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INTRODUCTION

In recent years biofuels reached strong share 
in fuels market, and also achieved substantial 
scientific interest. Various biological resources 
[Nigam and Singh 2011], including seeds, fruits 
and other parts of various plants, animal fat, etc. 
are taken into account for conversion into biofu-
el, also several technologies of conversion have 
appeared [Bharathiraja et al. 2014, Abnisa et al. 
2011, Russo et al. 2012, Malakul et al. 2010]. 
Concerning reasons of such a situation, mitiga-
tion of carbon dioxide emission and gradual sub-
stitution of fossil fuels before their depletion are 
usually indicated. 

Energetic yield of many plants is also dis-
cussed [Talens et al. 2007, Liao et al. 2011, 
Schneider et al. 2009, Singh et al. 2008, Smith et 
al. 2008], and frequently it is related to eventual 
effects on sustainability of the economy. EROEI 
– “Energy return on energy invested” is mostly 
considered as quantitative indicator of sustain-
ability and quality of energy production systems, 
although not all authors agree to accept its cor-
rectness. Expectations that biofuels become a 

factor assuring mitigation of CO2 emission, as 
well as showing sufficient potential for meet-
ing future energy demands are expressed in the 
paper [Arodudu and Ibrahim 2014]. The work 
estimates the actual share of biofuels in global 
primary energy consumption as 10%, and having 
80% share in total renewable energy production. 
Several works [Mediavilla et al. 2013, Marklein 
et al. 2010, Field et al. 2007], however, indicate 
several problems – namely either too large ener-
gy consumption during production of particular 
crops or not sufficient availability of arable land 
to satisfy global energy demand, especially be-
cause of competition with food production. Both 
factors might be considered as limits for expan-
sion of biofuel production.

In several earlier works we have elaborated 
the method of computation of energetic efficien-
cy, as a characteristic corresponding to EROEI, 
but more precisely defined [Zhang et al. 2013, 
Murphy et al. 2011, Wasiak and Orynycz 2014, 
Wasiak and Orynycz 2015].

The aim of the present paper is an attempt to 
evaluate the effect energy consumed in external 
transport i.e. the transport of biomass from agri-
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Table 1. Characteristics of transportation means

 
Load capacity

Fuel consumption
Ratio load capacity to fuel 

consumption
mass volume mass volume

 Mg m3 l/km Mg/l/km m3/l/km
Truck 3t 3 28 0.12 26 234
Truck 8t 8 45 0.24 34 188
Truck 24t 24 80 0.72 34 112
Cistern 3000 3 0.12 26
Cistern 10000 10 0.3 34

cultural plantation to industrial facility convert-
ing biomass into biofuel, on energetic efficiency 
of biofuel production system.

The approach consist in numerical analy-
sis of virtual case studies, based upon choices 
of possibly realistic characteristics of transporta-
tion means, and the use of several transportation 
means driven on various distances between plan-
tation and industrial facility 

The new model of energetic efficiency of 
biofuel agricultural production system was intro-
duced in [Wasiak and Orynycz 2014, Wasiak and 
Orynycz 2015, Orynycz and Wasiak 2015]. En-
ergetic effectiveness, ε, related to one production 
year of agricultural subsystem, can be presented 
as follows:

embtrex
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  (1)

where: Ebio – is energy obtained from the field, 
 Eex – is energy expended on tillage 

operations, 
 Etr,int – is energy consumed for transpor-

tation outside of fields, but inside of the 
plantation, 

 Eemb – is a fraction of embodied energy 
contained in production means, that is 
spend during tillage operations and trans-
port executed during production year.

The value, Ebio, in the numerator of the for-
mula is the one obtained at the end of produc-
tion system (including all subsystems existing) 
i.e. it corresponds to the energy contained in the 
final biofuel obtained from biomass originated 
at agricultural subsystem being under consider-
ation. The obtained value characterizes efficiency 
of agricultural subsystem in an indirect way. It, 
however, offers the method of estimation of total 
efficiency, etot, of a system built of several subsys-
tems being connected in series e.g. agricultural 

and industrial subsystems. The derived addition 
rule is given as

1
𝜀𝜀𝑡𝑡𝑡𝑡𝑡𝑡

= ∑ 1
𝜀𝜀𝑖𝑖

𝐼𝐼
𝑖𝑖=1   (2)

where: ei,– are the values of efficiency deter-
mined for individual subsystems or indi-
vidual operations performed in the same 
subsystem. 

The formula (2) offers a possibility to estimate 
separately the effects caused by various steps and 
factors occurring in the production systems.

FORMULATION OF THE PROBLEM

Biomass produced in agricultural subsystem 
has to be converted into biofuel in an appropri-
ate industrial facility. In the present paper, in-
dustrial conversion, rather than individual, small 
scale production of biodiesel for in-house use, 
is taken into account. Consequently the biomass 
should be transported from plantation to the 
industrial facility. 

Two approaches are considered; the first one 
is transportation of rapeseed grain separated from 
the straw, the other – transportation of raw oil 
pressed locally at the plantation. In both cases 
scraps formed during processing (straw in the 
first case, mill cake – in the second) are utilized or 
distributed locally, and do not taken into account 
in the energy balance.

The analysis is made under consideration of 
several transportation means and various planta-
tion sizes, what gives various crop sizes. Char-
acteristics of transportation means are given 
in the Table 1. 

The data presented in Table 1 are taken from 
various catalogues, internet sites, etc. fuel con-
sumption is assumed on the basis of average from 
various sources. Computations are performed in 
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EXCEL (Microsoft) using a specially designed 
macro. Some calculations, and graphs are made 
in ORIGIN (Microcalc). 

RESULTS

The numbers of cisterns needed to transport 
oil from small plantations are presented in Ta-
ble 2 as a function of plantation area. The planta-
tion area is given in hectares (1 ha = 0.01 km2). 

It is evident that in small and relatively small 
plantations the amount of oil is small, and a cis-
tern can be partially filled, what spoils fuel econ-
omy. The situation occurring in large plantations 
is illustrated in Table 3. Large number of cisterns 
in this case can be realized by multiple courses of 
a smaller number of cisterns. In this case, frac-
tional numbers of cisterns are only a small con-
tribution to the total number, and in practice, they 
should be compensated between cisterns. As it 
can be seen in Figure 1. The number of cisterns 
needed for crop transportation is a linear function 
of plantation size. 

Transportation of rapeseed grains between 
plantation and industrial facility for small planta-
tions obviously shows the same incomplete filling 
of trucks as it was seen in the case of cisterns for 
transportation of oil. The amounts of courses (or 
trucks) for large plantations is shown in Table 4. 

In the first view, it can be considered unexpected 
that oil, which consists only a part of rapeseed 
grains mass, requires a bigger number of trans-
portation means than the grain itself. 

This is a result of relatively small volume 
of cisterns being used in local transport than the 
volume load capacity of trucks that can be used 
in such transport conditions. Obviously the big-
ger volume of transportation unit is used, the 
smaller number of cars, or courses of the same 
car is needed. The plot, not shown here, also 
indicates a linear dependence of the number 
of trucks upon field’s size. 

Table 2. Number of cisterns for transportation of oil from small fields

Fields area 
[ha]

Grain yield 
mg

Oil yield 
l

Number of cisterns 
3000 l

Number of cisterns
10000 l

1 3 1140 0.38 0.114
2 6 2280 0.76 0.228
5 15 5700 1.9 0.57

10 30 11400 3.8 1.14
50 150 57000 19 5.7

Table 3. Number of cisterns for transportation of oil from large fields

Field’s area
[ha]

Grain yield
Mg

Oil yield
L

Number of cisterns 
3000 l

Number of cisterns 
10000 l

200 600 228000 76 22.8
300 900 342000 114 34.2
400 1200 456000 152 45.6
500 1500 570000 190 57
600 1800 684000 228 68.4
700 2100 798000 266 79.8
800 2400 912000 304 91.2
900 2700 1026000 342 102.6

1000 3000 1140000 380 114

Figure 1. Number of cisterns needed for transporta-
tion of oil obtained by pressing rapeseed grains at 

plantation as a function of plantation size.
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Fig. 2.a. shows a comparison between energy, 
Ebio, that is the energy obtained from the field, and 
energy consumed during transportation by means 
of several types of trucks.

Since the plots for different trucks are not dis-
tinguishable in this plot, the consumed energy by 
different trucks is also presented in Figure 2.b. It 
is visible, that energy consumed is small as com-
pared to energy produced. It has to be mentioned, 
however, that the energy consumed, as discussed 
here, is the only one from many contributions to 
the energy consumed in various processes during 
biofuel production. The contribution of transport 
to energetic efficiency can be estimated using par-
tial energetic efficiency for transport only. That is 
obviously expressed as:

𝜀𝜀𝑡𝑡𝑡𝑡 =
𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏
𝐸𝐸𝑡𝑡𝑡𝑡,𝑒𝑒𝑒𝑒𝑡𝑡

 (3)

where: Etr,ext – is the described above energy con-
sumed in external transport (i.e. from 
plantation to industrial facility).

As an example, the plot of this contribu-
tion presented as a function of plantation area is 
shown in Figure 3.

It is seen that only for very small plantations 
some increase of the efficiency is observed, while 
for the cases of large plantations the efficiency 
remains almost constant differing only between 
different transportation units. The initial increase 
can be attributed to an increase of the part of fill-
ing the loading capacity of a car. Values of this 
contribution to energy efficiency computed for 
small fields is given in Table 5 in comparison 
to selected large fields. It is seen that for small 
trucks initial values are much closer to those for 
large fields than for bigger trucks. This obser-
vation can be rationalized as a result of filling, 

Table 4. Number of trucks for transportation of grain from large fields

Field’s area 
 [ha]

Grain  
mg

Grain 
 m3

Number  
3 ton 

 truck’s

Number
8 ton 

 truck’s

Number
24 ton 
 truck

100 300 458 16.4 10.2 5.8
200 600 916 32.8 20.4 11.5
300 900 1374 49.1 30.6 17.2
400 1200 1832 65.5 40.8 23
500 1500 2290 81.8 50.9 28.7
600 1800 2748 98.2 61.1 34.4
700 2100 3206 114.6 71.3 40.1
800 2400 3664 130.9 81.5 45.9
900 2700 4122 147.3 91.7 51.6

1000 3000 4580 163.6 101.8 57.3

a) b) 

 
Figure 2. a) Energy produced in form of biofuel vs. energy consumed by trucks on the distance 100 km,  

b) energy consumed for transportation on the distance 100 km.
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namely the crop from small field fills much more 
loading capacity of a small truck than of a big 
truck, and therefore, the deviations from satura-
tion value are smaller for small trucks and larger 
for the big ones. 

As the other problem, the differences of en-
ergy efficiency between trucks differing in capac-
ity may be considered. The explanation of the 
observed behavior can be given by correlation 
between energetic efficiency and ratio of volume 
load capacity to fuel consumption. It seems that 
this last parameter is responsible for energetic ef-
ficiency of a particular transportation unit.

Finally, to estimate the real influence of ex-
ternal transport on the total energetic efficiency 
of production system one has to calculate an ex-
ample with the use of eq. 2. In our earlier works 
[Wasiak and Orynycz 2015, Orynycz and Wa-
siak 2015] we have estimated agricultural part 
of energetic efficiency as being between 10 and 
200 depending on particular conditions of pro-

duction technology. Basing on such an assump-
tion, the final results are given in Table 6. As it 
is seen, apparently small energy consumption as 
compared to the production yield, in effect gives 
quite substantial decrease of the resulting global 
energetic efficiency.

CONCLUSIONS

The presented results show that the energy 
consumption during external transport from ag-
ricultural plantation to industrial facility may 
strongly reduce the global efficiency of the sys-
tem. This energy consumption, in turn, depends 
on transportation means characteristic – mainly 
the ratio of volume capacity to fuel consumption 
per unit of the distance. The capacity of the trans-
portation means also plays a substantial role in 
creating transport’s contribution to energetic ef-
ficiency of the system.

Table 5. Energetic efficiency for grain transportation from small fields compared to large one

Field’s
area  
[ha]

e 
3 ton 

 trucks
50 km

e 
8 ton 

 trucks
50 km

e 
24 ton 
 trucks
50 km

e 
3 ton 

 trucks
100 km

e 
8 ton 

 trucks
100 km

e 
24 ton 
 trucks
100 km

e 
3 ton 

 trucks
200 km

e 
8 ton 

 trucks
200 km

e 
24 ton 
 trucks
200 km

1 401 201 134 201 101 67 101 51 34
2 401 268 134 201 134 67 101 67 34
5 446 334 223 223 167 112 112 84 56

10 472 365 223 236 183 112 118 92 56
50 489 393 231 245 197 116 123 99 58

800 490 394 233 245 197 117 123 99 59

Figure 3. Contribution to energetic efficiency result-
ing from the use of different trucks on the distance 

100 km. (Initial increase of energetic efficiency with 
an increase of plantation sixe results of not complete 
loading of trucks with crops from small plantations)

Figure 4. Correlation between energetic efficiency 
and ratio of volume load to fuel consumption of a 

truck
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Table 6. Resulting energy efficiency of an agricultural subsystem coupled with external transportation system, 
both of various individual contributions

εagr

External distance 50 km External distance 100 km External distance 200 km
e

3 ton
trucks

e
8 ton
trucks

e
24 ton
trucks

e
3 ton
trucks

e
8 ton
trucks

e
24 ton
trucks

e
3 ton
trucks

e
8 ton
trucks

e
24 ton
trucks

εi 489 393 231 245 197 116 123 99 58
10 ε = 9.8 9.8 9.6 9.7 9.6 9.3 9.3 9.1 8.6
50 ε = 8.2 8.2 8.1 8.2 8.1 7.9 7.9 7.7 7.4

100 ε = 7.6 7.6 7.5 7.6 7.5 7.4 7.4 7.2 6.9
200 ε = 7.4 7.4 7.3 7.4 7.3 7.2 7.2 7 6.7


