato production
that had a WF equal to 114 m3/t (30% green, 50% blue and 17%
grey). Comparing these results with Chapagain and Orr (2009), the
blue component was in accordance with them, while green and grey
were much higher in the Italian productive system, due to different
weather conditions and fertilisers inputs. Referred to 680 g of sauce,
Manzardo et al. (2015) quantified in 125 dm3 the tomato cultivation
WF in USA (1% green, 72% blue and 34% grey) plus 7.6 dm3 for the
processing to sauce (22% blue and 78% grey). Referred to 1 kg dried
tomato, Ramírez et al. (2015) quantified WF including cultivation
(85 dm3/kg with no green water use; 37 dm3/kg with collector —
lower blue and grey water use) and drying (15 dm3/kg). Page et al.
(2012) assessed WF of tomato production in Australia comparing open
field to greenhouse production with low, medium and high-tech,
inserting the study in the LCA context. Med-tech greenhouses were
responsible for the highest WF (52 dm3/kg), while open field and
high-tech greenhouses had the lowest value (5.0 and 5.4 dm3/kg,
respectively).

With an LCA perspective, also WF of oranges and strawberries was
assessed by Mordini et al. (2009). China had the largest content of
Virtual Water (VW) per kg oranges, followed by Spain, Italy and
Brazil, whereas oranges produced in the USA had the lowest. When
comparing the VW in m3/ha, the differences were due to yield
(7.5 t/ha and 38.7 t/ha in China and USA, respectively), as a similar
water volume was used in most countries (i.e. USA and China,
approximately 5000 m3/ha). With regard to strawberries, Poland
had the highest water consumption in terms of m3/kg, while Morocco
and Spain had the highest WF in m3/ha. Although UK and Poland
had a similar water consumption per hectare (about 2500 m3/ha),
the consumption per kg was lower in UK, due the higher yield. About
strawberries, a study was completed by García Morillo et al. (2015),
whoquantified the averageWF (70m3/t) for Spanish cultivation. Differ-
ences inwater use depended on soil typology, protected or unprotected
systems, irrigation system, country of origin and climate, yield and
farming system (i.e. organic or conventional).

Concerning rice, an assessment was carried out by Chapagain and
Hoekstra (2010) who studied freshwater consumption for the 13 most
important rice producing countries (more than 90% of global produc-
tion, average yield 4.49 t/ha). Irrigation and rainfall were calculated
and grey water was quantified using nitrogen as representative
element, differently from former studies where WFgrey was excluded
and from Chapagain and Hoekstra (2004) where an average constant
percolation loss (300 mm) was added to green and blue waters. On
average, rice WF was 1325 m3/t (48% green, 44% blue ad 8% grey).
This corresponded to 1391 Gm3/yr, which was closed to the global
riceWF by Chapagain and Hoekstra (2004). Yoo et al. (2013) calculated
Korean rice WF equal to 844.5 m3/t that was a slightly different result
from Chapagain and Hoekstra (2010), where it was quantified equal
to 829 m3/t. Given the similar assumptions, the results were probably
influenced by climate in the different temporal contexts. Also Marano
and Filippi (2015) calculated riceWF in Argentina with a similar result:
845 m3/t (43.5% green and 56.3% blue) in Northern regions and 987 m3/t
(36.5% green and 63.5% blue) in Southern. Given the climate differences,
the biggest variability was shown by blue water use.

Recently, several studies have been carried out on China and its
provinces. The major attention was paid on the low water availability
in most Chinese provinces that undermines agricultural cultivations
for food production (Cao et al., 2015; Dong et al., 2014; Song et al.,
2015). With 70% of total water use, agriculture was the most water
consuming sector in the country (Dong et al., 2013). However, there
were considerable disparities among provinces, showing ranges
between most (Southern regions; 27.5 billion m3/yr in Guangdong)
and least (Northern regions; 2.72 billion m3/yr in Qinghai) water avail-
abilities (Dong et al., 2014). Inmore details, Song et al. (2015) calculated
the average water consumption of Chinese population analysing 27
vegetable and animal products; water consumption was equal to
673 m3/yr per capita and primarily affected by pork meat and rice
production. To this amount 18 m3/yr per capita had to be added as
waste water from food waste. In 2014, Wang et al. (2014) completed
a study in which the highest WF was attributed to rice production
(1.36 m3/kg), while the lowest to maize (0.91 m3/kg). Sun et al.
(2013) quantified the WF of maize and wheat in the Hetao province,
where rainfall lack affected crops cultivation. Thus, green water lack
was replaced by blue water, which was about 91% of total WF for the
two assessed crops. Moreover, authors showed that the improvement
of irrigation efficiency positively affected the blue water use (from
9.25 m3/kg in 1960 to 0.79 m3/kg in years 2000). Blue water had a
considerable role on products WF (Xu et al., 2015). Similar results
were obtained by Liu et al. (2015), who assessed WF for cereals in the
same province. In their study, the increased WF from 1960 to 2010
was quantified through an increase tendency during the '80s and a
decrease during years 2000. Cao et al. (2015) quantified the water use
and water productivity for Chinese provinces concerning wheat, rice,
maize, soybeans and potatoes. Accordingly, 67% of farms were irrigated
and used 68% of national water. Resultswere expressed for all crops and
water use was 43% blue water and 57% green water.With regard to rice
production, the average Chinese WF was similar to the average by
Chapagain and Hoekstra (2004), while it was higher than in Yoo et al.
(2013). Concerning maize, instead, WF in Chinese provinces was
lower than the global average. For example, in Huang et al. (2012)
maizeWF was 868 m3/t (48.5% green, 0.5% blue, 51.0% grey). However,
maize was particularly affected by local climate and the water lack
deeply affected yield. This concept was highlighted by Bocchiola et al.
(2013) who focused on Italian maize grain production, evaluating the
impact of climate change scenarios on yield andWF in Italian Po Valley.
They assessed temperatures increase (+2 to +6 °C) with an effect on
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CO2 concentrations (+10 to +30%), on rainfall (−20% to +20%),
duration of the growing season and yield (average 11.43 t/ha).
Climate change scenarios were made according to simulation Global
CirculationModels (GCMs). Focusing on theworst cases and similarly to
the conclusions by Hoekstra et al. (2011), Ercin and Hoekstra (2014)
and Elliott et al. (2014) significantWFblue increases affected the sustain-
ability of productions because yield reductions were prominent when
the climate was unfavourable. Concerning the same area, Nana et al.
(2014) identified a model for WFgreen and WFblue quantification and
applied it to maize grain in Po Valley (Italy), with results equal to
479 kg/kg (41% green and 59% blue).

In their study about processed products, Aldaya and Hoekstra
(2010) assessed theWF of Italian pasta and pizza. To achieve the results,
they quantified wheat WF making a distinction between durum wheat
(Triticum durum) and bread wheat (Triticum aestivum): durum wheat
had an average WF much higher than bread wheat (+50%): WFgreen
and WFblue of durum wheat were 1.5 and 4.2 times higher than bread
one, respectively. WFgrey was 1.8 times bigger in durum rather than in
bread wheat (considering 10 mg/dm3 of NO3-N from US-EPA as limit).
Comparing these results with Mekonnen and Hoekstra (2011), it
emerged that in Italy, both durum and bread wheat WF had a different
allocation on the three components: blue and grey waters were higher
in the Italian rather than in the global average (Italian durum
wheat: +53% and+45% for blue and grey components, respectively;
Italian bread wheat: +17% and+10% for blue and grey components,
respectively). The green one, on the opposite, was lower (66% and
39% of the global average for durum and bread wheat, respectively).
Italian wheat WF (both durum – 1574 m3/t – and bread – 786 m3/t –
especially) lied in a lower position than the global crops average
(1644 m3/t; Mekonnen and Hoekstra, 2011). Also Huang et al.
(2012), quantified wheat WF in Beijing (China) with an even lower
result: 712 m3/t (31% green, 53% blue, 16% grey).

Ruini et al. (2013) calculated WF of pasta production. Results
showed that the most impacting phases were durumwheat cultivation
(on average, 1.644 dm3/kg of pasta) and cooking (10 dm3/kg of pasta).
Processing and packaging had much low WF. In particular, pasta WF
ranged between 1.336 dm3/kg and 2.847 dm3/kg when produced in
Italy and Turkey, respectively. WFgreen ranged between 72% of total
WF in USA (offset by the high blue water) and 91% in Turkey. WFgrey
had a considerable role on the production.

The WF of different economic Moroccan activities was assessed in
Schyns and Hoekstra (2014). Being agriculture responsible for the
major share (77%) of national WF, the focus was paid on agricultural
productions. Bread wheat had the largest WF per year (11 Gm3/yr).
The largest WFs were associated to the lowest economic productions
values (0.08 US$/m3 for wheat). On the opposite, with the exception
of almonds, the lowest surfaces (e.g., 0.1 million ha for tomatoes)
were attributed to crops with the highest economic value
(e.g., 1.81 $/m3 for tomatoes) and low WFs. For example, WF of
tomatoes, oranges and mandarins was 0.10 Gm3/yr, 0.44 Gm3/yr
and 0.20 Gm3/yr, respectively. Consequently, authors stated it would
be worthwhile on the water-economic point of view, to reconsider
crops produced in Morocco. Results by Schyns and Hoekstra (2014)
could not be compared with other studies because the functional
units (FUs) were different (e.g., t, yr) and, when the year was indicated
as FU, it referred to a different geographical (different amount of hect-
ares and/or yield) and temporal area. For example, Chouchane et al.
(2015) studied the Tunisian WF, but results were not comparable.
Crop economic values were used to quantify the water productivity
(WP; t/m3; ratio between agricultural output and water used) and the
economic water productivity (EWP; $/m3; crop value per unit of
water used). Almonds showed the highest WF (20,820 m3/t, which
was twice more than the global average) distributed as 85.3% green,
9.3% blue and 5.3% grey water. On the opposite, tomatoes had the
smallest WF (120 m3/t) with a share among green, blue and grey
water equal to 50.0%, 41.6% and 8.4%, respectively. Almonds and olives
showed thehighestWFgreen (85% and96% of their totalWF, respectively)
while dates and figs showed the highest WFblue (74% and 37% of total
WF, respectively). Almonds also had the highest WFgrey (5%), followed
by barley and figs (4% and 3%, respectively). Moreover, almost all crops
had a higher WF in Southern regions if compared to WF of those culti-
vated in Northern and Central ones. Similarly, Zoumides et al. (2014)
calculated WF of several crops cultivated in Cyprus considering their
economic value. Results highlighted that during the years in which
crops had a higher economic value, the blue water use was higher. In
particular, a high average blue (13%) and green (87%) water use
emerged from Cypriote productions. Benefits from high-value produc-
tions carried out with blue water emerged on the economic point of
view, at the expense of the environmental one. The semi-arid climate
and the local water scarcity affected WF with a consistent dependency
from external trades.

About potatoes, Hess et al. (2015) quantified WF for Great Britain:
on average it was 75 m3/t (85% green, 15% blue). The result was lower
than in Chouchane et al. (2015), where it was 250 m3/t (44% green,
48% blue and 8% grey), confirming the discrepancies in water use
between North and South countries. On the opposite, Argentinian
potatoes WF was quantified by Rodriguez et al. (2015) and resulted
equal to 324 m3/t (56% green and blue, 44% grey water). In Huang
et al. (2012), Chinese sweet potato production had a WF equal to
823 m3/t (59% green, 29% blue, 12% grey), which was considerably
higher than other accountings, and probably due to local climate and
agricultural management. In their study, also other crops were quanti-
fied and WF resulted the highest for soybean (1816 m3/t, 66% green,
19% blue, 15% grey) and for groundnuts (1330 m3/t, 66% green, 19%
blue, 15% grey). For watermelon, on the opposite, WF was the lowest
(136 m3/t, 29% green, 32% blue, 39% grey). For vegetables grown in
open or covered system, the difference was +73 m3/t blue water in
the covered one.

As regard to wine, vineyard production and winery processing were
analysed in Lamastra et al. (2014). They took into account the three
water footprint components and showed that grey water had a signifi-
cant role on wine production in Italian system (about 17% of total
wine WF). On the opposite, irrigation was rarely carried out; therefore,
blue water contributed only for 7% to wineWF. The ItalianWF for wine
ranged between 745 and 1084 dm3/dm3wine, while the Italian average
quantified by Mekonnen and Hoekstra (2011) was 697 dm3/dm3 wine,
which underestimated of 7%–46% the effective value. Another traditional
Italian orchard system was olive production. Pellegrini et al. (2015)
quantified olive WF in three systems (i.e. traditional, intensive and
high-density) and results showed that the traditional system had
the highest WF (3434 m3/t; 64% green, 24% blue and 12% grey),
while the high-density had the lowest (2782 m3/t; 25% green, 72%
blue and 3% grey). These valueswere+14% and−8% the global average
(3015 m3/t).

3.3.WF for specific and local agricultural productions with energy purposes

In addition to the food, feed andfibre use, crops can also be cultivated
for bioenergy purposes. In view of this scope, several studies have been
carried out to quantify the WF of a bioenergy use of crops.

Among these, Gerbens-Leenes et al. (2009) quantified the WF of
energy from biomass and compared it with the one from fossil energy.
Being agriculture the most water depleting sector, biomass production
undeniably increased WF. Therefore, even if renewable energy pro-
duction is supported thanks to CO2-neutrality and supply security,
biomass energy production heavily impacts on water use. Among
the Netherlands, USA, Brazil and Zimbabwe, the Netherlands had
the least WF (2069 m3/t) equal to 24m3/GJ. Zimbabwe, on the contrary,
had the largest (142m3/GJ). Inmore details, the lowestWFwas obtained
from Dutch maize and wheat (9 m3/GJ for both), from American
sugar beets (30 m3/GJ) and from Brazilian and Zimbabwe's sugarcane
(25 m3/GJ and 31 m3/GJ, respectively).
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Concerning bioethanol production, already Chiu et al. (2009),
Gerbens-Leenes et al. (2009) and King and Webber (2008) made
an assessment on water consumption. However, Gerbens-Leenes
and Hoekstra (2012) assessed WF of first generation bioethanol in
a wider extent, considering sugar cane and beets (61% of bioethanol
production) and maize (39% of bioethanol production). WF for sugar
cane processing ranged between 1.0 and 21.0 m3/t, while the one for
sugar beet between 0.0 and 4.5 m3/t. The global average WF was
209 m3/t, 133 m3/t and 1222 m3/t, for sugar cane, sugar beet and
maize, respectively.

Su et al. (2015) also studied crops for bioethanol production in
Taiwan. For most crops, WFgreen exceeded 50% of total WF. The highest
WF was due to rice (average 2404.5 m3/t), while the lowest WF was
attributed to sweet potatoes (on average, 107.0 m3/t). Also Chiu et al.
(2015) carried out a study onbioethanol production in Taiwan. However,
they studied second generation production including raw materials
production and processing. Results showed a lower WF than Su et al.
(2015). In particular, raw rice for second generation had a WF equal to
920.4 m3/t (15% green, 81% blue and 4% grey) and sugar cane to
34.5 m3/t (87% green, 10% blue and 3% grey). To this amount the opera-
tional WF had to be added: 1% and 16% of the total WF of blue and grey
water, respectively, for rice straw, and 72% and 93% of the total WF of
blue and grey water, respectively, for the bagasse.

Biomass for bioenergy production by Mekonnen et al. (2015b)
aimed to compare different fossil and renewable energy sources. WF
was calculated for multiple sources, among which wood. On a global
average, wood had the highestWF per unit of electricity (156,000m3/TJ).

Scarpare et al. (2016) quantified sugarcane WF in Brazil, WF was
98 m3/t of sugar cane (58% green, 20% blue and 12% grey) in irrigated
fields and 119 m3/t (85% green and 15% grey) in rain-fed ones.

Tran et al. (2015) assessed WF of starch production from cassava
for bioenergy uses, in addition to carbon footprint and energy use.
However, the cultivation phase was excluded. WF ranged between
10 and 60 m3/t according to the plant typology.

3.4. WF in future trend scenarios

Scenarios for future trends inwater useswere carried out inmultiple
studies (Ercin and Hoekstra, 2014; Gerten et al., 2011; Orlowsky et al.,
2014) in order to consider the freshwater scarcity and pollution that
will affect water availability and quality. According to all of them,
human dependency on freshwaterwill increase and problems for future
food security and environmental sustainability will increase as well
(Alcamo et al., 2003; Bruinsma, 2003; Rosegrant et al., 2007). In par-
ticular, it is thought that in 2025 about 67% of the global population
will experience water scarcity and 15% absolute water scarcity (less
than 500 m3/yr per capita) (Alcamo et al., 2000; Galli et al., 2012;
Vörösmarty et al., 2000).

Other studies on future scenarios were carried out by Gerten et al.
(2011), where water stress was expressed following different drivers
(climate, population, diets) showing significant reductions in water
availability. Hoekstra et al. (2012) analysed the seasonal dependence
attributed to water scarcity, while Gerbens-Leenes et al. (2012)
analysed blue water scarcity in bioenergy and biofuel production pre-
senting a scarcity increase equal to 5.5% by 2030. Elliott et al. (2014)
studied the climate change impact on irrigation, asserting that the
conversion from rain-fed to irrigated agriculture will not be enough to
offset the climate change effect. Considering climate, also Konar et al.
(2013) modelled future trades, focusing on rice, soybeans, wheat and
an aggregate of crops, while Nelson et al. (2014) used a model to inves-
tigate economic responses in agriculture. Scenarios till 2050 were
assessed by Ercin and Hoekstra (2014). They took into account drivers
such as population, economic growth, production/trade patterns, diets
and bioenergy uses, climate, social behaviour, policy, and technological
development. Results showed WF increase at different steepness,
according to the drivers considered. However, a WF reduction was
possible, provided that other drivers changed at population growth. A
similar result was obtained by Orlowsky et al. (2014). Even given the
limitations of their study, reduced water availability will reduce WF
of some nations and will entail reduced export capacity and effects on
consumption of other countries.

4. Discussion

Fig. 2 shows the subdivision among analysed agricultural produc-
tions (e.g., cereals, fruits, vegetables), among which cereals are the
most investigated crops (33%). Fig. 3 shows the subdivision among
cereals (e.g., maize, rice, wheat) according to their presence in studies
in which these crops were analysed. (See Fig. 3.)

Of the 96 studies about agricultural productions, 75 had as primary
goal the WF quantification either on a global or on a local extent; 14
aimed at studying the future implications of water use and water
scarcity and of WF uncertainty; 2 studies analysed the indicator and
the available data on a statistical point of view, while 3 aimed at
realising a specific literature review; 2 more studies analysed WF in
the context of the “Footprints Family”, identifying and comparing
Carbon, Ecological and Water Footprints. Focusing on the 75 articles
where crops WF was quantified, results showed that 62% of them
studied a local or defined geographical area, while the remaining 38%
were carried out on a world extent. In all of them, WFgreen and WFblue
were quantified, while only in 46% authors took WFgrey into account.
In more details, in 18% of papers there was no statement whether
WFgrey was assessed or not. Fig. 4 shows the subdivision of studies
according to the assessed components. When WFgrey was quantified,
only nitrogen was considered for water quality restoration. Two
methods were mostly used for the definition of water quality limits,
US-EPA (45 mg/dm3 of NO3-N) and EU permissible limit (50 mg/dm3

of NO3-N). In 25% of studies in which WFgrey was quantified, US-EPA
N-permissive limit was used; in 8%, the EU permissive limit was used,
while in 67%, no indicationwas given. In particular, themethod selected
for the permissible limits was not explicitly defined in studies with a
global scale, in which, however, according to Laane et al. (2005) and
to Liu et al. (2012), limits should be locally defined.

WFgreen and WFblue were always quantified. In 49% of studies, the
model used to assess WFgreen was CROPWAT by FAO. In the remaining
ones, either the model was not declared or in 8% of articles, the model
was different and it was stated the name of the model used (i.e.
Cropsyst, MRIO, Lund-Potsdam-Lena, Waterstat, PCR-Globwb).

In the first studies carried out till around 2008, no distinction was
made among green, blue and grey water volumes. In the following
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years, the three components were separated from each other, making
achievable a complete analysis of water volumes with different
economic, social and environmental effects, considering benefits
and drawbacks (e.g., comparison between organic and conventional
farming systems). In addition, the spatial distribution of countries
and their geographical and geomorphological structure should be
considered in efficiency evaluations. The results of studies present in
this literature review are often incomparable either because not referred
to a comparable functional unit (e.g., yr) or because the geographical
and/or temporal location differ and different assumptions were made.

4.1. Variability in the results

In several studies (Elliott et al., 2014; Ercin and Hoekstra, 2014; Hoff
et al., 2010; Mekonnen and Hoekstra, 2010, 2011; Schyns andHoekstra,
2014; Yang et al., 2006; Zhuo et al., 2014) the high uncertainty (±20%)
ofWFassessments emerged. Uncertainty is a consequence of the several
variables that characterise the agricultural sector and thatmust be taken
into account. Considering agricultural crops production, the major
contributor to WF is green water, which is subjected to rainfall season-
ality and which affects blue water. This explains the uncertainty that
characterises big geographical areas. Moreover, uncertainty can
increase if virtual water trades are considered, because water uses in
each country must be analysed as function of other countries.

A higher specificity linked to crops, cultivation techniques, regions
and periods should be investigated to limit uncertainty. In more details,
Fig. 4. Subdivision of reviewed studies according to the components considered.
crops WF deeply depends on the agricultural management techniques
(Xu et al., 2015); thus, policies to promote more sustainable pesticides
application, soil tests, slow-release fertilisers and high efficiency
irrigation solutions can help to reduce water stress (Herath et al.,
2014). Moreover, highly-educated farmers are more likely to adopt
environmental-friendly policies (e.g., crop diversification, improved
seeds and cultivation techniques), which can determine beneficial
effects on water use.

4.2. Identified limits in WF assessment

Many studies were carried out on WF assessment, but some
methodology differences arose. Actually, too often studies aggregate
the three components green, blue and grey, without contextualising
the water use. Climatic variables may force producers to produce
with too much blue water, but maybe what they grow is the only
or one of the only crops adequate to those climatic conditions. It is
important not to forget the agronomic features such as soil texture,
pH and nutrient and mineral soils content, which can deeply affect
the producer choice, as well as the local water scarcity, the economic
return and the global market policies. Moreover, the commercial
global trade cannot only be varied according to water use and
water scarcity. On the other hand, however, WF can support decision
making and the introduction of technologies that allow for consistent
water volume reductions (Pellegrini et al., 2015).

Studies often quantify blue water without information about the
irrigation method and schedule, which affects the result. In particular,
the irrigation method (i.e. surface, sprinkler or drip irrigation) involves
different irrigation efficiencies. Moreover, frequently farmers do not
have constantly water for irrigation purposes, but undergo irrigation
turns. This influences the water stress and the water deficit to which
the crop is exposed, and finally the yield. To take into account this infor-
mation and its consequences, for example, García Morillo et al. (2015)
introduced the concept of the total volume of water applied for crop
growing (CWAblue; m3/ha) that allowed for considering the real irriga-
tion volumes. Similarly, Scarpare et al. (2016) for sugarcane production
in Brazil, Yoo et al. (2013) for paddy rice in Korea and Cao et al. (2015)
for maize grain in China used the total irrigation volume to assess the
WFblue.

With regard to greywater, literature still shows several studies lack-
ing of it. However, it is important to take into account water pollution
and water quality in order to not underestimate the problem. In
addition, a drawback is that WF is not completely assessed according
to methodology and Standards. In particular, quantifying only crops
green and blue water use is closed to their water balance, not to water
footprint. The spread lack inWFgrey assessment is motivated by authors
that criticise the loss of information by introducing a component that
evaluates water quality “virtually” embedded and not water quantity
(Thaler et al., 2012; Vanham, 2015). For example, Hastings and
Pegram (2012) state that WFgrey does not consider eco-toxicity,
biodegradability or water treatment neither. WFgrey strongly depends
on the assumptionsmade about elements included in the quantification
(nitrogen, phosphorous, metals and pesticides). These critiques are
founded on correct basis because what emerges from the use of
Hoekstra et al. (2011) for WFgrey assessment is a simplification and
limitation. In particular, when theWF is applied to agricultural produc-
tion,WFgrey should be calculated following amore detailedmethodolo-
gy and using field estimations and referring to the most specific Tier III.
The pollutant concentration released in the water bodies should be
estimated considering site-specific parameters such as daily precipita-
tion, field slope, soil characteristics (e.g., texture, carbon content) and
run-off. In this regard, a first interesting approach was developed by
Lamastra et al. (2014). In the study, authors developed a detailed calcu-
lation method for the WFgrey quantification, which is a valid option for
studies carried out on crops production. In particular, they considered
the predicted environmental concentration, the pesticide's toxicity
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and the dilution factor for vineyard production considering site-specific
parameters. A similar methodology applicable in multiple productive
contexts should be developed for detailed WFgrey assessments, which
would allow for locally defined studies and for predictions of potential
policies and/or behaviours.

Another issue is that some countries may do their best in water use
efficiency, but still have highwater consumption (e.g., lack of technology).
As reported in Hoekstra (2013), Mekonnen and Hoekstra (2014) and
Pfister and Bayer (2014), it would be useful to make WF evaluations
considering the best available technology and practise (e.g., optimised
nutrients management, crop rotation, crop residues management,
precision irrigation, reduction of non-beneficial evapotranspiration and
effective rainfall enhancement), but this condition does not cover the
real farming contexts. Local conditions, countries capabilities and technol-
ogies are the major features affecting water volumes and water use
efficiency for agricultural productions. Moreover, convenience evalua-
tions (opportunity-costs in particular) forwater use should be considered
as well when local consumptions and global appropriations are studied
(Vanham and Bidoglio, 2013).

These considerations were done in studies aiming to suggest
possible improvements to reduceWF; inmore details, possiblemitigating
solutions are (Hoekstra et al., 2011):

(i) reduction of domestic use and food waste;
(ii) increase of green and blue water productivity for agricultural

products;
(iii) reduction of fertilisers and pesticides use and theirmore effective

use;
(iv) citizens' consumption adaptations, especially of animal products.

Similarly to the other Footprints, WF should not be seen as an
ultimate sustainability indicator, but as one to accomplish the
sustainability debate (Chapagain et al., 2006). In response to its useful-
ness, it does not give any new knowledge, but gives a new perspective
on water scarcity issues, water dependency, sustainable use and global
trade implications for water management. Nevertheless, Wichelns
(2015) is sceptical upon this indicator and concluded that WF is much
different from Carbon and Ecological Footprint and that its role must
be carefully analysed. In particular, the author reported that WF scope
has changed from its initial development framework: WF was firstly
assessed for virtual water trades worldwide, while recently literature
has changed, attributing to a high WF a high impact on the water
resource and on its depletion and vice versa. In his study he reported
four perspectives concerning VW and WF, which are:

(i) WF should not modify the international trade, regarding trade
from water-abundant to water-scarce countries and technology
and opportunity costs of producers and markets that often are
not taken into account;

(ii) engaging in VW trade does not save water in countries, because
the water savings estimate does not have any policy relevance
since producers' decisions do not shift according to VW import
and the available water in a water-scarce country will be totally
used in any case;

(iii) water scarcity/quality issues in one country cannot be solved by
consumers of other countries, because water scarcity and quality
are local problems and cannot be analysed attributing to other
consumers the responsibility of scarcity and quality;

(iv) Carbon and Ecological Footprints differ from Water Footprint;
Carbon Footprint, for example, indicates that whether CO2-eq is
reduced, the pressure on the atmosphere will be reduced as
well, while the same statement is not valid forWF. The Ecological
Footprint answers to a global scale, indicating pressure on land,
while water is a local issue and WF gives no information about
environmental impact.
Regardless, Ercin et al. (2013), Fader et al. (2011) and Vanham and
Bidoglio (2013) reported a positive remark of WF application, which is:

(i) with regard toWFblue, even if in water-abundant countries there
is no scarcity in water, a more efficient water use can be useful
for: (i) increasing productions using the same amount of water,
(ii) reducing WFblue in water-scarce areas, because less import
from water-scarce countries is necessary if a higher production
is made in water-abundant countries, (iii) water can be allocated
for producing other goods;

(ii) with regard toWFgreen, the need of reducing it, even if it does not
have any costs, derives from the fact that it is also a scarce
resource to preserve.

5. Conclusions

A literature review ofWater Footprint indicatorwas carried outwith
the goal of making clarity in the available literature. The focus was paid
on crops for the food chain and for bioenergy purposes. The reviewwas
dealt with grouping similar crops and following an advancement order
of literature. BothWF studies with a world and local extent were taken
into account.

The result of the study is thatWFwas submitted to progresses in the
last decade and its methodology and goals moved from global analyses
about water trades to local detailed analyses of water volumes directly
and indirectly embedded in products. Moreover, literature showed
some critiques aboutWF use, especially when decision-making seemed
to be considered dependent on the amount of water entailed in prod-
ucts. WF indicator cannot be used on its own asmeasure of productions
sustainability, because the local, pedo-climatic and technological con-
text must be considered. In particular, also the three components,
green, blue and greywater cannot be considered on the same economic,
social and environmental level. Focusing onmarket trades, bluewater is
the most important for decision making issues, because it represents a
direct cost for society; instead, grey water has considerable importance
on the environmental point of view.

In conclusion, some improvements can still be achieved in WF
calculation and are required to make this indicator more valid for
crop production contexts.
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Because the assessment of grey water according to the Water Footprint Network (WFN) permits to
quantify the dilution volume to restore water quality considering the substance that demands the
highest dilution volume, the effect of other polluting substances (e.g., nitrogen, phosphorous, pesticides)
applied on field cannot be evaluated. Nevertheless, the environmental load of all these substances cannot
be neglected, especially when huge amounts of organic fertilisers are spread.

Additionally, because blue water quantification with WFN permits to analyse only the water consumed
by the crop (mainly for irrigation purposes), a method assessing the gross irrigation volume effectively
applied on field was used (i.e. Water Footprint Applied - WFA).

A Pollution Water Indicator (PWI) was developed to denote the intensity of water pollution identifying
the effect of the main polluting substances from crop cultivation. For PWI, both grey water and the water-
related environmental impact categories (freshwater eutrophication, marine eutrophication and fresh-
water ecotoxicity) evaluated by means of Life Cycle Assessment (LCA) were considered.

In this context, this study proposes a framework for assessing both the environmental impact and the
consumption of freshwater. Different organic fertilisers spreading techniques with different timing of
incorporation and straw management and three irrigation technologies with variable technical efficiency
were compared for WFA quantification of maize grain production in Northern Italy.

With regard to organic fertilisers spreading, PWI resulted better when nutrients leaching is reduced,
while it was worse with fast soil incorporation and direct soil injection of organic fertilisers that,
reducing ammonia volatilisation, involve higher nitrate losses. As concerns irrigation, sprinkler and drip
irrigation are highly recommended because they permit to apply water volumes much close to the
consumed ones, with blue water between �33% and �60% of total WFA with drip instead of surface
irrigation.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Current modes of production and consumption systems have
been recognised as often unsustainable from an economic, social
and environmental point of view (Blok et al., 2015). The pro-
duction of food and feed is acknowledged to be responsible for
huge Greenhouse Gas (GHG) emissions (Renzulli et al., 2015) and
water depletion (Hess et al., 2016; Pellegrini et al., 2016).
Therefore, several studies aiming at assessing and mitigating the
environmental impact of agro-food (Nemecek et al., 2011) and
agro-energy (Gonz�alez-García et al., 2012; Ingrao et al., 2015)
productions have been realised along the years. Furthermore,
netti).

lli, D., et al., Beyond the W
urnal of Cleaner Production (
several agricultural and industrial activities are closely
intertwined with water consumption. The availability of suffi-
cient freshwater resources constitutes a significant precondition
for covering global consumer needs, in particular for
products arising from the agro-food sector (Aivazidou et al.,
2016). Freshwater consumption and pollution are the
major environmental issues for which agriculture is responsible
(Mekonnen and Hoekstra, 2011) and overconsumption is even
increasing because of population growth and dietary requests.
Nevertheless, it is fundamental to reduce the dependence of
agricultural productions from finite natural resources in order to
allow a fast transition to sustainable and equitable societies
(Ingrao et al., 2016; Repar et al., 2016).

To quantify the volumetric freshwater consumption of agro-
food products, the Water Footprint (WF) indicator (composed by
ater Footprint: A new framework proposal to assess freshwater
2016), http://dx.doi.org/10.1016/j.jclepro.2016.12.067
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green, blue and grey water from here on called WFgreen, WFblue
and WFgrey, respectively) was developed (Hoekstra and Hung,
2002) and adopted by the Water Footprint Network (WFN).

The WF has gone through several methodological changes since
its initial definition (Lovarelli et al., 2016a), especially to reduce the
simplified calculation that had been developed. For instance,
Jeswani and Azapagic (2011) reviewed the methods available to
quantify water use and environmental impacts of freshwater,
documenting variability in the results due to the different methods
used (e.g., Mil�a I Canals et al., 2009; Ridoutt and Pfister, 2010) and
the lack of methodological consistency. Lamastra et al. (2014)
compared the results of the WFgrey (water volume to restore wa-
ter quality) with their method for water quality restoration affected
by pesticides emissions and highlighted not negligible differences
between the two approaches as well. Several authors (Bayart et al.,
2010; Jefferies et al., 2012; Manzardo et al., 2016; Pfister et al., 2009)
underlined also the need of analysing the consumptive water use
instead of the volumetric one, quantifying the WF in compliance
with the ISO 14046 (ISO 14046, 2014).

Among the three WF components, WFgrey highlights the major
problems, and studies aimed to develop indicators for better
describing freshwater quality degradation and consumptive use.
For instance, Zonderland-Thomassen et al. (2014), Herath et al.
(2013) and Bayart et al. (2014) introduced specific indicators and
indexes and combined their evaluation with WFgrey. In particular,
in those studies as well as in WFN, WFgrey was quantified as the
dilution volume of the substance that demands for the highest
volume to improve water quality, although authors documented
the usefulness of including also the assessment of other minor
pollutants. Accordingly, even if the dilution permits to respect the
normative threshold for freshwater quality, all polluting substances
affect the system (Wu et al., 2016) and stockpile along time.
Therefore, their environmental effect is not null and should be
studied to promote and develop less detrimental productions.

Additionally, critics on the WFN method concern also WFblue,
defined as the evapotranspirated water that derives from human
intervention on ground and surface water and that does not return
to the water system (Hoekstra, 2010). Several authors (Scarpare
et al., 2015; Yoo et al., 2013) did not strictly follow the WFN
approach and they considered the effective irrigationwater volume
applied on field; for the same reason, García Morillo et al. (2015)
developed the Water Footprint Applied (WFA) method. The main
issues they raised are that irrigation water in WFblue lacks in
considering the effective volume applied at the technical gross ef-
ficiency of the irrigation method and that this can represent a great
problem where water availability is a limiting factor. In particular,
reducing the effective volume applied would entail decreasing the
dependence on the natural resources, both for water withdrawal
and for fossil fuel consumption during pumping, in view of
improving a long-term efficient system.

In this context, the study was aimed to develop a new assess-
ment framework that considers, for freshwater, both the environ-
mental impact and the consumption. To these aims two main
activities were carried out:

(i) developing a Pollution Water Indicator (PWI) to denote the
intensity of water pollution due to all main pollutants that
affect the agricultural productive system and to give a better
picture of water pollution. In particular, PWI identifies the
effect of nutrients and pesticides losses on water pollution;

(ii) quantifying the effectively used water for irrigation with the
Water Footprint Applied (WFA) method instead of the
consumed (WFN) one.

To study both pollution and use of freshwater, maize grain
Please cite this article in press as: Lovarelli, D., et al., Beyond the W
environmental impact and consumption, Journal of Cleaner Production (
production was identified as case study, mainly because maize
cultivation is very common in Po Valley and high yield can be
reached thanks to both climate and availability of production inputs
(e.g., fertilisers and water). As regard to fertilisers, North Italy is
highly devoted to animal breeding and huge amounts of organic
fertilisers need to be managed (Bacenetti et al., 2016b). Moreover,
there is a huge availability of freshwater (Lovarelli et al., 2016a),
supported by a complex irrigation network that justifies why
freshwater has never been considered as a scarce issue to deal with.
Nevertheless, agriculture is facing water reductions for irrigation
purposes and high-efficient technologies must spread. In this
context, this study can be helpful for environmental indicators
practitioners, and in particular for freshwater indicators practi-
tioners, in order to widely analyse freshwater environmental con-
cerns and respond to the challenges of a bio-based economy.

Finally, it should be observed that this study was designed to
provide answers to the following questions:

(i) are there any consequences on freshwater resource and on
Water Footprint when different techniques for the applica-
tion of nutrients on field are considered and different irri-
gation techniques are adopted?

(ii) can a single index improve the actual WFgrey quantification
to describe the environmental impact of freshwater con-
sumption and quality degradation?

The manuscript has been organised as follows: in Section 2 the
theoretical approach for the development and the assessment of
the PWI is presented; in Section 3 the case study for the application
of PWI is described; in Section 4 the case study results are pre-
sented and in Section 5 the application of PWI is discussed.

2. Theoretical model

Fig. 1 shows the methodological framework of the study.
PWI has been built taking into account four sub-indicators. They

include:

(i) grey water, assessed with the Water Footprint Network
(WFN) method; and

(ii) three impact categories (i.e. Freshwater Eutrophication,
Marine Eutrophication and Freshwater Ecotoxicity), assessed
with the Life Cycle Assessment (LCA) approach.

Grey water was selected in order to consider the potential vol-
ume necessary to restore water quality due to the substance
requiring the highest dilution volume. The three evaluated impact
categories, instead, were selected to consider the potential envi-
ronmental impact of all the main pollutants (e.g., nutrients and
pesticides) that are released to water within the analysed system
boundary and that can impact on freshwater resource. By devel-
oping the PWI it is possible, therefore, to comprehensively identify
a trade-off between the potential volume used to restore water
quality due to the most polluting substance and the environmental
load caused by pollutants emitted to water.

The Pollution Water Indicator (PWI) is modelled in a graph
developed considering WFgrey, FE, ME and FEx as the vertexes of a
rhombus whose area represents the PWI: the smaller the area, the
lower the freshwater pollution. In addition, since the attribution of
different weights to WFgrey and to the 3 impact categories is
subjective, for the time being, they have been considered having
the same weight on the final score.

As concerns the WF quantification, both the WFN and WFA
approaches (García Morillo et al., 2015) were used. In more details,
the WFN was the identified method for quantifying green and grey
ater Footprint: A new framework proposal to assess freshwater
2016), http://dx.doi.org/10.1016/j.jclepro.2016.12.067



Fig. 1. The environmental impact on freshwater is assessed quantifying: (i) the
Pollution Water Indicator (PWI) considering Freshwater Eutrophication, Marine
Eutrophication and Freshwater Ecotoxicity evaluated by means of the Life Cycle
Assessment (LCA) method and the WFgrey with the Water Footprint Network (WFN);
(ii) the WF considering the WFN for grey and green water and the Water Footprint
Applied (WFA) for blue water.
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water, whereas blue water was quantified with the WFA one, in
order to calculate the irrigation volume applied (i.e. pumped water
on field) instead of the crop used (evapotranspirated) water.
2.1. Water Footprint assessment

TheWater Footprint Network (WFN) quantifies 3 components of
water (WFgreen, WFblue and WFgrey). In this study, its method-
ology was followed for WFgreen (evapotranspirated water from
precipitation) andWFgrey (dilution volume to assimilate pollutants
load and restore water quality) components (Hoekstra, 2010),
following the approach described in the Supplementary Material.

On the contrary, blue water was assessed considering the irriga-
tion efficiency of the adopted technique (i.e. surface irrigation,
sprinkler irrigation and drip irrigation) and quantifying the water
used in the system according to the Water Footprint Applied (WFA)
method and the Relative Supply Indicator (RIS)1 (GarcíaMorillo et al.,
2015). The reason is the necessity of considering the local water
availability for irrigation supply (at gross technical efficiency): the
effective irrigation volumemust be considered because it is the gross
volume that must be applied, although only one part is effectively
consumed by the crop (evapotranspirated). In fact, irrigation losses
affect the amount of irrigation water to apply; if this volume is not
available, the net water (consumed by the crop) cannot be achieved
and the crop's growth needs are not satisfied. The less efficient the
irrigation method, the higher water volume must be pumped in.

Therefore, the two methods for WF assessment, WFN and WFA,
are equal for the quantification of WFgreen and WFgrey but differ
for WFblue that, in WFA, is computed considering the efficiency of
the irrigation system.
2.2. Life Cycle Assessment

The Life Cycle Assessment (LCA) is a fundamental method to
1 Indicator that informs on how the irrigation volume applied matches the
theoretical water requirements of the growing season (García Morillo et al., 2015).
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quantify the environmental impact for which the studied system is
responsible and it is performed following the ISO Standards (ISO
14044, 2006).

LCA has been significantly improved along time and so has
become more systematic and robust for the identification and
quantification of the potential impacts and improvements associ-
ated with a product in its life cycle. This methodology is increas-
ingly being applied as to investigate several fields like, for instance,
agriculture, thereby becoming an invaluable decision-support tool
for farmers, researchers, policy makers and other stakeholders
(Ingrao et al., 2015).

In this study, the goal is to quantify the environmental impact on
freshwater resource for maize grain cultivation on a selected farm.

In accordance with previous studies where a mass based func-
tional unit (FU) was selected (Bacenetti et al., 2015a, 2016a; Fedele
et al., 2014; Renzulli et al., 2015), in this study the selected FU is 1
ton of maize grain at 14% commercial moisture.

The system boundary includes inputs and outputs for maize
cultivation (Fig. 2). A cradle to farm gate perspective was adopted,
which means that the included inputs and outputs are: raw ma-
terials extraction (e.g., fossil fuels), manufacture of agricultural in-
puts (e.g., seed, fertilisers, pesticides, tractors and implements) and
energy, supply and use of agricultural inputs (emissions of fertil-
isers, pesticides, diesel fuel and tire abrasion), maintenance and
final disposal of machines.

For the Life Cycle Impact Assessment (LCIA) phase, the com-
posite method recommended by the International Reference Life
Cycle Data System (ILCD) (Wolf et al., 2012) is used. The following
impact categories affecting the freshwater system are chosen:
freshwater eutrophication (FE; kg P eq), marine eutrophication
(ME; kg N eq) and freshwater ecotoxicity (FEx CTUeq). Their envi-
ronmental impact is due to the emissions from nutrients applica-
tion (PO4– emissions intowater and NO3eN leaching for FE andME,
respectively) and from pesticides application (considering the
active ingredients into the environment for FEx).

3. Materials and methods

3.1. Goal and scope definition and functional unit selection

All the four sub-indicators (WFgrey, FE, ME and FEx) used to
assess the PWI as well asWFgreen andWFAblue that, togetherwith
WFgrey, are used to compute the WFA, are referred to the same
functional unit (FU) (1 ton of maize grain at 14% moisture).

3.2. System description

The studied farm is located in the District of Milan, in the Italian
Po Valley. The local geographic coordinates are 45�1103100 N and
9�2803500 E and the District is on average at 104 m above the sea
level. Climate is characterised by mild winter and dry hot summer,
with rainfall concentrated in spring and autumn. Soil texture is of
medium texture (sandy-loamy). Since irrigation water is locally
available, the study refers to irrigated field working conditions.
The farm agricultural land area is 40 ha, of which 25 ha are culti-
vated with maize grain. As largely occurs in Po Valley (Negri et al.,
2014), the cultivated crop is maize grain FAO Class 700 in a single
cropping system, characterised by a long growing period (120e160
days). Maize cultivation practice is characterised by mechanical
operations, working features and yields often year by year
similar. Therefore, the cultivation method in this study is compa-
rable to other studies (Bacenetti et al., 2015b, 2016b; Negri et al.,
2014; Noya et al., 2015).

The organic fertiliser (85 t/ha of pig slurry, characterised by a
nutrient content of N ¼ 0.24%, P2O5 ¼ 0.25, K2O ¼ 0.55) is spread
ater Footprint: A new framework proposal to assess freshwater
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Fig. 2. System boundary of maize cultivation.
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with a superficial spreading technique during spring; a slurry
tanker of 20 m3 is coupled with a 4WD (drive wheels) 130-kW
tractor and the incorporation is carried out by means of plough-
ing after more than 72 h from the spreading. Primary and sec-
ondary soil tillage are carried out with a 3-furrows mouldboard
plough and a rotary harrow, both coupled with a 4WD 90-kW
tractor. Seeds are sown with a precision seeder coupled with a
4WD 62-kW tractor. As top fertilisation, 60 kg/ha of urea are spread
with a mineral fertiliser spreader coupled with the 4WD 62-kW
tractor. Surface irrigation is also carried out with the same tractor
(4WD; 62 kW) coupled with a pump and following a turn schedule
equal to 7 days fixed by a local Consortium. Surface irrigation is a
traditional technique (Giardini, 2003) characterised by low irriga-
tion efficiency (50%). Although it is technically outdated in several
parts of the world, it is still much practised in some areas of Po
Valley thanks to the high water availability. In each intervention
about 140 mm water are furnished. Irrigation is not accounted
during the 30 days before the harvest, in order to support maize
ripening.

As concerns straw management, it is chopped with a straw
chopper coupled with the 4WD 90-kW tractor after grain harvest
and is left on field during winter. Grain is dried and stored on farm.
3.2.1. Alternatives to the baseline practice
Some of the field operations for maize grain cultivation that

considerably affect freshwater degradation and consumption have
been investigated as alternatives to the baseline practice (BS). These
operations refer to:
Table 1
Irrigation efficiency, intervention threshold and volume for each of the irrigation metho

Irrigation method Acronym Irrigation efficiency a (hirr; %)

Surface irrigation SI 50%
Sprinkler irrigation PI 70%
Drip irrigation DI 90%

a ERSAF, 2016.
b Giardini, 2003.
c Allen et al., 1998.
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1) Fertiliser spreading and straw management

The spreading techniques and the straw management can affect
the amount of nutrients applied to the soil as well as the amount
removed with crop harvesting. Surface spreading with incorpora-
tion (after different timings) and direct injection are two tech-
niques of growing interest on the environmental point of view,
especially for their potential beneficial effect on terrestrial acidifi-
cation and eutrophication (Bacenetti et al., 2016b). With this re-
gard, the following alternatives to the baseline practice for organic
fertiliser spreading (i.e. surface slurry spreading incorporated after
>72 h) have been assessed:

(i) “fast incorporation” (S1), with incorporation of pig slurry
within 2 h after spreading and the same mechanisation as in
BS;

(ii) “soil injection” (S2), with direct injection of pig slurry in the
soil in 7e10 cm deep furrows. A slurry tanker (20 m3) is
equipped with 5 anchors and is coupled to a 4WD 180-kW
tractor;

(iii) “straw collection” (S3), inwhich the difference from BS arises
from the collection and baling of straw, involving a higher
nutrient removal and a consequent higher organic fertiliser
mass applied;

(iv) “digestate” (S4), inwhich the samemechanical features as BS
are considered, but instead of pig slurry, digestate from a
biogas plant fed with maize silage and pig slurry is used;

(v) “only mineral” (S5), in which no organic fertiliser is spread
but urea (500 kg/ha) and triple superphosphate (150 kg/ha).
ds assessed.

Intervention threshold b (b; %) Irrigation volume per interv c (V; mm)

90% 140
65% 50
60% 10
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Table 2
Climate data for the 5 years considered.

Climate parameters Unit Year

2011 2012 2013 2014 2015

Rainfall mm 198.8 611.0 848.2 1116.2 232.0
Average temperature, min �C 9.8 9.8 9.7 10.8 10.5
Average temperature, max �C 18.4 18.8 17.9 19.0 19.3
Average relative humidity, min % 54.9% 56.0% 64.4% 63.9% 63.0%
Average relative humidity, max % 89.7% 91.4% 95.5% 97.1% 96.0%
Average global solar radiation W/m2 165.1 165.9 155.1 156.4 166.1
Average wind speed m/s 1.0 1.9 2.8 2.8 4.6
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In order to apply the same amount of nitrogen for the crop
nutrients demand, in S1 and S2, 85 t/ha of pig slurry were applied,
in S3 123 t/ha of pig slurry were distributed (in order to respond to
the higher nutrient removal due to the straw collection) and in S4,
the applied digestate was 56.4 t/ha, since digestate has a higher
mineral fertiliser equivalency (MFE) than pig slurry (Lij�o et al.,
2014). During top fertilisation, in S1, S2 and S4 60 kg/ha of min-
eral fertiliser (urea) were applied, while in S3 urea was 86 kg/ha,
since the same nitrogen proportion used in BS was applied.

2) Irrigation techniques

The different irrigation methods are characterised by different
efficiency and, consequently, considering the water needed as a
constant, to different water volumes. To surface irrigation (SI), two
alternative techniques were studied:

(i) “sprinkler irrigation with hose reel” (PI), characterised by
higher irrigation efficiency2 than SI (70%) is spreading in
several areas of Po Valley. It is commonly carried out with a
mobile hose reel on field and involves about 50 mm water
applied per intervention;

(ii) “drip irrigation” (DI), it is the most efficient irrigation tech-
nology (efficiency 90%) and its application on maize fields is
spreading but still has a limited use. In Italy, less than 5%
maize fields are irrigated through DI (ISTAT, 2016). Per each
intervention, not affected by irrigation turns because they
use well water systems, about 10 mm water are furnished.

In PI, similarly to SI, the turn irrigation obliges to focus on the
weather conditions in order to avoid water deficit and extreme
water stress. Because of the irrigation turn, intervention threshold3

(b; %) before the excessive water stress must be lower than in DI.
This last, in fact, is characterised by an automatic irrigation system
that pumps well water on field: when the crop water availability
decreases below the defined threshold, the farmer can irrigate
thanks to well water.
2 Irrigation efficiency (hirr) is the ration between the volume of water effectively
used by the crop and the applied volume per intervention. With low hirr, high water
volumes must be applied, but also high amounts percolate and/or evaporate. With
high hirr the applied water volumes are close to those effectively used by the crop,
therefore, low percolation/evaporation occurs.

3 The intervention threshold is a precautionary value adopted to define the
instant at which irrigating. The threshold value depends on the adopted irrigation
method and on water availability meaning the temporal distance between an
irrigation turn and the next possible one. When an irrigation turn must be kept into
account, a more secure threshold (higher value) is adopted to avoid the risk of an
extreme and prolonged water stress that could cause the death of the crop. To
calculate when to realise irrigation, this threshold must be included in order to
avoid underestimation of irrigation interventions. Conversely, when well water or
frequent irrigation turns (1e2 days for Po Valley system) are available and irrigation
can be performed almost anytime, the irrigation threshold can be less strict and less
precautionary. Commonly, this occurs with sprinkler and especially with drip
irrigation.
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Table 1 shows the operative parameters for the evaluated irri-
gation methods.

3.3. Inventory data collection

Grain yield from 2011 to 2015 as well as information about the
maize cultivation system adopted, mechanical operations and farm
work organisation were gathered from interviews with the farmer.
Yield ranged between 9.75 t/ha and 14.50 t/ha, being on average
12.3 t/ha at 14% commercial moisture. Meteorological data were
collected daily, on the same timeframe, from the closest station to
the farm (Regional Institution for Protection of the Environment
ARPA, 2016). These data are reported as yearly average in Table 2. In
more details, were gathered: rainfall (P; mm), minimum and
maximum temperature (Tmin and Tmax; �C), minimum and
maximum relative humidity (RHmin and RHmax; %), global solar
radiation (G; W/m2) and wind speed (W; m/s).

With regard to the cultivation schedule, maize grain was sown
in April (3rd April 2011, 1st April 2012, 12th April 2013, 26th April
2014 and 15th April 2015). The harvesting was carried out in
September (4th in 2011, 8th in 2012, 19th in 2013, 14st in 2014 and
21st in 2015), with crop growing cycles equal, on average, to 158
days. Phenological phases, root depth, average Leaf Area Index and
evapotranspiration coefficient (kc) were obtained from FAO Papers
n. 56 (Allen et al., 1998) and are reported in Table S1 (Supple-
mentary Material). These data were used to calculate crop evapo-
transpiration and hydrological water balance for quantifying
WFgreen andWFAblue in accordancewith Allen et al. (1998) and as
described in the Supplementary Material (Sections S1 and S2).

Data on farm mechanisation are reported in Table 3. Mass of
materials composing tractors and implements that is depleted per
each operation along the machinery lifespan, fuel consumed and
exhaust gases emitted were quantified with the model ENVIAM
(ENVironmental Inventory of Agricultural Machinery operations)
(Lovarelli et al., 2016b) according to the primary data (e.g., type of
machinery, working time per operation) furnished at the interview.
Background data necessary for the Life Cycle Inventory phase of
LCA derive from Ecoinvent Database v3 (Althaus et al., 2007;
Frischknecht et al., 2007; Jungbluth et al., 2007; Nemecek and
K€agi, 2007; Spielmann et al., 2007) and are reported in Table S2
(Supplementary Material).

No environmental load was considered for pig slurry, because it
is a livestock system waste (Gonz�alez-García et al., 2012; Niero
et al., 2015).

No allocation was performed in any alternative solution except
for S3, where an economic allocation between grain and straw was
assessed. As average of 2011e2015, yield was 12.3 and 14.5 t/ha for
grain and straw, respectively, and market price was 180 and 35
V/ha, respectively (Milan Grain Association, 2016); this determines
an allocation equal to 82% and 18%, respectively for grain and straw.
Yield per year is reported in Table S3 (Supplementary Material).

The NO3eN leaching fractions were calculated with the model
EFE-So (Estimation of Fertilisers Emissions-Software, available at:
http://www.sustainable-systems.org.uk/tools.php) (Fusi and
Bacenetti, 2014) based on Brentrup et al. (2000). As concerns
phosphorous, leaching and runoff were quantified for phosphate
(PO4

�-) following Prahsun (2006) and Nemecek and K€agi (2007).
Accordingly, as factors for phosphorous emissions into water were
considered: 0.07 kg P$ha�1$year�1 for leaching to ground water
and 0.175 kg P$ha�1$year�1 for run-off to surface water. Since the
farm is located in the Po Valley and field slope is negligible, due to a
lack of more detailed data about fraction of eroded soil, phosphate
emissions through erosion to surface waters were considered
negligible. Concerning pesticides, emissions in soil, water and air
were assessed following Margni et al. (2002).
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Table 3
Life Cycle Inventory for the operations included in the maize grain production, considering also the alternative techniques.

Operation Repetition Machinery Time (h/ha) Fuel consumption
(kg/ha)

Notes Solution b

Organic fertilisers spreading 1 Slurry tanker (20 m3)
4WD 130 kW tractor

2.60 44.5 With pig slurry;
with digestate in S4

BS, S1, S3, S4

1 Slurry tanker (20 m3) with 5 anchors
4WD 180 kW tractor

3.20 55.6 S2

Mineral fertilisers spreading 1 Centrifugal spreader
4WD 62 kW tractor

0.50 3.0 Mineral fertiliser
(urea and superphosphate)

S5

Ploughing 1 3 ploughshares mouldboard plough
4WD 90 kW tractor

1.66 24.9 35-cm depth All

Secondary tillage 2 Rotary harrow
4WD 90 kW tractor

1.00 20.2 All

Sowing 1 Pneumatic precision seeder
4WD 62 kW tractor

0.50 8.4 19 kg/ha All

Chemical weed control 2 Sprayer
4WD 62 kW tractor

0.28 3.3 With 4 kg/ha lumax
and 1 þ 1 kg/ha dual

All

Top mineral fertilisation 1 Centrifugal spreader
4WD 62 kW tractor

0.50 3.0 Mineral fertiliser (urea) All

Mechanical weed control 1 Mechanical hoeing
4WD 62 kW tractor

0.83 4.2 All

Irrigation 2e3a Pump
4WD 62 kW tractor

1.10 12.6 All

Harvesting 1 Combine harvester 300 kW 2.00 42.0 All
Grain transport 1 Two trailers, 4WD 90 kW

tractor, 4WD 130 kW tractor
2.00 15.1 All

Grain drying 1 Grain dryer e 191c for 16 t of maize grain
with 23% of moisture content

All

Straw management 1 Straw chopper
4WD 90 kW tractor

1.00 18.5 All

Straw collection 1 Straw baler
4WD 90 kW tractor

S3

Notes:
a Number of interventions variable according to the year (2011e2015).
b Name of the studied solutions in which the single operation is carried out; mainly, except for fertilisers spreading and straw collection, the same operations are completed

in all scenarios.
c dm3 of LPG.

Table 4
Number of irrigation interventions and RIS indicator per year and irrigation tech-
nology adopted.

Years Surface
irrigation (SI)

Sprinkler
irrigation (PI)

Drip irrigation (DI)

N.
interventions

RIS N.
interventions

RIS N.
interventions

RIS

2011 2 1.14 5 1.01 20 0.79
2012 3 1.90 5 1.11 24 1.02
2013 2 1.41 4 0.92 22 0.92
2014 2 2.15 3 1.15 12 0.81
2015 3 1.70 4 0.96 24 0.96
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With regard to the maximum allowable concentration of the
pollutants (Cmax; mg/dm3), the Italian law on pollutants emissions
to water was adopted (D.lgs 152/06 att. 5, 2006), from which the
limits were 50.0 mg/dm3 for NO3eN and 2.0 mg/dm3 for PO4

�-.
Pollutants natural concentration (Cnat; mg/dm3) was assumed
equal to zero, in accordance with Aldaya and Hoekstra (2010).

Table 4 reports the number of irrigation interventions according
to the irrigation method adopted, as well as the Relative Irrigation
Supply (RIS) indicator (García Morillo et al., 2015) for water appli-
cation efficiency.

The number of interventions per growing season has been
calculated according to the irrigation water volume and to the
irrigation turn schedule. The number of interventions is low with
SI, because high water volumes are distributed per intervention.
Instead, the interventions increase with PI and, even more, with DI.

For what concerns RIS indicator:

(i) values > 1.2 mean the system is inefficient, as a higher water
volume than requested by the crop is distributed. This occurs
in SI, when, because of the low technical efficiency (50%), an
excessive water volume is used per intervention and a rele-
vant part of this percolates;

(ii) values ¼ 1.0e1.2 are desirable for the optimal water volume
application. This occurs with PI, in 2011 with SI and 2012
with DI, since climate conditions and irrigation turn schedule
were met;

(iii) values < 1.0 are obtained when the crop grows with a water
deficit; this occurs with DI (not in 2012) and in 2013 and 2015
with PI. This stress is not harmful on yield and in DI it is due
to irrigation lack during crop ripening and to the low water
volumes formerly applied.
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4. Results

4.1. Pollution Water Indicator

Table 5 reports the results for the 4 sub-indicators used to build
the indicator PWI and for PWI itself while Fig. 3 shows the PWI for
the studied scenarios. The PWI is averaged on the 5 years period
2011e2015 to present the results for the analysed period per each
scenario.

With regard to WFgrey, phosphate is the substance for which
the biggest dilution volume is needed in all scenarios except for S5,
where nitrate is the substance that involves a higher dilution vol-
ume. In particular, phosphorous is applied in great amounts with
organic fertilisers and the maximum concentration of phosphate
(2.0 mg/dm3) allowed in freshwater has a more restrained
normative limit than nitrate (50.0 mg/dm3). Therefore, even if
phosphate leaching is quantitatively restrained, the WFgrey can
ater Footprint: A new framework proposal to assess freshwater
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Table 5
Absolute values for WFgrey, for FE, ME and FEx impact categories and for the PWI
(Pollution Water Indicator) (average results for the period 2011e2015).

Parameters Unit Scenario

BS S1 S2 S3 S4 S5

WFgrey m3H2O$103/t 0.214 0.214 0.214 0.278 0.170 0.091
FE kg Peq/t 0.137 0.137 0.137 0.146 0.083 0.158
ME kg Neq$10/t 0.483 0.644 0.667 0.122 0.219 0.465
FEx CTUe$104/t 0.773 0.773 0.773 0.635 0.773 0.779
PWI e 0.306 0.386 0.397 0.122 0.142 0.271
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result higher.
BS, S1 and S2 show the same value for WFgrey (214 m3/t of

maize grain) because the same mass of phosphate is leached
(5.028 kg PO4

�-$ha�1$y�1). S3 shows the highest WFgrey (278 m3/t
of maize grain) due to the higher mass of fertilisers applied to face
the additional nutrients removal caused by straw collection;
consequently, phosphorous leaching is higher. In S5, nitrate and
phosphate leaching are the lowest because the efficiency of mineral
fertilisers is higher than the efficiency of organic ones. Therefore,
WFgrey is lower (91 m3/t; �57% respect to BS).

For what concerns freshwater pollution and, in particular, the
evaluated impact categories, S5 has the worst environmental
behaviour on FE and FEx. For FE the reason is, mainly, the super-
phosphate production. For FEx, instead, the results are all close to
each other because the applied pesticides are the same. The only
exception is S3 (�18% respect to other scenarios) because the
economic allocation between grain and straw is performed
(involving that 18% of the environmental impact is allocated to
straw). As regard to ME, S3 is the best option (�75% respect to BS),
while S2 is the worst (þ33% respect to BS) because of the great
nitrate leaching.

Concerning the PWI, the best result is obtained in S3 and S4
(�60% and�54% respect to BS), whereMEmainly affects this result.
In more details, in S3 straw is harvested after maize grain and,
although S3 has the highest WFgrey (due to phosphorous loss), the
nutrients present in straw are removed from field and, conse-
quently, do not leach. Concerning S4, leaching is low because of the
higher mineral fertiliser equivalency (MFE4) of digestate respect to
pig slurry.

For BS (slurry incorporation after >72 h), the PWI is better than
for S1 and S2 (solutions inwhich ammonia volatilisation is reduced
thanks to fast soil incorporation or direct injection of pig slurry),
due to the lower nitrate leaching (responsible for ME). More in
details, the PWI in S1 and S2 shows the worst performance (þ26%
and þ30% respect to BS, respectively), mainly due to an increase of
ME. For these scenarios (S1 and S2), the spreading techniques (i.e.
fast soil incorporation and direct soil injection) permit to steeply
reduce NH3 emissions to air and determine a higher N availability in
the soil that partially leaches at the end of the crop cultivation cycle
because the nitrogen availability is higher than the crop removal.

Finally, S5 has high environmental loads for FE, ME and FEx, but,
thanks to the low WFgrey, it shows a PWI in between the best and
worst spreading techniques (�19% respect to BS).
4.2. Water Footprint

With regard to WFA assessment (m3/t of maize grain), Fig. 4
reports the results for the alternative irrigation methods (SI e

irrigation technology adopted in BS, PI and DI) in the 5-years
studied period considering the baseline scenario for the fertilisers
spreading (slurry spread and incorporated after >72 h). Regarding
the three components reported:

(i) WFgreen differs over every year because is affected by pre-
cipitation and evapotranspiration, but is the same on the
three irrigation methods;

(ii) WFgrey is always the same because, being calculated in
accordance with the WFN and being the cultivation method
constant and quite standardised all over the analysed area
4 MFE is an indicator that informs about the fertiliser ability to supply nitrogen to
crops compared with mineral fertilisers that, differently from organic fertilisers, are
characterised by the highest efficiency.
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(and in general in Po Valley), grey water is not affected by the
irrigation technology;

(iii) WFAblue differs considerably over the years, both because of
the climatic annual variability and because of the selected
irrigation method. The yearly variability highlights the
importance of adoptingWFA instead of WF: blue water is the
component of WFA that depends on irrigation and when the
irrigation technology has a higher efficiency (SI and DI, in
particular) WFAblue is lower (on average, between �10%
and �43% for PI and between �33% and �60% for DI respect
to SI).

Table 6 reports the comparison between WF (WFN approach)
and WFA in the considered 5 years.

In all years, WFA results higher thanWF, with differences due to
climatic variability among years and to blue water assessment
method. Considering BS slurry spreading and irrigation systems,
WF results are between �21% and �28% respect to WFA. In both
WFA and WF methods, irrigation takes place when precipitation is
not sufficient for cropwater supply. Therefore, in years such as 2014
where green water is high, blue water is low. However, when
assessing WFA, considerable differences arise among the three
evaluated irrigation technologies, whereas when assessing WF the
differences among the three technologies are only due to the
different evapotranspiration that takes place according to the irri-
gation frequency.

Between the two assessment methods of the blue component
(WFN and WFA), the following differences would emerge: (i)
WFAblue is twice WFblue in SI; (ii) WFAblue is 27% higher than
WFblue in PI; (iii) WFAblue is 9% higher than WFblue in DI. In all
cases, the difference in blue water between WFA and WF is the
biggest for SI, where the irrigation efficiency is the lowest.

5. Discussion

Several studies have been carried out on the Water Footprint
quantification of agricultural productions, many of which follow
the traditionalWFN approach.With regard tomaize cultivation, the
WFA result in this study is lower than the global average by
Mekonnen and Hoekstra (2011) (1222 m3/t of maize grain) as well
as by Huang et al. (2012) (868 m3/t of maize grain) for China.
However, Italian maize production is heavily affected by irrigation,
contrarily to studies carried out in other countries. In fact, also Nana
et al. (2014) obtained results close to these (479 m3/t) with a huge
role due to blue water (59% of total WF). Concerning water pollu-
tion, Zonderland-Thomassen et al. (2014) evaluated the effect of
freshwater eutrophication on water pollution, but the study was
limited to assessing one impact category. There is consistency in
stating that considering only WFgrey causes a lack of information,
especially in the agricultural sector where huge amounts of organic
fertilisers are spread.

In this study, the impact categories that aremostly influenced by
nitrogen and phosphorous released towater and by pesticides were
ater Footprint: A new framework proposal to assess freshwater
2016), http://dx.doi.org/10.1016/j.jclepro.2016.12.067



Fig. 3. Pollution Water Indicator (PWI) for the analysed scenarios.
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taken into account, together with WFgrey, to develop a new indi-
cator: the Pollution Water Indicator (PWI). It permits to overcome
the lacks that characterise WF and to identify the environmental
features that affect water pollution not focusing only on one main
water pollutant (differently from WF). No former study has been
realised with a similar indicator, therefore, no comparison can be
done. The main limitation of PWI is that impact categories and
WFgrey are put together, though measured with a different unit. To
facilitate the comparison among them and make the PWI unit-less,
it could be useful to normalise the four sub-indicators selecting
either a reference system among the compared ones or an external
reference system that permits to carry out the normalisation. At
present, at all four sub-indicators has been attributed the same
weight, but according to the peculiarities of areas of PWI applica-
tion it could result notable to introduce a weighting system.

For what concerns irrigation, in the WFN, no difference would
occur among the alternative irrigation techniques available to
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farmers, as no irrigation efficiency is taken into account. Accord-
ing to Hess et al. (2016), the water that returns to the system is
used and not effectively consumed (i.e. evapotranspirated), which
explains the WFN method. However, it can occur that the
consumed water volume is not available enough to sustain the
crop water demand (García Morillo et al., 2015) due to the irri-
gation losses of the adopted method. This determines a lack in
water absorbable by the crop. Therefore, it is the gross volume
needed for irrigation that must be considered in a crop growing
system, because the irrigation efficiency can affect the result.
From the application of WFA (volume of used water instead of
the consumed one), results show that WFAblue ranges between
41% and 59% of the total water requirement for maize grain pro-
duction, underling the dependence on irrigation water of maize
grain cultivation in Po Valley. The differences between WFA and
WFN show consistent yearly variations in a range between 21%
and 28%, mainly depending on annual precipitation, crop
ater Footprint: A new framework proposal to assess freshwater
2016), http://dx.doi.org/10.1016/j.jclepro.2016.12.067



Fig. 4. Water Footprint Applied (blue, green and grey water components) for maize
grain production per year considering BS for fertilisers spreading. On the top: surface
irrigation (SI). In the middle: sprinkler irrigation (PI). On the bottom: drip irrigation
(DI).
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evapotranspiration and yield. Surface irrigation is the least effi-
cient technology, but is still frequently adopted in areas with high
water availability. If farmers were incentivised to use more effi-
cient technologies as well as inputs more efficiently (Lu et al.,
2016), also the WF would reduce.
Table 6
Comparison between total WFA (m3/t) and WF (m3/t) (sum of green, blue and grey
water) and the relative contribution of blue water in bothmethods with reference to
BS.

Year WFA m3/t WF m3/t Blue water

WFAblue m3/t % WFblue m3/t %

2011 520.82 401.57 255.5 49.1% 136.29 33.9%
2012 673.00 494.12 374.79 55.7% 195.91 39.6%
2013 546.44 427.19 255.54 46.8% 155.03 36.3%
2014 616.67 489.07 255.54 41.4% 127.94 26.1%
2015 634.07 455.22 374.79 59.1% 170.36 37.4%
Average 598.20 453.43 303.24 50.4% 157.10 34.6%
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6. Conclusions

The WF is a helpful indicator for the volumetric water re-
quirements of agricultural productions. However, it includes as-
sumptions and simplifications from which critics have arisen
(Boulay et al., 2013; Zonderland-Thomassen et al., 2014). To address
the main weaknesses of WF a new assessing framework was
developed to join both water pollution and consumption. A new
indicator of freshwater pollution, called Pollution Water Indicator
(PWI), was developed to consider the mainwater pollutants related
to agricultural systems; additionally, the efficiency of the irrigation
technique was considered. In fact, respect to the Water Footprint,
the new framework does not consider only the pollutant that re-
quires the highest water volume to be diluted, but all the pollutants
related to N and P emissions as well as to pesticides application.
Besides, all these aspects are synthesised in a single numeric value.

In this study, theWF of maize grain production in Northern Italy
was quantified. As concerns grey water, the WFN method was
applied and the PWI was developed to evaluate the intensity of
water pollution caused by all main polluting substances released to
water. Considering PWI, it emerges that WF is not always the best
indicator to describe the degradation of water quality, although in
volumetric terms. In fact, only considering freshwater environ-
mental impacts and all main substances that have a role on water
pollution it is possible to quantify water pollution and identify the
related hotspots. Moreover, as regard to blue water, the irrigation
efficiency of the adopted irrigation technique must be considered.
In fact, the gross volume is the effective amount of water applied on
field and its availability affects the cropwater supply, crop yield and
WF.

The outcomes of the present study can be helpful for policy
makers and stakeholders to develop policies, incentives and rules
that drive to more efficient and sustainable agricultural systems by
allowing understanding the water pollution intensity with a single
indicator. In particular, this study is specifically helpful for studying
freshwater indicators, improving the use of freshwater resource
and of the more efficient technologies for mitigating the environ-
mental impact both due to the demand of high irrigationwater and
to the detrimental effect on water quality.

Future researches should consider:

(i) the application of PWI to a broad number of crops taking into
account also their rotation over the years and, in particular,
considering crop rotation with pulse crops or catch crops
that can deeply reduce the emissions of N compounds and
require low amount of pesticide (Crews and Peoples, 2004;
Lemke et al., 2007);

(ii) the assessment of PWI for specific river basins;
(iii) the PWI results variability related to the selection of different

methods for assessing the emissions related to fertilisers and
pesticides;

(iv) different weights for the 4 sub-indicators that compose the
PWI. With this regard, the weights could be varied consid-
ering site-specific characteristics. For example, the impor-
tance of ME could be enhanced in NVZ (Nitrate Vulnerable
Zones constituted in accordance to the European Nitrates
Directive) as well as the one of FEx in aquatic ecosystems
with high natural value (e.g., river or lake parks).
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