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Abstract 

The model, recently developed by present authors defines the energetic efficiency of plantation, as a 

ratio of total energy produced to the sum of energy inputs. It is explicitly expressed in terms of crop 

yield, caloric values and mass fractions of crop components used for biofuel production - on the side 

of outputs. Caloric values of fuel used in subsequent agricultural operations together with fuel 

consumption in those operations, as well as transportation distances and fuel caloric value and its 

consumption during transportation of goods (production means and products) between fields used in 

production and also during transport to customers, etc. The model is defined in mathematical form, as 

well as computer algorithm, enabling computations for real situation, is developed. Several examples 

of application are given showing that the range of energetic efficiency can vary substantially 

depending upon production technologies applied.  
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1. INTRODUCTION 

Recently Mathews (2009) indicated biofuels derived from biomass as the main remedy that can be 

offered to mitigate the danger mentioned. Therefore, the search for biomass resources and for the most 

effective cultivation technologies is well substantiated. Similar trend concern conversion of biomass 

to energy. A number of papers have been published dealing with cultivation of several plants e.g. 

Painuly at al. (1995) or Abnisa at al. (2011) as well as various aspects of cultivation and processing cf. 

Juliszewski and Zajac (2007), Jasinska and Kotecki (1999), Igilinski at al. (2009). Assumption that 

fuels derived from biomass, at least partly, may substitute fossil fuels imposes expectation that 

biomass as energetic resource should assure a real gain of energy. Any agricultural or industrial 

processing technology requires some inputs of energy in order to facilitate production processes. In 

terms of fuels derived from biomass it is obviously related to both: agricultural and industrial 

processes used in production. The gain of energy means that the amount of energy obtained in the 

form of biofuel should be larger than the sum of energy inputs introduced during all production 

processes. Characteristic, that can be used for estimation of the role of energy fluxes needed to 

maintain production processes is called EROI or EROEI – „energy return on energy invested” cf. 

Pickard (2014), and is defined as follows: 
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where: 

Eout – is total usable energy delivered by energy gathering system during the p-th year of its existence, 

Ein – represents total energy expended during that year, Ecr – is energy needed for creation of that 

system, and Erem – is energy needed for remediation of that system after the end of its life at P-th year. 

It is important to mention that quantity defined by eq. (1) is different than energy conversion 

efficiency that is expressed as: 
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where: 

Ein and Eout – represent input and output energy to and from converter, while Ew – corresponds to 

energy dissipated by that converter. 

 

The form of both equations is similar, their meaning is ‘however, different. The energy, Ein , inputs to 

the production system are not directly converted into output. This is only energy that is needed to 

maintain production process Ein. In some cases, this amount might be very small, while in the other 

even very large as compared to Eout. In consequence the range of variation of, ε , is contained within 

the limits -∞ ≤ ε ≤ ∞. The other quantity, η , relates energies being directly converted one into the 

other, and it can be easily proved that changes of this characteristic occur only in the limits: 0 ≤ η ≤ 1. 

A number of papers dedicated to the discussion of perspectives of biofuel production in several 

countries e.g. Raslavicius and Bazaras (2010), Fontaras et al. (2012), Painuly et al. (1995), Wasiak et 

al. (2008) have appeared in the literature. Various approaches to production as well as use of biofuels 

are also reviewed by Russo et al. (2012). Similar considerations can also be done through exergy 

analysis. Such work performed by Talens et al. (2007) show low exergy loss in the process 

of biodiesel production, and also indicate possibilities of further decrease with improvement 

of technology. In the case of bioethanol Liao et al. (2011) demonstrate that production of this fuel not 

always fulfills the requirements of sustainability i.e. that bioethanol production is not sufficiently 

efficient. The paper Talens et al. (2007), mentioned earlier, introduces a notion of the scale of the 

techno-system showing that efficiency can be determined by various processes differently acting at 

different scale levels. The highest level is of global size, while the next levels are more and more local, 

and specific factors might play a role at each level. Several papers are concerned with empirical 

studies on energy efficiency (or energy demand) of agriculture in general e.g. Singh et al. (2008) 

or Schneider and Smith (2009), Alluvione et al. (2011), as well as studies dedicated especially 

to „energetic” plantations: Uril (1998), Kim, Bruce and Dale (2005), Karkaciera et al. (2006), Muller 

(2009), Meehan et al. (2013), or Smith, Thelen and MacDonald (2013). Those works provide 

important sets of data that enable more general analysis of the factors deciding on the energetic 

efficiency of biofuel production systems. Slightly different approach to the scale of a techno-system 

is given by Prasad, Singh and Joshi (2007) or Giampietro et al. (1997) discussing feasibility analysis 

with respect to the size of the production system.  

The present paper is aimed to presents construction of the model that describes effects of subsidiary 

processes, operating at individual elements of biofuel production system, on energetic efficiency of 

that system, and also to present results of computations that estimate the main effects related to the 

real characteristics of production equipment. The paper directly concerns agricultural subsystem of the 

production system, and only indirectly takes into account coupling to the industrial subsystem.  

 

2. THE MODEL 

Mathematical models of production processes are already established tools for studying various 

aspects of the effects the choice of technology, operational conditions, etc. onto the process itself or 

resulting product. Several examples of such approach are given by e.g. Ziabicki, A. at al. (1998), 

Blim, A. at al. (2005) Zubrzycki J. at al.(2012), Świć A. at al. (2012). In the present paper the 

approach given in Wasiak A., Orynycz O. (2014), and Orynycz O. Wasiak A. (2014) is continued.  

The energetic effectiveness, ε , related to one year of production in the agricultural subsystem, is 

expressed as follows: 
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where:  

Ebio – is energy obtained from the field, 

Eex – is energy expended on tillage operations, 

Etr – is energy consumed for transportation outside of fields, 

Eemb – is a fraction of embodied energy contained in production means, that is spend during tillage 

operations and transport executed during production year. 

are the contributing energies. 

Energy obtained from the plantation equals to: 
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where: 

A – is plantation area, 

Mcrop (cf, cw, ccp, ) – is crop yield dependent upon concentrations of following factors: cf – fertilizer, 

cw – water, ccp – crop protection means, maintained during cultivation. This dependence should be 

estimated on the basis of empirical field studies, 

γ – general mass fraction of biofuel in the crop,  

αk – mass fraction of k species of biofuel, 

Wbio,k – low caloric value of k-species of biofuel.  

 

The energy consumed on the field during agro-technical operations can be expressed as follows: 
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where: 

ωi – the fuel consumption per unit of the distance passed during the individual agro-technical process, 

di – width of the land strip operated in the single course of i-th operation,  

Wfuel – the low caloric value of the fuel used for operations (might be fossil fuel or biofuel), 

m – the number of the agro-technical operations (in each one of the operations the width of the worked 

field, di , and the consumption of fuel, ωi , can be different), 

γk – is a fraction of embodied energy contained in one of the, k , technical means employed at i- th 

operation (machines, fertilizers, etc.). It may be estimated e.g. as ratio of the time of particular 

operation to the total expected life time of particular equipment,  

Emk – is embodied energy contained in k-th technical mean. 
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Equation 6, in turn, concerns transportation of goods outside of the field. This term is especially 

important for big plantations that are arranged in several fields separated sometimes by quite long 

distances. Another contribution of transport is significant when crops must be transported through long 

distance to industrial facilities for processing. It is expressed as: 

 
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     (6) 

where: 

Lp – is a distance driven outside of the field in p- th route, 

βp – is fuel consumption during p-th route,  

Wfuel,tr – is low caloric value of the fuel used in transport, 

Emtp – is fraction of embodied energy of a given transportation mean corresponding to the unit of 

distance driven. 

 

Individual contributions to the energetic efficiency depend upon various factors. Especially, Ebio , and 

Eex,agr depend i.a. on plantation area, A , while, Etr , apparently does not. Embodied energy1 terms, 

Emik , and Emtr do not depend explicitly on, A , it is clear, however, that in practice the field’s area 

affects the distance driven on that field. It means that efficiency, ε , depend upon the size of plantation 

in complicated manner affected by various relationships. During numerical computations some 

dependencies were introduced e.g. energy spend during transportation might depend upon field’s area 

in the cases of very big fields requiring several subsequent transports of goods, machinery etc. during 

elaboration of the same field. 

Analysis of the definition given by formula (3) leads to the conclusion that simple additivity rule can 

be derived for the case when energy production subsystems are connected in series. Such 

consideration is especially important for biofuel production system, which is composed of at least two 

subsystems. It can be shown that, for such a case, (taking into account that, Ebio , is estimated from the 

final energy yield of the whole system) the reciprocal of total efficiency of the composed system 

is given as a sum of reciprocals of efficiencies of subsystems i.e. 

21

111




tot           (7) 

where:  εtot – is the energetic efficiency of the total system 

 ε1 and ε2 - are efficiencies of individual subsystems. 

The equation (7) will be especially valuable after the model of efficiency of industrial subsystem is 

developed, and need for estimation of total efficiency will appear.  

                                                           
1 Embodied energy is the energy consumed during production of particular technical object, and raw materials 

needed to its production. The part of embodied energy, associated to a given tool, consumed during particular 

operation may be estimated e.g. as proportional to the ratio of time during which the tool was used to the total 

“life time” of that tool. 
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3. NUMERICAL COMPUTATIONS 

In order to perform numerical computations the computer program was developed in spreadsheet 

EXCEL The main assumptions made were: plantation is considered as built of several fields (size of 

each given through its dimensions, ai , and bi ) separated by some distances, li , and separated by 

a distance, c , from the main base. The speed of movement during each operation is given, and 

maximum daily working time, tmax , is specified. It is assumed that after maximum working time 

is reached the working machines are moving to the base, and return to the same place next day. Fuel 

consumption on the unit of the driven way is given as a constant defined for each operation. The 

specific yield of the unit area of plantation, as well as the yield of biofuel from the mass unit 

of biomass are also introduced as constants that are specified for each computation.  

Results presented in this paper have been computed for equal sizes of fields, however any arbitrary 

configuration of field’s sizes can be considered. Initial parameters used for computations are given in 

Table 1.  

 

Table 1. Values of parameters taken into computations 

V = 6 km/h  tmax = 10 h 

ni 1   ii ba 
 

n = 5 
ai = 0,1 km ai = 0,5 km 

bi = 0,1 km bi = 0,5 km 

c [km] 1 5 10 1 5 10 

l [km]  0,2 0,2 0,2 0,2 0,2 0,2 

l [km]  0,4 0,4 0,4 0,4 0,4 0,4 

l [km]  0,6 0,6 0,6 0,6 0,6 0,6 

l [km]  1 1 1 1 1 1 

 

4. RESULTS 

Results of computations presented here were performed for rapeseed plantation under several 

assumptions. As seen in Table 1. two sets of computations were performed for plantations consisted of 

five fields of the same area. Two sizes of plantations are compared. Computations were performed for 

different distances between fields, l , and several values of the distance of plantation from the base, c. 

Moreover, production process has been assumed as consisting of five operations, each requiring the 

same technical equipment and conditions (what, in consequence results in the same energy 

consumption in each operation – this assumption is a simplification made for convenience, but is not 

required by the program, and easily can be avoided in future computations).  

The first important result is a distance driven on the fields under various conditions of equipment used 

and sizes of individual fields. This result is shown in Table 2. One can easily see that the distances, 

Dagr , substantially differ depending on both size of plantation and width of the elaborated strip of land 

during one pass through the field (properties of the equipment). It is not shown here, but it can be 

easily proved, that this distance is independent of the distribution of sizes of individual fields. 
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Table 2. Dependence of the distance, Dagr , driven on the fields of plantation upon tillage conditions 

Strip width = 0,5 m 

A [km2] 0,01 0,25 

Dagr [km] 100 2500 

 Strip width = 4 m 

Dagr [km] 12,5 321,5 

 

The distance driven outside of the fields, Dout , is shown in Fig. 1.  

 

Fig. 1. The distance driven outside of the fields, Dout , as a function of plantation characteristics for the 

operation width 4m 

 

It is clearly seen that this distance linearly depends upon the distance between fields, l , and is strongly 

affected by the area of the fields. This behavior evidently results of the maximum working time, and 

need to drive back with the all machines. One can imagine that another assumption e.g. leaving 

machines on the field, and transport back only people, would substantially change the situation. 

Consequently, it can be concluded, that organization of the work is an important factor determining 

the final efficiency of plantation. Fig. 2, in turn shows the ration of distances, Dout/Dagr , the distances 

driven outside and inside of the fields. It again reflects the effect of field’s size on the distance driven. 

Consequently, one can expect that the differences seen in those figures have also corresponding 

influence on the energy consumption during production operations. The sum of amounts of energy 

spend on tillage operations, and on transportation within plantation is given in Table 3. 
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Fig. 2. Ratio, Dout/Dagr , for operation width 4m, and several values of other parameters 

 

It can be clearly seen in Table 3. that the amount of energy spend during agricultural production is 

strongly affected by size and other topological characteristics of plantation, and (as it was earlier 

mentioned) might also depend upon organization of work. 

 

Table 3. Sum of amounts of energy spend on the field and driving between fields, Eout+Eagr , as a 

function of plantation, and equipment characteristics 

0,5 [m] A = 0,01[km2] A = 0,25[km2] 

c 

l [km] 
1 5 10 1 5 10 

0,2 1160 1376 1640 30044 35383 42058 

0,4 1176 1392 1649 30353 35693 42367 

0,6 1191 1407 1657 30663 36003 42677 

1 1221 1437 1674 31283 36622 43297 

        

4 [m] A = 0,01 [km2] A = 0,25 [km2] 

c 

l [km] 
1 5 10 1 5 10 

0,2 220 436 841 3880 4805 5960 

0,4 239 455 725 3938 4862 6018 

0,6 259 475 745 3995 4919 6075 

1 297 513 783 4110 5034 6190 
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Finally, the energetic efficiency computed according to the model of rapeseed plantation with assumed 

characteristics is presented in Table 4. Estimation of the values presented here are based upon the 

assumption that 1500 dcm3 of oil can be obtained from 1 hm2 of plantation area. The results show 

quite large differences corresponding to different sizes and machinery working on the fields.  

 

Table 4. Energetic efficiency resulting of computations performed for one operation performed the 

plantation as assumed above 

Strip width = 0,5 m 

A [km2] 0,01 0,25 

c 

l [km] 
1 5 10 1 5 10 

0,2 224 189 159 216 184 155 

0,4 221 187 158 214 182 154 

0,6 218 185 157 212 181 152 

1 213 181 155 208 178 150 

Strip width = 4 m 

A [km2] 0,01 0,25 

c 

l [km] 
1 5 10 1 5 10 

0,2 1184 597 309 1672 1351 1089 

0,4 1087 571 358 1648 1335 1078 

0,6 1006 548 349 1624 1319 1068 

1 874 506 332 1579 1289 1048 

 

It is worth to mention that changes in the number of operations, and technical characteristics of tools 

used in particular operations might further change the results. So the presented figures are only 

examples of possible effects. It also should be mentioned as indicated in the recent paper Wasiak A., 

Orynycz O. (2015) that since the computations presented above consider one agricultural operation, 

but the value of energy obtained from the crop is the same independent upon history of crop 

production – the final result will decrease substantially with increasing of the number of operation. 

Assuming that each operation consumes the same amount of energy one can obtain the final energy 

efficiency as presented in Table 5. and Table 6. 
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Table 5. Values of energy efficiency computed for the system of separated fields as function 

of a number of operations with 0,5 m width of operation strip (biofuel yield 1500 dm3/ha) 
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0,5 1 224 189 159 216 184 155 

0,5 2 112 95 80 108 92 78 

0,5 3 75 63 53 72 62 52 

0,5 4 56 48 40 54 46 39 

0,5 5 45 38 32 44 37 31 

 

Table 6. Values of energy efficiency computed for the system of separated fields as function of 

a number of operations with 4 m width of operation strip (biofuel yield 1500 dm3/ha) 

o
p
er

at
io

n
 

w
id

th
 [

m
] 

n
u
m

b
er

 o
f 

o
p
er

at
io

n
s 

A = 0,01[km2] A = 0,25 [km2] 

c 
=

 1
 

c 
=

 5
 

c 
=

 1
0
 

c 
=

 1
 

c 
=

 5
 

c 
=

 1
0
 

4 1 1184 597 309 1672 1351 1089 

4 2 592 299 299 836 676 545 

4 3 395 199 199 558 451 363 

4 4 296 150 150 418 338 273 

4 5 237 120 120 335 271 218 

 

5. CONCLUSIONS 

Mathematical model and computations performed according to this model reveal a number of various 

productive factors affecting energetic efficiency of agricultural subsystem dedicated to biofuel 

production. Those factors can be enumerated as: the technical parameters of applied machines, the 

distance traveled on the field during agricultural operations, the number of operations (and 

consequently upon production technology), the distances travelled between fields (which depends on 

the degree of dispersion of the plantation and upon the sizes of individual fields. The choice 

of production technology may change the value of energetic efficiency from ca. 200 to above 1000.  

Obviously several other factors, like transport from plantation to industrial facility, energy inputs 

needed to run industrial processes, as well as embodied energy in agricultural as well industrial 

production means (tools, various media, chemicals, etc) decrease the global values of energetic 

efficiency. All those factors require further studies. 

Energetic efficiency of agricultural subsystem depends also upon the scale of the industrial production 

subsystem, which extorts the suitable scale (size) of the plantation, and also affects the consumption of 

fuels (energy) during the agro-technical operations and transportation. Again some deeper research is 

needed to cope with this respect. 

Another, more general, conclusion may also be derived from the conducted calculations: namely the 

model can be used to the analysis of various, different than the rapeseed, energetic plantations. Also 

different variants of energetic utilization of the crops, e.g. the grain of maize converted to bioethanol, 

http://www.scientific-publications.net/


Materials, Methods & Technologies 

ISSN 1314-7269, Volume 10, 2016 

Journal of International Scientific Publications 

www.scientific-publications.net 

 

Page 222 

 

as well as utilization of the stem for biogas generation, optimization of production can be one of the 

important uses of the model for the real plantations. 
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