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Abstract 14 

Agricultural machinery plays an important role on the environmental sustainability assessments of the 15 

agricultural sector and, in particular, a prominent part of its impact is due to fuel consumption and 16 

engine exhaust gases emissions.  17 

In order to adopt trustworthy data on agricultural machinery operations for fulfilling reliable local 18 

inventories in Life Cycle Assessment (LCA) studies, field tests were performed. During the trials several 19 

operations were monitored (i.e. ploughing, spike harrowing, rotary harrowing, sowing and rolling) and 20 

the measured data with CAN-bus (among which the fuel consumption) and with the engine exhaust 21 

gases emissions analyser (CO2, CO and NOX) were attributed to the field working states of effective 22 

work, turns at headlands and stops that were identified thanks to GPS. Moreover, data during the 23 

farm-field transfers were also collected.  24 

In addition to data processing from the field trials, a model for predicting fuel consumption and 25 

engine exhaust gases emissions was adopted and its reliability was studied for further future uses.  26 

From the results, specific considerations about the tested tractor (Valtra N101, 82 kW maximum 27 

power, IIIA emission stage) and the studied working conditions (e.g., engine speed, torque, working 28 

speed and depth) can be performed to get information valid for the engine and the operations.  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). Specifically, the use of CAN-bus 37 

(Controller Area Network), data logging software, GPS (Global Positioning System) and exhaust gases 38 

emission analysers allows collecting a huge amount of data directly related to in-field activity 39 

(Hameed et al., 2012; Yahya et al., 2009). In this context, the interest in quantifying and reducing the 40 

environmental load of agricultural productions (Renzulli et al., 2015) must be considered as well, and 41 

its reliability can be improved with the adoption of the abovementioned technology for both 42 

improving the machinery engineering and knowledge (Bishop et al., 2016) as well as the related 43 

environmental sustainability (Lovarelli and Bacenetti, 2017).  44 

Regarding the environmental point of view, agricultural mechanisation is responsible for a substantial 45 

share of impacts, mainly due to fuel consumption and engine exhaust gases emissions and to the 46 

materials wear. The quantification of these impacts, at least for the mechanical field operations, still 47 

shows shortcomings (Lovarelli et al., 2017), but also room for improvement (Gabel et al., 2016). In fact, 48 

collecting data and monitoring tractors’ activity permits to improve the efficiency of tractors, the 49 

machinery fleet and their use. This certainly presents advantages on the construction and 50 

management perspectives, but also on the environmental one (Lovarelli et al., 2016). Commonly, 51 

one of the most limiting factors to inventory data collection for environmental assessments of 52 

agricultural machinery is the unfeasibility to collect or measure some inventory data (i.e. primary 53 

source) because they can be time consuming and site and time dependent. Although primary data 54 

are the most reliable, collecting difficulties and site-specificity cause the widespread use of 55 

secondary data (i.e. databases, scientific literature) that, on the other side, can be simplified and 56 

not fully reliable (Sala et al., 2017), especially if uncritically used (Lovarelli and Bacenetti, 2017). 57 

Nevertheless, particularly for agricultural productions, the geographical (Perozzi et al., 2016), 58 

temporal and managerial characteristics (e.g., soil texture, field shape and slope, climate and 59 

seasonality, machinery fleet and management choices) deeply affect most environmental loads 60 

(Bacenetti et al., 2015; Lovarelli et al., 2017).  61 
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Collecting primary data is getting more possible thanks to the availability on the market of tractors 62 

and implements equipped with new technology and of new techniques or management strategies 63 

(Marx et al., 2015). In particular, technology such as CAN-bus, GPS, electronic devices and exhaust 64 

gases analysers, allow access to a huge amount of data measurable constantly and simultaneously 65 

to the work on field (Fellmeth, 2003; Pitla et al., 2016). These data describe how the engine works, the 66 

fuel consumed and exhaust gases emitted and the working features and interactions in the tractor 67 

(Janulevičius et al., 2016). Thus, it is possible to monitor and map variables (Bietresato et al., 2015), to 68 

increase the reliability of analyses on modern machinery, optimise inputs use and management 69 

(Larsson and Hansson, 2011; Lindgren and Hansson, 2004) and identify the optimal combination of 70 

work conditions to reduce inputs use (Hameed et al., 2013). In particular, primary data give 71 

information on the specific working context and the specific variability of the field operation, 72 

therefore accurate processing and robust prediction models for engine-related variables are 73 

achievable. Manufacturers can use such information to improve the construction and maintenance 74 

of tractors as well as to identify failures.  75 

The general aim of the study is to make advances on the data and model availability related to the 76 

modern technology present on tractors, which results helpful for several scopes among which the 77 

improvement of data reliability for sustainability evaluations completed by means of Life Cycle 78 

Assessment (LCA). The possibility of having trustworthy and specific data permits to calculate the 79 

environmental load of agricultural machinery operations in a reliable way, allowing playing a 80 

management role for the environmental sustainability and for introducing effective sustainability 81 

measures in the manufacturing field and in the farmers’ perspective. For reaching this goal, the 82 

specific aims of this study are to: 83 

(i) identify the most important data for the filling of reliable inventories of agricultural machinery 84 

field operations, thus showing what happens along the different working states of a single 85 

operation,  86 

(ii) design and execute experimental field trials, carried out to collect primary data on field 87 

operations for cereal crops cultivation, as well as the methodology that was adopted for the 88 

data processing and its possible future repeatability,  89 
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(iii) apply a reliable quantification model for the prevision of fuel consumption and exhaust gases 90 

emissions that takes into account the engine behaviour during the field operations, 91 

(iv) show the discrepancies that can emerge in terms of description of field activities among 92 

measured data on field, data related to single working states respect to the whole field work 93 

as such and data from test benches, these last with regard mainly to engine exhaust emissions. 94 

Lastly, all these differences affect the environmental sustainability of the field operations which 95 

is highlighted by several impact categories (e.g., Climate Change, Ozone Depletion, 96 

Acidification, Particulate Matter Formation, Photochemical Oxidant Formation and Fossil 97 

Depletion; Wolf et al., 2012) (Lovarelli and Bacenetti, 2017). 98 

 99 

2 Materials and methods 100 

2.1 Goal of the field trials 101 

The aim of the field experiments is to collect data from CAN-bus and gases analyser in order to have 102 

information about the engine working features, fuel consumption and exhausts emissions while 103 

directly working on field in order to realise detailed and reliable Life Cycle Assessment (LCA) studies 104 

on agricultural machinery operations. In fact, the final goal is the inventory fulfilment for LCA studies 105 

on agricultural machines aggregated with this tractor.  106 

LCA is an internationally recognised method that permits to quantify the environmental impact of 107 

processes (ISO Series 14040), for which inventory data concerning fuel consumption, engine exhaust 108 

gases emissions and the consumption of materials composing machinery represent essential 109 

information. 110 

Thanks to the GPS present on the tractor used for the field trials were built maps of the fields. Maps 111 

were built on a Microsoft Office Excel spreadsheet using the GPS coordinates and translating them 112 

into X-axis and Y-axis data. Every map was characterised by CAN-bus and exhaust gases emissions 113 

data grouped in the following working states: 114 

(i) effective work: condition in which the tractor is driving on the stretch effectively carrying out 115 

the operation; 116 

(ii) turn at headland: condition in which the driver is manoeuvring at the headlands, including 117 

when the implement is lifted/lowered and/or turned before or after the turn; 118 
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(iii) stop: when the tractor is not moving, therefore its GPS position along time does not change. In 119 

this condition, often, the engine is idling, but this is not a compulsory condition;  120 

(iv) transfer: the whole condition of transport from the farm to the field and vice versa. 121 

To better study the role of the working states, the trials can be distinguished in two main parts: 122 

(i) completion of field operations (such as ploughing, sowing) with defined engine and field 123 

working features to study the behaviour of the tractor in those conditions; 124 

(ii) comparison of turning strategies at the headlands during an operation to study the behaviour 125 

of the engine within different conditions during the turns at the headlands. 126 

In both cases the aim is to identify the most relevant differences in terms of fuel consumed and 127 

exhaust gases released, what working conditions show the best outcomes on the environmental 128 

perspective and how can vary the fuel consumption and engine exhaust gases emissions by 129 

changing only few work conditions.  130 

 131 

2.2 Instrumentation used 132 

Among the instrumentation developed to map, understand and study the activity of the tractor 133 

engine and of the related devices employable during on-field activity, the most widely used system 134 

is the CAN-bus. It is a serial high-speed wired data network connection that permits to electronic 135 

devices to communicate with each other and that, coupled with storing instrumentation, permits to 136 

collect huge amounts of data with high frequency (Speckmann and Jahns, 1999). CAN-bus is 137 

normed with SAE J1939 for the connections of electronic devices on agricultural machinery and with 138 

the standard protocol ISO 11898 (ISO, 2003). It is commonly available on modern medium-high power 139 

tractors and has permitted to use and take advantage of electronics on agricultural machinery, in 140 

particular with the improvement in data monitoring and collection and in sustainability evaluations. 141 

The data logger that was used for the acquisition and storage of CAN-bus data is Dewesoft® 142 

software that is equipped with the translation key from CAN-bus and uses more than 100 143 

communication channels to be selected. Already on-board it was possible to check how variables 144 

were changing over time, by means of the interface available with an on-board-mounted laptop 145 

that allowed selecting the variables to be shown. The data collection and saving in Microsoft Office 146 

Excel format was performed for the subsequent processing phase.  147 
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The portable instrument for the measurement of engine exhaust gases is Testo® 350; it analyses the 148 

flux of gases from the exhaust pipe of the tractor and results the values in ppm (or in % for CO2). The 149 

measured gases are NOX, NO, NO2, CO and O2; CO2 (%vol) is obtained from calculations deriving 150 

from O2 concentration. In addition, the sample exhaust gas temperature (°C), the sample flow of 151 

exhaust gas (L min-1; maintained as constant as possible by a pump) and the instrument temperature 152 

(°C) are also measured. Gas emissions (g h-1) were calculated based on measured flow rates and 153 

concentrations with the methods described in Directive 97/68/EC.  154 

It includes a stainless-steel gas sampling probe equipped with integrated thermocouples located 155 

close to the exhaust pipe. From the probe, gases reach Testo® 350 on-board of the tractor, equipped 156 

with up to 6 electrochemical (for NOX – obtained as sum of NO and NO2) and infrared (for CO) sensors 157 

that analyse the gas concentration, and values are shown on a display and data are stored in an 158 

on-board memory (up to 250,000 values). Digital sensors for calibration history and interference filter 159 

with electronic lifespan indicator are available as well as temperature monitoring and diagnostics 160 

are guaranteed by the instrument. The retention time ranges between 20 s and 40 s depending on 161 

exhaust gases. The instrument accuracy is high: for CO2 is equal to ± 0.2% vol O2; for CO ±5 ppm within 162 

a CO concentration value between 0-199 ppm and ± 5% mass for higher concentration (200-2000 163 

ppm); for NO and NO2, the accuracy is ±5 ppm within a NO and NO2 concentration value between 164 

0-99 ppm and ± 5% mass for a concentration of 100-2000 ppm and 100-500 ppm, respectively for NO 165 

and NO2. A thermoelectric chiller removes moisture and every 30 minutes, for approximately 7 166 

minutes, the analyser rinses from moisture the sensors and the analysis chamber. During this period, 167 

therefore, no emission measurement took place and the tractor was left on, in idling stationary 168 

conditions.  169 

With the GPS (Global Positioning System), the position on field was identified to build a map in which 170 

the phases of working activity could be classified. The instrument’s precision is characterised by less 171 

than 100 mm error. CAN-bus and the exhaust gases emission analyser detected engine and tractor 172 

data and, thanks to the GPS, all of them were attributed to a position on field. 173 

 174 
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2.3 Field trials 175 

Data collection was performed directly during field trials in order to evaluate the real field working 176 

conditions and not the standardised bench testing ones.  177 

The experiments were performed in Umeå (Sweden) in October 2016 at the Swedish Machinery 178 

Testing Institute. The same driver carried out the operations with the tractor Valtra N101, made 179 

available by the contractor company. Table 1 reports the tractor characteristics.  180 

 181 

Table 1. Tractor Valtra N101 characteristics.  182 

Characteristic Unit Value 

Rated power PMAX 82 kW 

Rated engine speed s 2200 min-1 

Maximum torque MMAX 490 Nm 

Mass m 4850 kg 

Driving wheels 4 WD 

Emissive Stage IIIA 

Exhaust treatment 

technology 
EGR (Exhaust Gas Recirculation)  

 183 

Valtra N101 was equipped with CAN-bus (Controller Area Network), GPS (Global Positioning System), 184 

a laptop with installed the Dewesoft® software for CAN-bus data collection and storage, and 185 

guidance control. Additionally, to measure the exhaust gases released during the field operations, 186 

Testo® 350 portable emissions gas analyser was used.  187 

The CAN-bus data related to torque (M; Nm), engine speed (s; min-1), fuel consumption (FC; L h-1), 188 

engine power (P; kW), engine load (L; %), and the Testo® 350 data on exhaust gases emissions (EM 189 

of CO2, CO and NOX; g h-1), O2 (ppm) and instrument and gas temperatures (°C) could be attributed 190 

to each of the studied working states. 191 

 192 

2.4 Description of the field trials 193 

The following operations were analysed: (i) ploughing, (ii) rotary harrowing, (iii) spike harrowing, (iv) 194 

sowing, and (v) rolling. The choice of studying multiple operations was aimed to have a wide view 195 

on the mechanical features of the tractor and to avoid having data focused only on distinct work 196 

conditions that characterise a field operation but may not be descriptive of another. Similarly, 197 

different headland strategies were compared in order to show how the strategy affects the engine 198 
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variables, fuel consumption and exhaust gases emissions and, consequently, its environmental 199 

impact.  200 

The trials were carried out on two sandy-loamy fields. 201 

 202 

2.4.1 Headland strategies 203 

In the first field (area = 1.7 ha), rotary harrowing was carried out with the aim of comparing alternative 204 

strategies for completing the turns at the headlands. In more details, to perform these turns different 205 

driving schemes were used in accordance with practical farm working schemes. Every strategy was 206 

characterised by different engine running features.  207 

Five headland strategies were identified as shown in Figure 1; analysing all of them allowed 208 

comparing the engine use during the strategies and identifying the most beneficial on the 209 

environmental point of view and the improvable driving conditions that permit to reach lower fuel 210 

consumption and lower exhaust gases emission. Hence, the field was split in five areas; the dimension 211 

of each of them was defined in order to have a minimum number of turns (at least 10 for all 212 

operations) for repeatability in the statistical analysis. 213 

 214 

Figure 1 around here 215 

 216 
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 217 

Figure 1. Studied headland strategies, namely A, B, C, D and E. The spotted lines identify the turn on 218 

the headlands, with the black-coloured line for the forward direction and the red-coloured line for 219 

the reversing. 220 

 221 

In the sections of each area where the phase of effective work was carried out, the same working 222 

variables were considered, which means that gear, engine speed (min-1), working speed (km h-1) 223 

and working depth (mm) were kept constant. The exception is the effective work on two areas, as 224 

reported in Table 2, where on 3 areas (i.e. I, II and V) the same engine speed and gear were kept 225 

during all the effective work, while in the remaining 2 areas (i.e. III and IV) engine speed or gear 226 

changed the way forward from the way back. 227 

 228 

Table 2 around here 229 

 230 

Table 2. Engine speed and gear used in the 5 areas characterised by different headland turning 231 

strategies. 232 

Areas Engine speed (min-1) Gear (-) 

I s1 = 1850 g1 = 2 

II s1 = 1850 g1 = 2 

III 
s1 = 1700 

s2 = 2000 
g1 = 2 

IV s1 = 1850 
g1 = 1 

g2 = 3 

V s1 = 1850 g1 = 2 

 233 

 234 

2.4.2 Field operations  235 

With regard to the operations of ploughing, spike harrowing, sowing and rolling, a second field 236 

characterised by an area = 4.2 ha was used (ploughing and rolling were performed only on one part 237 

of the field, with Aplough = 1.2 ha and Aroller = 2.8 ha). Similarly to rotary harrowing, data were collected 238 

during the work on field, taking into account the transfers from farm to field and vice versa and the 239 

work on field distinguished in effective work, turns at headlands and stops.  240 
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In each operation, engine speed and working speed were changed as reported in Table 3. When 241 

applicable (i.e. ploughing and spike harrowing) the working depth was also varied. The headland 242 

strategy was kept constant along the whole operation, but – when needed - differed in the different 243 

operations. To analyse the most common work characteristics on field and to study whether other 244 

alternative work conditions have a better environmental outcome than others do, during some 245 

operations the working depth, working speed and engine speed were changed.  246 

 247 

Table 3 around here 248 

 249 

Table 3. Variables adopted in each operation.  250 

Operation* 
Headland 

strategy 

Implement 

working 

width  

(b; m) 

Implement 

working 

depth  

(H; mm) 

Implement 

mass (m; kg) 

Working 

speed  

(s; km h-1) 

Tractor 

engine 

speed  

(s; min-1) 

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:  251 
(i) ploughing 1 = work depth 180 mm; ploughing 2 = work depth 280 mm; 252 
(ii) rotary harrowing A-E = A-E represent the 5 different headland strategies abovementioned; 253 
(iii) spike harrowing 1 = all three engine speeds are studied one after the other on the same stretch; 254 

spike harrowing 2 = engine speed 1000 min-1; spike harrowing 3 = engine speed 1400 min-1; spike 255 
harrowing 4 = engine speed 1800 min-1; 256 

(iv) sowing 1 = external part of the field with headland A; sowing 2 = internal part of the field with 257 
headland E. 258 

 259 

2.5 Identification of working states 260 

Collected data were processed on Microsoft Office Excel spreadsheet.  261 

A first temporal offsetting of data from CAN-bus and Testo® 350 was made, and the identification of 262 

geographical coordinates from GPS followed.   263 

As mentioned above, the working states were identified with the GPS coordinates considering that 264 

the worked fields had rectangular shape and, therefore: (i) when the GPS coordinates varied 265 
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according to a defined angle (based on tests) the tractor was turning at headlands, (ii) when the 266 

GPS coordinates varied without exceeding the defined angle the tractor was working on the stretch 267 

(effective work), (iii) when the GPS coordinates did not change for a period longer than 5 s, the 268 

tractor was stopping, and (iv) when the coordinates were outside a mapped polygon that 269 

corresponded to the field border it was transferring to/from the field. An example of ploughing 270 

operation is shown in Figure 2. Maps such as Figure 2 were used to inspect manually that the 271 

identification of working state was correct. 272 

 273 

Figure 2 around here 274 

 275 

 276 

Figure 2. Distinction of work states for the ploughing operation. The working depth in Section 1 (left-277 

bottom) was H1 = 180 mm and in Section 2 (right-top) H2 = 280 mm.  278 

 279 

In all operations, every stretch of effective work and every turn at headlands were numbered. This 280 

made possible to take mean values per stretch or turn and thereby quantify the stretch-to-stretch 281 

and turn-to-turn variation. Additionally, the specific values of brake specific fuel consumption (bsfc, 282 

g kWh-1) and engine exhaust emissions (g kWh-1) were also quantified in each stretch and turn, in 283 
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order to be widely comparable among operations and avoid misinterpretations due to temporal 284 

effects.  285 

 286 

2.6 Predicting model adopted 287 

From a literature analysis emerged that several prediction models for fuel consumption exist, some 288 

of which are based on generic equations (Grisso et al., 2004; Janulevičius et al., 2013; Sørensen et al., 289 

2014) and others on engine-specific (Lindgren, 2004, 2005).Whilst generic equations are easier to use 290 

and require less data, engine-specific ones allow for better precision. 291 

 Among them, the equation proposed by Lindgren (2005) was adopted (Eq. 1). In this model, torque 292 

(M; Nm), engine speed (s; min-1) and engine-specific coefficients are needed. Torque and engine 293 

speed were directly gathered from the field measurements, while the 9 engine-specific coefficients 294 

for equation (Eq. 1) were calculated modelling the semi-static condition (i.e. with no transient effect) 295 

as described in Lindgren (2005). For the studied tractor, coefficients were identified with Matlab® 296 

using a least square fit for calibration. Fuel consumption (FC; L h-1) was quantified for all working states 297 

and total working time considering the mentioned equation, which is also adopted for the 298 

quantification of EM (CO2, CO and NOX; g h-1) with the related 9 engine-specific coefficients 299 

quantified for EM. The total FC and EM for the operation is the sum of every value got per record of 300 

engine speed and torque.   301 

 302 

FC = c1 ∙ s + c2 ∙ s2 + c3 ∙ s3 + M ∙ (c4 ∙ s + c5 ∙ s2 + c6 ∙ s3) + M2 ∙ (c7 ∙ s + c8 ∙ s2 + c9 ∙ s3)  [1] 303 

 304 

where:  305 

- FC = fuel consumption (L h-1);  306 

- from c1 to c9 = engine-specific coefficients; 307 

-  s = engine speed (min-1);  308 

- M = torque (N m). 309 

As mentioned, the data processing on engine exhaust gases is made with the same equation, but 310 

results are less reliable because the production of each gas depends on a wide range of factors 311 

such as other gases present, temperatures, oxygen concentration, technologies and after-treatment 312 
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systems and driving abilities (Larsson and Hansson, 2011; Lindgren and Hansson, 2004). However, 313 

Equation 1 responds well to engine exhaust emissions (Lindgren, 2005) and is valid for their 314 

quantification adopting adequate coefficients for each of the studied exhaust gases (see Table 7).  315 

Lindgren (2005) studied two equations for fuel and exhaust emissions prediction: one assumes steady 316 

state conditions and one takes into account transient effects. Steady state occurs when there is no 317 

change during the experiments for the measured data, whilst transient effects are changes due to 318 

fast variations in torque and/or engine speed. Transients are quantified evaluating the difference (%) 319 

from the steady state condition. Equation (1) is valid for the steady state condition, whilst the 320 

additional presence of three coefficients for the transients would permit to quantify FC and EM in 321 

transient conditions. 322 

 323 

3 Results  324 

Results are reported in two sections; first, on the processing of the measured data on field and then 325 

on the application of modelling.  326 

 327 

3.1 Results on the measured data 328 

For each operation, the working time was measured distinguishing in effective work, turns at the 329 

headlands, stops and the transfer from farm to field and vice versa. Results about the working time 330 

are reported in Table 4 for all operations. In most cases, the effective work ranges between 60% and 331 

70% of the total work time on the field (i.e. effective work, turns and stops without transfers), with a 332 

lower value for sowing (where stops are responsible for 29% of the total working time on field due to 333 

the filling of the hopper) and a higher value for rolling (which is a quite straight-forward operation). 334 

The turns at the headlands show a higher variability, ranging between 8% for rolling and 28% for rotary 335 

harrowing where the 5 headland strategies for the turns have been studied. For the stops, the result 336 

is affected by the rinsing of Testo® instrumentation that was performed with the tractor in a stationary 337 

idling position, as well as by the hopper filling during sowing. When considering the effective field 338 

work capacity, thus taking into account the transfers, the share of the total working time of the 339 

operation is affected by the distance from the field and influences the results; in particular, the 340 

contribution of transfers ranges between 17% and 56% for all the evaluated operations. Of course, 341 
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considering the transfers (total working time of the operation = 100%), the work capacity on field 342 

decreases (i.e. effective work plus turns plus stops in a range between 44% and 83% of the total 343 

working time, due to transfers effect).  344 

 345 

Table 4 around here 346 

 347 

Table 4. Working time distribution (h) in the studied operations. 348 

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 

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 349 
change the work layout of the implement (i.e. change of working depth between two field parts). 350 
b The spike harrow and roller were already on the headlands of the field, therefore only the way back 351 
was measured. Thus, the total time (including way forward and way back) has been estimated. 352 
c This includes the time to refill the hopper with seed. 353 
 354 

The trend along time of the measured variables can be retrieved from the processing.  Figure 3 355 

illustrates an example for this by focusing on two sections of rotary harrowing (i.e. headland turning 356 

strategies A and D) in which is also shown the distinction of collected data among effective work, 357 

turns at headlands and stops. In particular, when the headland strategy included changes in 358 

direction (e.g., strategy A), the trend in fuel consumption is widely variable (5-17 L h-1), whereas when 359 

the turn is performed in a homogeneous driving scheme (e.g., strategy D) the fuel consumption is 360 

homogeneous and with a reduced variation level (5-8 L h-1 for most data). The variation in fuel 361 

consumption due to the effective work during the case of “headland strategy D” is consistent along 362 

the field in accordance with the change in gear (see Table 2, area IV). 363 

 364 

Figure 3 around here 365 

 366 
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 367 

 368 

Figure 3. Trend along time of the measured fuel consumption for the rotary harrowing with the 369 

strategies for the headlands named “A” and “D”. 370 

 371 

To get a value per stretch of effective work and per turn, every stretch and turn was numbered and 372 

statistics was calculated on them. In particular,  Figure 4 shows an example for ploughing, where 373 

every stretch and every turn are identified and report the average brake specific fuel consumption 374 

(bsfc; g kWh-1) and CO2 specific emission (EMCO2; g kWh-1). The specific values for bsfc and CO2 were 375 

calculated considering the fuel consumed (L h-1), CO2 emitted (g h-1) and absorbed engine power 376 

(kW) and averaging them per section of work state (i.e. per stretch and per turn). During the effective 377 

work, the values go up and down due to the field gradient that affected the tractor’s developed 378 

engine power, which caused changes in brake specific fuel consumption and specific exhaust gases 379 

emissions between the way forward and the way back. 380 

 381 

Figure 4 around here 382 
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Figure 4. Average values for each work state of effective work, turn at headlands and stop for the 384 

ploughing operation (specific for Section 2 of ploughing). On the left, brake specific fuel consumption 385 

(g kWh-1). On the right: specific values for CO2 emission (g kWh-1). 386 

 387 

From the figure, it emerges that the specific values referred to the turns are higher respect to those 388 

during the effective work; thus, the efficiency of fuel (kWh g-1) and the related one of CO2 are better 389 

for the effective work state. It can also be seen that the stops play a role in regard of specific 390 

consumption and emission. In particular, although the stops are short in time, the bsfc and specific 391 

emission of CO2 show values higher (340.3 g kWh-1 and 1020.7 g kWh-1 for bsfc and specific CO2, 392 

respectively) than the average of turns (318.3 g kWh-1 and 1054.9 g kWh-1 for bsfc and specific CO2, 393 

respectively) and, mainly, of effective work (274.2 g kWh-1 and 897.0 g kWh-1 for bsfc and specific 394 

CO2, respectively), especially in the second part of the field.  395 

Similarly, all results on the assessed operations that refer to the average bsfc (g kWh-1), CO2, NOX and 396 

CO (g kWh-1) per effective work, turn and stop are reported in Figure 5. Each operation was 397 

distinguished in different parts1 when different variables were considered (e.g., rotary harrow A-E for 398 

the 5 headland strategies, ploughing 1-2 for the two different working depths).  399 

As expected, the specific values for fuel and exhaust gases emissions are almost always higher during 400 

turns at headland and stops rather than during the effective work on field due to the tougher working 401 

conditions, engine load and impact of transients. In particular, bsfc and CO2 have a similar trend, 402 

due to their dependence on fuel use; instead, NOX and CO show higher variability, mainly due to the 403 

EGR system, oxygen concentration and catalyst temperature.  404 

                                                           
1 See notes to Table 3 for the details on each operation. 
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 405 

Figure 5 around here 406 
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Figure 5. Brake specific fuel consumption (bsfc; g kWh-1), CO2 (g kWh-1), NOX (g kWh-1) and CO (g 407 

kWh-1) average values per work state gathered from the data from field measurements. Standard 408 

deviation is also reported for effective work and turns at headlands, while it was not calculated for 409 

stops due the low number of stops in the operation.  410 

 411 

From the figure, a comparison among headland strategies can be performed within the rotary 412 

harrowing operation (i.e. headland strategies A-E). The results show that the highest values for bsfc, 413 

CO2 and NOX specific emissions are gathered during headland strategy D, followed by strategy C (-414 

6.8% respect to turns in D) and strategy E (-7.9% respect to turns in D). For CO, instead, the opposite 415 

trend emerges, being strategy A the worst (followed by strategy C: -18% respect to A). Regarding the 416 

effective work, instead, the values are much closer to each other, as expected, due to the choice 417 

of adopting the same work conditions; however, higher values for bsfc and NOX specific emission are 418 

shown in headland strategy D, where the turn strategy affected the effective work values as well. 419 

Another comparable operation is ploughing, where, however, not relevant differences emerge 420 

between the ploughing performed at 280 mm or at 180 mm depth (all values range within 89% and 421 

100%, except for CO where lower results were highlighted during the first case).   422 

The last comparable operation is the spike harrowing with options 2-4 (the variable is engine speed, 423 

with s2 = 1000 min-1, s3 = 1400 min-1and s4 = 1800 min-1, respectively), from which it emerges that at 424 

lower engine speed the bsfc and the CO2 specific emission were higher for all the three evaluated 425 

working states (other harrowing cases range for both variables between -16% and -32% of option 2). 426 
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s3 = 1400 min-1 (effective work and turns at headlands) (-6% and -16% for NOX during effective work 428 

and turns, respectively and even more for CO, for which, however, high variability is encountered) 429 

while the emissions during the stops were lower when the engine speed was s4 = 1800 min-1 (range 430 

between 42% and 85% respect to the worst case). In particular, the results obtained during the stops 431 

were affected by the fact that, when stops were shorter than 20 s, the engine speed was not idling 432 

but remained set at the work conditions.  433 

For each variable is also reported the standard deviation of the operation and working state in order 434 

to understand how repeatable are the results. In most cases, standard deviation values are 435 

restrained, except for CO emission for which quite high values can be identified. Moreover, in some 436 

operations such as ploughing 2 (H = 280 mm) and spike harrowing 1 (with the combination of 3 engine 437 

speeds one after the other on the same stretch; the field length was b = 420 m) show high standard 438 

deviations for torque and engine speed. Differences in these values can also be found from stretch 439 

to stretch and from turn to turn, mainly due to the specific fieldwork conditions. 440 

In order to understand in which working conditions, the Valtra N101 engine performs the best in terms 441 

of bsfc and specific emission, as shown in Table 5, the median values for bsfc, CO2, NOX and CO 442 

specific emissions (g kWh-1) have been grouped according to engine speed and torque 443 

combinations. In more details,  444 

- engine speed is split in 3 groups: (A) s < 1100 min-1; (B) 1100 ≤ s < 1600 min-1; (C) s ≥ 1600 min-1; 445 

- torque is split in 3 groups: (a) M < 100 Nm; (b) 100 ≤ M < 200 Nm; (c) M ≥ 200 Nm. 446 

In this case, median was chosen since it resulted being a better indicator than mean and mode. The 447 

groups of engine speed and torque were selected in order to group them in low, medium and high 448 

values. 449 

 450 

Table 5 around here 451 

 452 

Table 5. Median value of brake specific fuel consumption (g kWh-1) and of specific emissions of CO2, 453 

NOX and CO (g kWh-1) for each combination of engine speed and torque.  454 

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 
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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 min-1; (B) 1100 ≤ s < 1600 min-1; (C) s ≥ 1600 min-1; (a) M < 100 Nm; (b) 100 ≤ M < 200 455 

Nm; (c) M ≥ 200 Nm.  456 

 457 

In more details, the combined groups that include low engine speed values (i.e. A-a, A-b and A-c) 458 

are the less desirable solutions, since they show the highest values. High values mean that a worse 459 

efficiency is linked to this condition, characterised by the engine running slowly (idling or almost 460 

idling). The same trend is confirmed for CO2 and NOX. For nitrogen oxides, however, the trend involves 461 

also that at low torque (i.e. A-a, B-a and C-a) emissions are bigger than at high torque and, similarly 462 

to previous variables, they are the highest at low engine speed (s < 1100 min-1) followed by the 463 

intermediate step with medium-high torque and engine speed (B-b). 464 

Regarding CO, the results are again more complicated to evaluate, although it emerges that CO 465 

specific emissions are higher with low engine speed (s < 1100 min-1) and high torque (≥  200 Nm) (i.e. 466 

case A-c). 467 

 468 

3.1.1 Data processing of the transfer working phases 469 

The transfer phases were studied considering the complete transfer from farm to field and vice versa. 470 

This phase involves a wide range of variation in fuel consumption (1.5-24.9 L h-1) due to the transferring 471 

on the paved road that involves fast travel speed changes. For this reason, they are analysed 472 

separately.  473 

In Table 6 are reported the values of bsfc (g kWh-1) and of the specific emission of exhaust gases (g 474 

kWh-1) (when available) during each of the transfers studied for the field operations. Besides, also 475 

torque (Nm), engine speed (min-1) and engine power (kW) are given as mean value of the transfer. 476 

Once more, these values are to be adopted in the inventory of LCA studies, since transfers represent 477 

a phase of the whole operation. 478 

 479 

Table 6 around here 480 

 481 
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Table 6. Brake specific fuel consumption (bsfc, g kWh-1), specific emission of CO2, NOX and CO (g 482 

kWh-1), torque (Nm), engine speed (min-1) and power (kW) for the transfer phases. During part of the 483 

transfers, no information was collected on exhaust gases emission. 484 

Work 

phases 

bsfc  

g kWh-1 

CO2  

g kWh-1 

NOX  

g kWh-1 

CO 

g kWh-1 

Torque  

Nm 

Eng. speed 

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 

 485 

3.2 Results on the modelled data 486 

The 9 coefficients needed for modelling fuel consumption and engine emissions for the engine of 487 

tractor Valtra N101, in accordance with the model described in Section 2.6, are shown in Table 7. For 488 

both fuel consumption and emissions, they were calibrated with the measured values. 489 

 490 

Table 7 around here 491 

 492 

Table 7. Model engine-specific coefficients calculated for tractor Valtra N101. 493 

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 

 494 

As stated in Lindgren (2005), adopting the equation that evaluates transient effects permits to reduce 495 

the model error. Nevertheless, for these field experiments, the equation (Eq. 1) in steady state 496 

conditions was selected. The reason is related to the analysis performed on transients (i.e. the rate of 497 

change in engine speed per second over the maximum engine speed of the engine): their effect on 498 

all studied operations is reduced, as shown in Figure 6. The difference in the colours is related to the 499 

couple Engine Speed-Torque, which was made in order to identify the possible differences in 500 
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transient due to the relation between engine speed and torque; the adopted couples “engine 501 

speed-torque” were built splitting engine speed in three groups (s < 800 min-1; 800 ≤ s <1200 min-1; s 502 

≥1200 min-1) and torque in three groups (M < 50 Nm; 50 ≤ M <150 Nm; M ≥ 150 Nm) and matching the 503 

combinations. The values that constitute the grouping differ from the former ones because, in this 504 

case, it was more important to focus on the phases in which transients can play a prominent role, 505 

thus splitting with bigger detail the sections with low engine speed and torque. The graph is aimed 506 

to show the impact of the transient respect to fuel consumption modelling with the steady-state 507 

condition (Y-axis, left) at different transient presence, both negative and positive transients (X-axis). 508 

It can be seen with the triangular dots in the figure (Y-axis, right) that most data (96.0%) are enclosed 509 

in the range ±5% of transient effect; instead, in the range ±10% are included 99.3% of all data. 510 

Considering the range ±5%, the impact of the transient is very restrained, which explains why the 511 

steady state modelling equation was adopted.   512 

 513 

Figure 6 around here 514 

 515 

 516 

Figure 6. Transients effect during all the studied operations. The legend reports the combination of 517 

values of engine speed (s < 800 min-1; 800 ≤ s < 1200 min-1; s ≥ 1200 min-1) and torque (M <50 Nm; 50 ≤ 518 

M < 150 Nm; M ≥ 150 Nm) per series. The triangle-dots show the averaged frequency of transients. 519 
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 520 

The model described very well the engine, and mostly the fuel consumption and CO2 emissions; for 521 

NOX and, mainly, for CO more variability must be considered and therefore the model outcomes are 522 

less performing. Carbon monoxide (CO) was subject to excessive unrepresentativeness from the 523 

steady state model and usually depends on unregular conditions. In fact, CO is affected by several 524 

variables (Lindgren, 2005), among which air supply and the abilities of the driver, motivating the not 525 

sufficient response to the model. Table 8 reports the R2 resulting from the use of Eq. 1 to all analysed 526 

field operations referring to both fuel consumption and exhaust gases emissions. R2 was quantified as 527 

the covariance of calculated and measured variables (i.e. fuel and each exhaust gas) divided by 528 

the product of their standard deviations, in accordance with Pearson equation for the correlation 529 

coefficient.  530 

 531 

Table 8 around here 532 

 533 

Table 8. Values of R2 for the model used in predicting fuel consumption and engine exhaust gases 534 

emissions.  535 

Work state 

R2 

Fuel 

consumption 

CO2 

emission 

NOX 

emission 

CO 

emission 

Effective work 0.97 0.90 0.22 0.19 

Turns at headland 0.92 0.77 0.38 0.32 

Stops 0.95 0.65 0.42 0.05 

 536 

Nitrogen oxides (NOX) depend on the internal engine temperature and the higher the temperature 537 

the higher is the NOX emission. In this case, the tractor is equipped with the EGR, which involves that 538 

when the exhaust gases reach a defined threshold for temperature, the EGR system starts and brings 539 

to NOX reduction. This works mostly during the effective work; instead, during turns the temperature 540 

in the exhaust pipe varies more in accordance with the working conditions, therefore higher variation 541 

can be identified. For what regards the stops, the engine is commonly idling and the EGR does not 542 

start working, at least until the threshold temperature is reached. Due to the lower temperature, NOX 543 

emission values are lower. The main problems in this case are, however, that: first, some measured 544 
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data reach very high values, probably due to the working conditions and sensibility of the instrument 545 

and, second, the temperature fast variation cannot be correctly identified with the model. 546 

Considering the model’s response with all data processed and considering effective work, turns and 547 

stops, the model calculated values were, on average: (i) +4% respect to the measured bsfc 548 

(coefficient of variance = 0.09), (ii) -1% respect to the measured CO2 (coefficient of variance = 0.39), 549 

(iii) +4% respect to the measured NOX (coefficient of variance = 0.39), and (iv) +2% respect to the 550 

measured CO (coefficient of variance = 0.60). It can be observed that most differences are related 551 

to bsfc and NOX, for which, however, the reasons are connected to the higher data availability for 552 

bsfc, since differently from emissions there is no rinsing. Moreover, most discrepancies from the 553 

measured values are related to the turns and stops where the impact of the transients, although 554 

restrained, plays a more important role respect to the effective work phase. In support of this, if the 555 

model was not used for the stops, the outcomes would be included within ±2% respect to the 556 

measured values for all the 4 variables (bsfc, CO2, NOX and CO specific emission). The coefficient of 557 

variance for the measured and calculated values is close to 0 for most data, except for the section 558 

characterising the stops of two field operations (i.e. section of rotary harrowing and section of 559 

ploughing). The good response in this case is also motivated by the fact that, being a mean value 560 

for all data, variability is averaged along the whole dataset.  561 

 562 

4 Discussion 563 

In this study are reported the results of field experiments carried out with one tractor coupled with 564 

several implements realised in order to measure the variables that affect tractor engine, fuel 565 

consumption and engine exhaust gases emissions, and to use a model that could satisfactorily 566 

describe the system.  567 

From the results, it emerges that a high-level modelling can be reached by monitoring field 568 

operations through the electronic instrumentation, which is a very useful step forward to efficiency 569 

increase, inputs use and agricultural sustainability assessment. In particular, an interesting finding was 570 

the possibility of showing that working states highlight strong differences respect to each other and 571 

that studying what working states compose the operation is important.  572 



26 
 

Collected data on field only describe the specific tractor’s engine tested, built to match the IIIA 573 

Emissive Stage restrictions; therefore, it was equipped with the EGR system for the reduction of NOX 574 

emissions. Older engines as well as newer ones that must respect the legislation with Stage IIIB 575 

(presence of Selective Catalytic Reduction - SCR - with urea) are likely to have a different dynamic. 576 

Thus, the results of this study are not applicable to other tractors/engines in their specific terms of the 577 

resulting values, but they are widely applicable in general terms when focusing on the engine’s 578 

behaviour and on the methodology in building a model.  579 

An additional plus is given by the fact that, usually, studies refer to test bench measurements and to 580 

the operating points defined by the ISO 8178-C1 Standard (ISO, 1996), whilst in this study the 581 

measurements were done directly on field, involving that higher variability due to the effective field 582 

work conditions should be taken into account, especially with regard to engine exhaust gases 583 

emissions (Larsson and Hansson, 2011; Lindvall et al., 2015). Other studies are available in literature in 584 

which analyses were performed directly on field. For example, Lindgren (2004) studied several 585 

different field operations to evaluate the effect of transients and to get a model for fuel consumption 586 

and emissions release. Janulevičius et al. (2013), instead, studied a ploughing operation and 587 

collected data about exhaust emissions using the same gas analyser. In this case, they averaged the 588 

results on emissions in three groups of engine load and three of engine speed in order to get an 589 

average value for the tractors they used. Although the results were reported as specific values (g 590 

kWh-1), in none of them the operations were distinguished in effective work, turns and stops. 591 

Conversely, Pitla et al. (2016) analysed field operations within this framework of work states and got 592 

results describing the US working context. However, due to assumptions and different operations 593 

evaluated, the outcomes are not comparable to this study. Additionally, Merkisz et al. (2015) also 594 

studied fuel consumption and CO2 emissions for a cultivator operation. Nevertheless, they used a 595 

different methodology: fuel consumption was gathered through the carbon balance method and 596 

emissions were quantified with a portable emission measurement system (PEMS) that also permits to 597 

quantify emissions during the fieldwork. Having data directly measured on field makes values not 598 

comparable with other operations and other studies but permits to describe accurately the effective 599 

work conditions under assessment, without underestimates of variables due to the test bench. Test 600 

bench measurements can be still efficaciously used to produce the coefficients for the steady state 601 
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modelling, which permits to gather coefficients without specifically performing tests on field and, 602 

thus, to fasten data collection for subsequent environmental assessments.  603 

Studying the different headland strategies was aimed to show to what extent the headlands 604 

strategies affect fuel and exhaust gases emissions (Janulevičius et al., 2013). Headland strategies with 605 

a higher degree of manoeuvring involved, in fact, higher specific fuel consumption and higher 606 

specific engine emissions. In addition, the field distinction in effective work, turns and stops permitted 607 

to understand if and how the fast variation in engine features such as engine speed and torque 608 

causes specific increases in consumption and emission. As expected, the specific values gathered 609 

during the stops involve an increase in brake specific fuel consumption and specific exhaust gases 610 

emissions, causing higher costs for fuel and higher environmental air pollution. The best efficiency of 611 

fuel is related to the effective work for almost all studied operations.  612 

The studied operations highlighted a low impact of transients; therefore, extending the model for 613 

steady state to transient effects was not expected to give important benefits on the modelling. 614 

However, the extension (Lindgren, 2004) can be useful when transients are more present respect to 615 

these trials (e.g., during front-loading operations).  616 

The adopted model gave a very good response to fuel consumption and CO2 emission. However, it 617 

underestimated the real emission of NOX and CO, probably due to the transient effects and 618 

accessory variables playing a greater role on these emissions rather than on fuel and CO2. Moreover, 619 

CO is affected by air supply and incomplete combustion (Lindgren and Hansson, 2004) and has 620 

resulted being subject to hikes and unregular trends also in other studies. With positive transients, CO 621 

emissions increased because of the incomplete combustion, whereas during negative ones 622 

emissions were close to the steady state condition. Considering NOX emissions, instead, what occurs 623 

commonly is that at high temperatures in the engine the NOX emissions increase (Janulevičius et al., 624 

2013); in this case, on the contrary, when the threshold temperature was reached, the EGR started 625 

working and the NOX did not follow the trend. Consequently, with the EGR, NOX emissions reduced 626 

(condition that usually occurs during the effective fieldwork - medium-high torque and medium-high 627 

engine load - while increased during the accessory working time). Given this wide variability in the 628 

modes to reduce exhausts, a trade-off among them must be found, mainly for environmental 629 

pollution issues. 630 
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For what concerns the transport phases, the transient effects had higher importance than those on 631 

field and, in fact, the steady state model worked less well. In particular, considering that farms are 632 

becoming fewer but bigger and that farmers need to drive longer distances to reach fields from 633 

farm, especially on an environmental perspective the transfer distances, engine features during 634 

transfers as well as fuel consumption and exhaust gases emissions of these accessory work phases 635 

are becoming increasingly important. 636 

The results can be widely applicable, both to estimate variables to be adopted in other models and 637 

to fill in the inventories for Life Cycle Assessment (LCA) studies to quantify appropriately the 638 

environmental impact of agricultural field operations (Larsson and Hansson, 2011; Lovarelli and 639 

Bacenetti, 2017), providing reliable results on specific studied cases. Different working conditions and 640 

implements as well as exhaust gases emissions from tractors equipped with different emission control 641 

strategies can be consistently evaluated, and adequate mitigation strategies can be proposed 642 

(Renzulli et al., 2015). Considering the effect of fuel and exhaust gases, the environmental assessment 643 

through LCA is very important, since fuel consumption, CO2 and NOX are important sources of 644 

environmental impact. Fossil resources affect several environmental impact categories, such as 645 

Climate Change, Ozone Depletion, Terrestrial Acidification, Marine and Freshwater Eutrophication, 646 

and Mineral, Fossil and Renewable Resources Depletion (Wolf et al., 2012). On the other hand, CO 647 

plays an important role on human health, although it is commonly less important from an agricultural 648 

perspective due to the lower population density that lives in the countryside where most agricultural 649 

activities occur. 650 

 651 

5 Conclusions 652 

The study was aimed to report the results of measurements deriving from trials on field with different 653 

field operations and to apply a model that could describe the tractor’s fuel consumption and 654 

exhaust gases emissions with reliable results. Every data was related to a work state on field to show 655 

what occurs during each state within different work conditions (e.g., working speed, working depth, 656 

engine speed, engine load). This permitted also to make statistics on the most frequent work 657 

conditions and engine features that characterise agricultural machinery field operations. However, 658 

it is fundamental to underline that the results only refer to the tested engine. 659 
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The use of such values in the completion of the inventory for environmental sustainability studies 660 

permits to improve the reliability of LCA results about agricultural machinery processes and, therefore, 661 

to make valid assessments that allow suggesting effective environmental mitigation strategies. In 662 

more details, focusing on the effective working conditions on field permits to: (i) avoid 663 

underestimations or overestimations as due to bench tests, (ii) quantify the difference between the 664 

most sustainable operative solution and the other alternatives for the farmer, (iii) understand where 665 

improvements can be introduced along the work stages on field and, finally, (iv) make farmers 666 

conscious of their role on the environmental sustainability of agricultural productions. 667 
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