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Abstract

:

The calculation of the energy cost of a cultivation is a determining factor in the overall assessment of agricultural sustainability. Most studies mainly examine the entire life cycle of the operation, considering reference values and reference databases for the determination of the machinery contribution to the overall energy balance. This study presents a modelling methodology for the precise calculation of the energy cost of performing an agricultural operation. The model incorporates operational management into the calculation, while simultaneously considering the commercially available machinery (implements and tractors). As a case study, the operation of tillage was used considering both primary and secondary tillage (moldboard plow and field cultivator, respectively). The results show the importance of including specific operation parameters and the available machinery as part of determining the accurate total energy consumption, even though the field size and available time do not have a significant effect.
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1. Introduction


The concept of agricultural sustainability has been a highly debated subject in recent years, not only because of its importance with respect to evaluating the agri-food system, but mostly because of its multivariate nature [1]. In fact, there is a large number of parameters that are considered with respect to the primary production of agricultural products [2]. These parameters include not only the relevant material flows (e.g., water, fuel, fertilizers, seeds, and crops), but also the means of production, which include labor and the use of agricultural machinery along with the inclusion of operation management [3]. The integration of the individual evaluation of each of those parameters with respect to their contribution to sustainability concerns more and more researchers in recent years. However, agricultural sustainability is approached in a variety of ways in the literature, examining, individually or in combination, economic, environmental, and social indicators [4]. These indicators attempt to assess the impacts of agriculture in a quantitative or a qualitative manner. Several indicators as well as indicator indexes and frameworks have been proposed in the literature with respect to each dimension of sustainability [5]. The most frequently used economic indicators include profitability, income, efficiency, productivity and yield, while the societal indicators include the education, health risk, employment, operational difficulties and access to health [6,7,8,9]. With respect to the environmental indicators, the most popular are energy use, water footprint, soil quality, biodiversity, and greenhouse gas (GHG) emissions [10,11,12,13].



In particular, energy cost (or energy consumption or energy input) is one of the most examined agricultural sustainability indicators of field operations [14]. Energy consumption is an important agricultural environmental indicator and serves as a basis for the calculation of several composite indicators related to energy such as energy efficiency and energy balance [14,15]. The research focus during recent years was on the assessment and calculation of the energy footprint for the entire crop production, providing approaches for improvement in terms of environmental impact measures, through the minimization of agricultural inputs such as water use, fertilizers, and plant protection products [14,15,16,17]. In all of the cases, the goal is to assess or minimize the environmental burden of agricultural operations, while maintaining the quality and quantity of production [13]. For these assessments, the calculation of the energy consumption was mostly based on reference values and databases, while the models used do not always consider the commercially available equipment and mostly focus on material consumption [18]. Additionally, the effect of machinery selection or machinery dimensioning (considering, for example, the time availability, that is, the workability of the system at hand) is not considered during the assessment, while there are only a few studies examining the embodied energy of agricultural machinery [19,20,21] and the energy cost of machinery when performing a specific task [22]. It is also worth noting that, with respect to the selection of the required machinery, mostly financial methods are employed that consider the economic cost of operations [23,24]. However, with the advancement of technology it is important to examine the energy contribution of the machinery, especially when the introduction of new equipment is assessed [25,26,27].



Considering the above and attempting to fill the identified research gap in the field of agricultural machinery energy assessment, the present study attempts to incorporate “machinery dimensioning notion” in the calculation of the energy costs. The ultimate goal is to assess the influence of the workability that determines the available time window for performing a specific field operation on the resulting energy consumption for this operation. Furthermore, the machinery used is assessed, examining the contribution of the standardized-commercial machinery in the overall energy requirements. For that reason, a computational model was designed and implemented in order to examine the machinery energy cost of performing an agricultural operation. The model selects the required machinery to perform the operation under given workability constraints [23], choosing from a collection of commercially available implements and tractors, and considering a series of operational parameters including the soil type, the operation depth, and the field area to be processed.



In the following sections, the methods and the detailed design of the model are presented followed by results from two case studies. The examined operations concern the soil preparation and, more specifically, light soil cultivation with a field cultivator and primary tillage with a moldboard plow.




2. Materials and Methods


2.1. Energy Cost of Agricultural Operations


The execution of an agricultural operation requires both direct and indirect inputs. To that end, the employed approach in this study borrows from the well-established methodology of financial cost calculation [28], and allocates the total energy required to perform an operation to direct and indirect energy (Figure 1). The indirect energy concerns the energy assessment of inputs that are not related to the operation performed but concern the acquisition and the ownership of the equipment. The direct energy involves the energy assessment of the direct inputs related to agricultural operations.



On the basis of the above, the indirect energy is differentiated between the machinery and repair and maintenance embodied energy (  MJ ·   kg   − 1    ), as well as the housing embodied energy (  MJ ·  m  − 2   ·  y  − 1   )  . The machinery embodied energy refers to the energy required to manufacture the agricultural equipment [20,29]. The embodied energy of repair and maintenance can be either expressed as a percentage of the manufacturing energy requirements [30,31] or can be estimated in absolute numbers, as attempted by Mantoam et al. [32]. The housing embodied energy represents the energy contribution of all the building and infrastructure necessary for the storage of the equipment [30]. It should be noted that these denoted parameters are usually calculated for the entire life cycle of the machinery or building [33]. In this study, the energy contribution from manufacturing, repair and maintenance, and housing is reduced to the duration of the operation performed considering as related to the total life of the equipment.



The operation energy is divided into the fuel and lubricant energy (  MJ ·  l  − 1    ), and the embodied energy of labor (  MJ ·  h  − 1    ). The energy of fuels and lubricants is related to the fuel and lubricant consumption as calculated based on the ASABE (American Society of Agricultural and Biological Engineer) standards [34]. The embodied energy of labor expresses the energy consumed by the workers performing the operation [35]. Several approaches have been proposed in the literature regarding the estimation of the embodied energy of labor differing in the system boundaries and operations considered [16,36,37,38,39].




2.2. Energy Estimation Model


In order to calculate the energy cost of performing an agricultural operation, the model presented in Figure 2 was used. The calculation consists of two distinct stages, namely the machinery selection and the calculation of the energy costs. For the machinery selection stage, in order to estimate the effect of standardized machinery on the overall energy consumption, two models were considered, namely the continuous and the discrete model, while the energy cost calculation is the same for both models. The continuous model calculates the energy consumption of a theoretical machine system without correction to standard commercial machinery, while the discrete model considers the commercially available implements and tractors for the determination of the energy costs. More specifically, the necessary machine system (single or multiple if it is required) to perform the operation is automatically calculated by the model, considering both operational parameters and the machinery available. The calculation process of the discrete model is presented in detail below, however, the basic equations are standard for both models. Nevertheless, it should be highlighted that, in the continuous model, only a single machine system is considered.



During the machinery selection stage, first the available time    t  av     ( h ) to perform an agricultural operation is calculated (Equation (1)):


   t  av   =  t  wp   ·  t  wt   ·  W  coef    



(1)




where    t  w p      d    is the working period in days,    t  wt       h ·  d  − 1         is the working time, and    W  coef      −    is the workability coefficient [40]. Given a specific available time, the theoretical area capacity    C  th        m 2  ·  h  − 1       is calculated (Equation (2)):


   C  th   =  A   t  av      



(2)




where    A       m 2      is the size of the field under examination. The theoretical capacity determines, as a sequence, the theoretical minimum width     w   th      m    (Equation (3)) that must be applied in order to complete the operation on time.


   w  th   =    C  th      E   f      ·    s         



(3)




where    E   f       %    stands for the efficiency of the operation performed, while    s      km ·  h  − 1       is the operating speed.



Then, according to the discrete model, the theoretical width is adjusted based on the commercially available implements. When the theoretical width is smaller than the maximum width available, then the width selected is the one that is immediately bigger than the theoretical width. When the theoretical width is larger than the maximum width available, it means that more than one implements are required to perform the operation on time. In that case, the maximum width is selected (as many times as required), while the remaining width is adjusted to the next bigger available width. In should be noted that, in this step, the actual number of machines required to perform the operation is determined. Considering the above, the actual width    w  act      m    of the operation performed is formulated and, as a consequence, the actual area capacity is calculated by Equation (4) as follows:


   C  act   =  w  act   · s ·  Ε f     



(4)







Finally, the actual duration of the operation is calculated (Equation (5)):


   t  act   =  A   C  act        



(5)







In the case of the continuous model where a correction to standard machines is not performed, the actual width and actual capacity are the same as the theoretical width and capacity and actual time coincides with the time available to perform the operation. Once the required implements have been determined, the calculation of the required tractors follows. The implement draft    D  draft      N    is calculated according to the ASABE standards [41] by Equation (6):


   D  draft   =  F i  ·   A + B · s + C ·  s 2    ·  w  act   ·  O  depth      



(6)




where    F i    ( −  ) is the soil texture adjustment parameter; A, B, and C are machine specific parameters; and    O  depth       cm     is the operation depth. Considering the above, the draft power (kW) is calculated as follows [23]:


   P  draft   =    D   draft      ·    s    1000      



(7)







Finally, the total power required    P   required        kW     is calculated from Equation (8) as follows:


   P  required   =    P   draft          Tr    coef      ·   0.83      



(8)




where     Tr    coef       −    stands for the tractive coefficient [42], while the coefficient 0.83 is used for the Power Take Off (PTO) to gross-flywheel conversion [34]. The calculated    P   required        kW     corresponds to the minimum power required to perform the operation considering the necessary implements as they were defined in the previous steps. However, commercial tractors are available with a standard power capacity for each model, as defined by the manufacturer. To that end, the required power is adjusted to the next bigger available. In the case of the continuous model, the required power coincides with the actual power because there is not a correction to standard tractors. The machinery selection stage provides the list of tractors-implements that are necessary for the completion of the procedure in the given time available for the discrete model and the single tractor and implement system for the continuous model. For each tractor-implement set, the energy costs of performing the operation are calculated.



Regarding the operation parameters calculations, the hourly fuel consumption    F  con       l ·  h  − 1       is calculated from Equation (9) (for diesel) as follows [34]:


   F  con   =   2.64 ·  P  ratio   + 3.91 − 0.203   ·     738 ·  P  ratio   + 173 )       ·  P  required      



(9)




where    P  ratio     expresses the ratio of equivalent PTO power necessary for an operation to that maximum available from the PTO [34]. The relevant lubricant consumption    L  con     l ·  h  − 1       is calculated in Equation (10) (for diesel) [34].


   L  con   = 0.00059 ·  P  required   + 0.02169    



(10)




Lastly, it is important to note that, for the calculation of the operation energy costs, the transportation duration is also considered along with the operation duration. The resulting per hectare total energy     En   Tot       MJ     is calculated as the sum of the direct     En   Direct     and indirect energy     En   Indirect    , as presented in Equation (11):


    En   Tot   =   En   Direct   +   En   Indirect    



(11)







The direct energy     En   Direct       MJ     is calculated by Equation (12) as follows:


    En   Direct   =   En   Fuel   +   En   Lubr   +   En   Labor    



(12)




where     En   Fuel     (MJ) is the total fuel energy;     En   Lubr     is the total lubricant energy and     En   Labor     is the total labor energy expressed in Equations (13)–(15):


    En   Fuel   =  F  con   ·  t  act   ·   Emb   Fuel    



(13)






    En   Lubr   =  L  con   ·  t  act   ·   Emb   Lubr    



(14)






    En   Labor   =  t  act   ·   Emb   Labor    



(15)




where     Emb   Fuel       MJ ·  l  − 1       and     Emb    Lubr        MJ ·  l  − 1       are the embodied energy in the fuels and lubricants and     Emb   Labor     (  MJ ·  h  − 1   )   is the per hour labor energy. With respect to the indirect energy consumption, Equation (16) applies as follows:


    En   Indirect   =   En   Manufacturing   +   En   RM   +   En   Housing    



(16)







The embodied energy for the manufacturing     En   Manufacturing       MJ     of the equipment (tractor and implement) is expressed in Equation (17), reduced to total hours of the operation:


    En   Manufacturing   =     Emb    Manufturing      ·    M     h  life       ·  t  act      



(17)




where     Emb   Manufacturing       MJ ·   kg   − 1       is the embodied energy;    M      kg     is the mass of the tractor and the implement, respectively and    h  life      h    is the total life hours of the machinery. The repair and maintenance embodied energy     En   RM       MJ    , as already mentioned, is expressed as a percentage of the manufacturing energy requirements     RM   Rate     (%) (Equation (18)):


    En   RM   =      En    Manufacturing     ·   RM   Rate    



(18)







Lastly, the housing energy     En   Housing     (MJ) is calculated by Equation (19) reduced to total hours of the operation as follows:


    En   Housing   =       Emb   Housing     ·  A  cover      h  life     ·  t  act    



(19)







In that case,     Emb   Housing       MJ ·  m  − 2   ·  y  − 1       is the embodied energy of the facility required to house the equipment and    A  cover        m 2      is the area cover of each the machines (tractor or implement).





3. Case Study Description


The methodology described in the previous section was used to investigate the energy cost of performing two different tillage operations, considering different field areas and the available time window. The examined operations are secondary tillage performed by a field cultivator and deep tillage performed by a moldboard plow. Table 1 presents the operation parameters considered according to the ASABE standards [34]. The economic and total life is assumed to be identical for both implements. However, the operating speed differs with respect to the different operations because it depends on the operation depth, which is determined based on the general cultivation practices [43].



As mentioned in the methodology, the estimated required implement width and the tractor power are adjusted to fit with the next bigger commercially available one. To that effect, feature values of commercially available machinery were collected for the calculations as they are provided by the manufactures. These specifications include the width, weight and dimensions of the implements and the power, weight, and dimensions of the tractors. All the tractors (with power ranging from 37.4 kW to 456 kW) that were inserted in the model are 4WD, while the fuel type is diesel in all the cases examined. Regarding the calculation of the transportation energy cost, it is assumed that each field is located at a distance of 1 km from the farm. The tractor travels at 40    km    ·  h  − 1     and performs each trip once in order to complete the operation and return to the farm.



The embodied energy parameters considered for the model calculation are presented in Table 2. Various methodologies have been proposed for the calculation of the manufactured embodied energy of farm machinery; however, for the purposes of this study, the approach of Kitani et al. was selected [35]. With respect to the embodied energy of the maintenance of the machinery, it is calculated as a percentage of the respective manufacturing energy according to the approach of Aguilera et al. [30]. The approach of Aguilera et al. was also used for the estimation of the housing embodied energy, considering the average value per year and per spatial coverage of the service building. All the parameters presented in this section represent the input parameters of the calculation process of Figure 2, which are highlighted in the green boxes.




4. Results


This section presents the results of the implementation of the energy calculation tool with respect to the estimation of the machinery energy cost of performing three different tillage operations. Two different assessment models were examined, namely the discrete and the continuous model. The discrete model refers to the calculation of the required energy using the adjustment to standard commercial implements and tractors according to the process presented in the methodology. The continuous model refers to the theoretical energy consumption as it would be estimated without the adjustment to standard implement and standard values. The machinery selected in the latter case would have the exact performance characteristics with the estimated requirements to perform the operation. Furthermore, in that case, there are no maximum available values, indicating that the operation is performed with one set of tractor–implement, irrespective of the width and power necessary to operate within the time window available, which coincides with the actual operation time. The figures below present the total energy consumption, the total machine power, the number of machines, as well as the total operating width with reference to the time available and the cultivation area.



4.1. Field Cultivator


With respect to the secondary tillage with a field cultivator, Figure 3 presents the total energy cost, the total machine power, the number of machines, and the total operating width for cultivated areas of 100 ha in relation to the available time to perform the operation. The energy consumption for the specific area varies around the average value of 234.99   MJ ·   ha   − 1    . The tool selects the required machinery system to perform the operation within the available time window. As expected, the number of machines required to complete the operation decreases as the available time increases. For example, three machines are required to complete the operation in 10 h and two machines when the available time exceeds 13 h. After 25 h, only one machine is required to complete the operation and, as a result, only the required width decreases. The total energy consumed shows an upward trend owing to increased total operation time until the 37 h available time. At this point, only the smallest implement is used to complete the operation, and the time of operation does not change further with the energy consumed, being the same irrespective of the time available.



The discrete model represents the realistic approach for the calculation of the energy required to perform an operation. However, as presented in Figure 3, it is worth comparing it to the continuous model. In the case of field cultivator, the continuous model predicts an average energy cost of 111.83    MJ ·   ha   − 1     for the area of 100 ha, which is 2.1 times smaller than the respective discrete. The tractor power and the implement width that are actually used are significantly larger than those that are ideally required, resulting in increased energy consumption.



Figure 4 and Figure 5 present the energy cost and machinery requirements for completing the operation in 30 h and 50 h, respectively, in relation to the cultivated area. Little available time leads to a rapid increase of machinery needed, while in the case of more time availability, a second machine is required for fields larger than 200 ha. Considering that, for the field cultivator three, different implement options were available (4 m, 5 m, and 6 m), the operating width increases after an area of 135 ha for an available time of 50 h. The energy consumed shows a downwards trend when increasing the cultivated area, with average values of 218.94    MJ ·   ha   − 1     for 30 h and 228.98    MJ ·   ha   − 1     for 50 h available time. The average energy consumed increases when increasing the available time because the operating time increases as well. In the case of 50 h available, the energy consumed per hectare remains constant for fields between 2 and 135 ha with the given implements, as the smallest implement can cover this area without requiring a second one to perform the operation timely.



In order to gain full insight regarding the formulation of the model, Figure 6 presents the results for the time available and the area, ranging from 10 h to 100 h and from 10 ha to 300 ha, respectively. The discrete model estimates a higher energy consumption per ha than the continuous model. The only exception is the area of 1 ha, where the continuous model is more energy consuming than the discrete model after approximately 40 h of time available owing to the very small stipulated operating width. However, as such a small operating width is not realistic (approximately 0.015 m for 1 ha and 100 h available time), energy values corresponding to areas below 10 ha were discarded from Figure 6. The total average energy cost is 226.51    MJ ·   ha   − 1     for the discrete model, which is 1.98 times higher than the continuous model. For the field cultivator, 69.4% of energy consumption derives from the operation of the machinery, while 30.6% is attributed to its ownership.




4.2. Moldboard Plow


Figure 7 presents the total energy consumption of performing primary tillage with a moldboard plow in a field of 100ha in relation to the time available to perform the operation. The average energy consumption for the 100 ha is 1505.82    MJ ·   ha   − 1     for the discrete model. It is observed that the continuous model shows higher energy consumption, approximately 1.06 times, than the discrete model demonstrating the effect of the operation depth and type in the overall energy costs.



The required width and power to complete the operation on time do not differ significantly between the discrete and the continuous model. This can be attributed to the large energy requirements of the operation, as well as to the availability of implements. In the case of the moldboard plow, the commercially available width of the implements presented more subdivisions in the range of 1.1–4.4 m, providing the tool with more options during the machinery selection stage.



Figure 8 presents the evolution of the model with respect to the field area, considering time available of 50 h. For field areas up to 30 ha, the operation can be performed with one tractor carrying the minimum available implement (1.1 m). From this point, the implement width is further increased until it reaches the maximum available of 4.4 m. Then, with a further increase in the area, a second machine is needed to perform the operation timely. The width and power increasing pattern is the same for the second machinery as previously described until the point when a third machine is required. The average energy cost, in the case of 50 h of available time, is 1508.61    MJ ·   ha   − 1    .



The total energy consumption of the discrete and continuous model for moldboard plowing in a wide range of area and available time is presented in Figure 9. The continuous model has an average energy cost of 1604.95    MJ ·   ha   − 1    , which is 1.06 times higher than the discrete model, which presents an average energy cost per hectare of 1510.37    MJ ·   ha   − 1    . This finding highlights the importance of time when performing an agricultural operation of high operation energy requirements. For moldboard plowing, 90.4% of the energy consumed is attributed to operation, while only 9.6% of the energy consumed refers to the energy ownership costs. As a consequence, the adjustment to the closest bigger available implement resulted in a reduction of the total energy, as the actual time required to perform the operation decreased with the increased implements’ width.





5. Discussion


In the previous section, the energy cost of performing secondary tillage with a field cultivator and primary tillage with a moldboard plow was presented. The results concerned tillage on medium soil with an operation depth of 15 cm and 30 cm, respectively. Tillage with a moldboard plow was calculated to be 6.67 times more energy consuming than field cultivation, which is an outcome that is expected considering the depth and the nature of the operation. For the field cultivator, the indirect energy costs account for almost 1/3 of the total energy consumed, while for the moldboard plow, only for 1/10. The direct energy cost is the determining factor of the total energy consumption. However, it is worth noting that its contribution to the total energy consumed increases as the energy intensity of the operation increases. Nevertheless, it should be stated that the available time to perform an operation and the different field areas do not seem to strongly affect the total energy per hectare.



Regarding machinery selection, the method employed focuses on the available time for field operations rather than the assessment of the financial cost of the equipment. In that light, the dimensioning of the implement requires sufficient power in the tractor as a prerequisite for the execution of the operation on time. The main disadvantage of the method is the fact that the operating economic costs are not considered during the selection stage. Additionally, the tool is designed in order to facilitate machinery selection, taking into account technical conditions rather than economic ones. As a consequence, a selection of the machinery system by applying this method can lead to non-optimum solutions in terms of economic criteria such as minimum operating or ownership cost. Furthermore, it is of limited use in cases where the equipment has already been purchased.



Τhe results indicate that the proper allocation of tools and tractors and the use of the appropriate combination of machinery in each operation can affect the total energy consumed. In the case of light soil cultivation (field cultivator), the total energy consumed is higher than that expected from model calculations owing to the use of larger implements than those required to perform the operation on time. On the other hand, in the case of the moldboard plow, the use of a larger implement than the one required to perform the operation on time leads to a decreased energy consumption, which is justified when considering the contribution of the operation cost to the total energy cost of this operation. Nevertheless, the availability and the subdivision of the implement width strongly affect the diversion from the model consumption calculated for the examined cases.



Another factor that was examined was the sensitivity of the energy consumed with respect to the type of soil and the operation depth. In that end, the calculations were performed for different depths (plus 5 cm and minus 5 cm from the original example), as presented in Figure 10, and soil types (fine and coarse in addition to medium soil), as presented in Figure 11. For the field cultivator, it was found that the operation depth and the type of soil do not affect the total energy consumed in the case of the discrete model. This is attributed to the fact that the minimum available commercial machinery covers the requirements of the operation, irrespective of the type of soil or the depth.



However, in the case of moldboard plowing, both the operation depth and the type of soil strongly influence the total energy consumed. As presented in Figure 10, the energy consumed for deep tillage in fine soil is almost two times higher than the that for coarse soil in the case of an operation depth of 25 cm. Additionally, in the case of fine soil, the energy for performing the operation at an operation depth of 35 cm is 2429.54    MJ ·   ha   − 1    , 1.35 times higher than when performing it at a depth of 25 cm (1800.88     MJ  ·   ha   − 1    ).




6. Conclusions


The assessment and management of agricultural production is a multivariate problem. Thereby, the introduction and use of operation management tools can contribute towards the effective management of agricultural production and the quantification of its environmental impact. Existing tools and methodologies in most cases examine the entire life cycle of the cultivation or focus on the use of plant protection products and fertilizers owing to their proven severe adverse impact compared with the other agricultural inputs. Nevertheless, the quantification of the contribution of machinery to the total energy consumed is important and constitutes an essential first step for the evaluation of alternative technologies and tools. In fact, the results highlight the benefits of optimal allocation of tools, especially in the task of light soil cultivation, where the energy consumed using the commercially available machinery (226.51    MJ ·   ha   − 1   )   is almost double the optimal energy expressed by the continuous model (113.88     MJ  ·   ha   − 1    ).



This paper attempted to examine and set the base of evaluating the energy consumption considering various operational parameters coupled with the commercial availability of implements and tractors. The model selects (from a collection of available implements and tractors) the required machinery to perform the operation in a given time, while evaluating the resulting energy cost. Even though the available time and the cultivated area do not seem to strongly affect the energy consumption per hectare, the commercially available implements highly affect the total energy cost. From the examined case studies, the effect of using unsuitable equipment was highlighted, indicating a promising potential for further reduction in the energy consumed from the machinery. Towards this direction, future work incorporating the consideration of financial parameters during the machinery selection is required in order to assess the economic and environmental performance of the machinery in an integrated manner.
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Figure 1. Energy costs of agricultural operations. 
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Figure 2. Calculation model. 
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Figure 3. Energy consumption, machine power, number of machines, and operating width for a cultivated area of 100 ha (field cultivator). 
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Figure 4. Energy consumption, machine power, number of machines, and operating width for 30 h time available (field cultivator). 
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Figure 5. Energy consumption, machine power, number of machines, and operating width for 50 h time available (field cultivator). 
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Figure 6. Energy consumption model for the field cultivator. 
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Figure 7. Energy consumption, machine power, number of machines, and operating width for a cultivated area of 100 ha (moldboard plow). 
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Figure 8. Energy consumption, machine power, number of machines, and operating width for 50 h time available (field cultivator). 
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Figure 9. Energy consumption model for moldboard plow. 
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Figure 10. Moldboard plow energy consumption for various soil types and operation depths. 
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Figure 11. Moldboard plow energy consumption discrete model for various soil types. 
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Table 1. Operation input parameters.






Table 1. Operation input parameters.











	
	Units
	Moldboard Plow
	Field Cultivator





	Implement Parameters A, B, and C 1
	-
	652-0-5.1
	32-1.9-0



	Economic Life 1
	y
	15
	15



	Total Life 1
	h
	2000
	2000



	Efficiency 1
	%
	80
	85



	Operating Speed 1
	   km ·  h  − 1     
	7
	8



	Operating Depth 2
	cm
	30
	15



	Soil Coefficient (Medium Soil) 1
	-
	0.7
	0.85



	Implement Width Range *
	m
	1.1–4.4
	4–6







1 [34], 2 [43] * Commercial values.
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Table 2. Energy parameters.
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	Energy Parameter
	Units
	Value





	Tractor Embodied Energy (Manufacturing) 1
	   MJ ·   kg   − 1     
	138



	Implement Embodied Energy (Manufacturing) 1
	   MJ ·   kg   − 1     
	180



	Tractor Embodied Energy (Maintenance) 2
	%
	45



	Implement Embodied Energy (Maintenance) 2
	%
	30



	Labor Embodied Energy 3
	   MJ ·  h  − 1     
	2.2



	Fuel Embodied Energy (Diesel) 1
	   MJ ·  l  − 1     
	47.8



	Lubricant Embodied Energy 4
	   MJ ·  l  − 1     
	46



	Housing Embodied Energy 2
	   MJ ·  m  − 2   ·  y  − 1     
	21







1 [33], 2 [30], 3 [16], 4 [44].
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