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Abstract. This paper contains substance and energy balances of mixed crop-livestock farming.
The analysis involves the period between 2012 and 2015. The structure of the presentation in the
paper includes: crops and their structure, details of the use of plants with a beneficial effect on soil
and stocking density per lha of agricultural land. Cumulative energy intensity of agricultural
animal and plant production was determined, which is coupled the discussion of the energy input
in the production of a grain unit obtained from plant and animal production. This data was
compared with the data from the literature containing examples derived from intensive and organic
production systems. The environmental impact of a farm was performed on the basis of emergy
analysis. Emergy fluxes were determined on the basis of renewable and non-renewable sources. As
a consequence, several performance indicators were established: Emergy Yield Ratio EYR,
Environmental Loading Ratio ELR and ratio of emergy from renewable sources Pg. Their values
were compared with the parameters characterizing other production patterns followed in
agricultural production. As a consequence, conclusions were derived, in particular the ones
concerning environmental sustainability of production systems in the analyzed farm.

. major portion of this flux participates in the heat
1 Introduction exchange occurring between the soil, atmosphere
and the background processes, whereas only a small
fraction is used in the photosynthesis.

The process of agricultural production involves
an input of a certain amount of energy of
anthropogenic origin. For example, its cumulative
values in the production of wheat is equal to 23.93
GJ-ha” in the conventional farms and 11.25 GJ-ha™
in the organic ones [2]. A portion of this energy is
directly delivered to the ground in the form of
seeds, natural and mineral fertilizers as well as
plant protection agents. Such an assessment of the
cumulative energy intensity of production accounts
solely for the use of anthropogenic components.
The emergy calculation proposed by Odum [3]
provides grounds for a more extensive analysis,
which involves the use of renewable energy
sources. This analysis involves the reference of all
energy fluxes to solar energy, which forms a
primary source of all resources and their products.

This paper undertakes both the energy as well as
emergy analysis of mixed crop-livestock farming.
The farm that was taken for the analysis forms a
representative one for the conditions in the Opole
province. The application of the emergy analysis in
the calculations provides an assessment with regard

Farming, along with other types of production, is
associated with the need of application of a variety
of means of production. In addition, farming is
associated with the need of considerable energy
input in it. This input takes the form of both the
means of production (machines, equipment, fuel,
fertilizers, and protection agents) as well as the
ones that are extracted from the natural
environment. In the case of these, we talk about
energy derived from renewable sources (sun, wind,
water and soil). Due to the fact that the discussion
of energy aspects is often accompanied by the
analysis of cost indices of production, whereas the
use of the energy derived from free sources is often
disregarded in the overall balance. This results in
the fact that the calculations performed in such a
manner do not account for the energy and cost
associated with the decrease of the content of soil
organic matter. In addition, such account does not
involve the assessment of the sustainability of a
given type of production.

The sun forms the fundamental source of energy
for agricultural production. The mean energy flux
absorbed by the earth is equal to 3.6E+4
GJ-ha'-year’ for the conditions in Poland [1]. The

*
Corresponding author: a.kuczuk@po.opole.pl

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 19, 02033 (2017) DOI: 10.1051/e3sconf/20171902033

EEMS 2017

to the sustainability of the production and use of
natural resources on the farm.

2 Materials and methods

The results and analysis presented in this paper are
based on data obtained from a farm located in the
Opole province. The analysis of the data partly
applied the data presented in detail in [4], after they
were corrected and updated with details with regard
to a further year. The selection of the farm was
justified by the possibility of  gaining
comprehensive data for the period of four years
(2012-2015), which provided grounds for a series
of calculations with regard to the plant and animal
production in it. The analysis was conducted with
the purpose of determining the cumulative energy
intensity and the use of the environmental
resources. Such assessment can be applied from the
practical perspective as it could serve in the
decision making process regarding the directions
applied in the production. The calculations of the
cumulative energy intensity of crop production
applies equation (1) [5-7].

E. = Epn + Ef + Enge + E; [G] (1)

where:
E. —cumulative energy intensity of crop production
[GJ],
E,, — cumulative energy intensity in tractors,
machinery, means of transport [GJ],
Ef — cumulative energy intensity of the fuel [GJ],
Emnat — cumulative energy intensity of materials
(fertilizers, sowing materials, protection agents)
[GJ],
E; — cumulative energy intensity of human labor
[GJ].

The following energy fluxes were applied for
the calculation of the energy intensity of animal
production (2):

Eq=En+Ef+Epa +EL+En[GI] (2

where:

E, — cumulative energy intensity of animal
production [GJ],

E,, —cumulative energy intensity in tractors,
machinery, means of transport [GJ],

Ef — cumulative energy intensity of the fuel [GJ],
Eae — cumulative energy intensity of materials
(fodder) [GJ],

E; — cumulative energy intensity of human labor
[GJ],

E,, — cumulative energy intensity of electricity
[GJ].

The value of the two types of production was

expressed in grain units (GU), and their cumulative
energy intensity in GJ-GU™. In addition, the
cumulative energy intensity index was calculated
and expressed in GU-GJ™.

The emergy analysis forms a more objective
measure. It is also used to determine the degree of
loading and utilization imposed on the natural
environment during the process of production [3,8].
The application of emergy analysis involves the
conversion of each production process in relation to
the use of solar energy, and emergy is defined by
the product of exergy Ex of a given substance and
its solar transformity 7 (3) [3, 9, 10]:

Em = Ex - T [se]] (3)

The unit of emergy is sel, in turn exergy is
defined as the minimum input of work required to
derive a given substance in a specific time on the
basis of common components available in the
surrounding environment [11]. For the case of more
complex products, e.g. machines, the study applies
the notion of thermo-ecological cost, which is
associated with the impact resulting from all stages
of the manufacturing process. It expressed the
cumulative use of exergy of non-renewable
components of the environment [12]. The
calculations of the emergy of the agricultural
production applied the specific values of production
and the renewable sources are presented in Table 1.

Table 1. Emergy of means of production and
renewable sources.

Zﬁig Value Unit Source
Solar seJ-ha”
radiation 0.989E+11 1-day'1 [13]
fv‘;‘;‘gr"rated 128E+8 | selke! | [3,9,10]
. selJ-ha’ [3, 10,
Wind 2.79E+10 1~day'1 14]
Sowing 6.50E+12 | selkg’ own
material calcul.
Nitrogen Lol
fertilizers 4.04E+13 sel-kg [9]
Phosphorus ol
fertilizers 3.69E+13 sel-kg [9]
Potassium el
fertilizers 0.187E+13 sel-kg [9]
CaO Lol
fertilizers 1.68E+12 sel-kg [9]
Plant
protection 1.48E+13 sel ~kg'1 [9]
agents
Human labor 4.26E+13 seJ-h’! [9]
Fuel 5.13E+12 | selkg! | [9.15]
Machines and | 5 g0 414 | gepp! [3,12]
equipment
Organic 10.02E+14 | seJha™ | [9,10,16]
matter — decay
Electricity 1.6E+5 sel-J! [9]
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3 Results and discussion

3.1 Overview of data on analyzed farm

The farm subjected to the analysis supports both
animal and crop production. The average surface of
the agricultural area (AL) of the farm was equal to
29.54 ha throughout 2012-2015, including: the area
of arable land: 26.10 ha and permanent pasture 3.44
ha. The crop production in the farm is both oriented
for commercial purposes and partly used for
production of animal feed. The animal production
in the analyzed years involved beef cattle and pork
production in a closed cycle.

The crop production is dominated by the
cultivation of plant which promote the degradation
of soil organic matter: cereals, rape, maize, potatoes
(Table 2), whose total ratio in the overall
production was equal to 81.61% in the analyzed
period.

Table 2. Crops obtained from production and their
structure — mean results for period between 2012-2015.

Type of Sown area | Structure ga-l
crop [ha] [%] LSUha
Total 13.18 51.24

cereals

Grain maize 3.80 14.54

Mixed

cereals and 4.44 16.98

grain

legumes 0.51
Rape 3.70 14.15

Potatoes 0.40 1.53

Grass in

arable land 0.37 1.42

Silage 0.04 0.14

maize

Concurrently, the production of plants with a

positive impact on the soil environment was low.
These include mixed cereals and grain legumes and
grass cultivated on arable land (18.39%). This data
suggests clearly that the crop rotation leads to
excessive environment loading and the content of
soil organic matter decreases as a consequence.
Natural fertilizers (manure and slurry) are applied
on the farm with the purpose of reducing the effect
of soil degradation, which is accompanied by
ploughing down straw and green mass grown as an
aftercrop.
The stocking density per 1 ha of AL was equal to
0.51 expressed in livestock unit (LSU) in the
analyzed period. In relation to the surface area of
AL, this parameter is low and does not guarantee
the balance between the animal and plant
production.

An increase of the stocking density could
contribute to the use of the greater proportion of
natural fertilizers in the place of chemical ones.

3.2 Cumulative energy intensity of farming
production

The assessment of cumulative energy of
farming production is applied as a tool to
demonstrate how much energy is consumed by the
processes and particular phases of a production
process. The analysis involves a comprehensive
insight into the energy intensity of the production.
Table 3 contains the averaged results of production
and cumulative energy intensity of the production
in the analyzed farm between 2012-2015.

Table 3. Cumulative energy intensity and results of
farming production — mean for 2012-2015.

Crop Animal

ification . .
Specificatio production | production

Cumulative energy
intensity of the
components of the
production process [GJ]:

Human labor 37.61 41.35
Machines and equipment 68.88 2.46
Fuel 111.17 5.07
Mineral fertilizers: NPK

and CaO 276.04

Sow1pg material and 7471

planting stock

Protection agents 23.6

Purchased fodder 97.25
Electricity 7.92
Cumulative energy 627.38 154.05
intensity — total

Cumulative energy

intensity per 1 ha — total 21.24 321
Remaining indicators

and quantities:

Generated GU — total 1512.12 394.0
Generated GU-ha 51.19 13.34
Cumulative energy

intensity [GJ-GU" ] 0.41 0.39
Energy efficiency of

production [GU-GI'!] 241 2.36

The farming production yielded on average
51.19 GU-ha™ from the plant production and 13.34
GUha™ from the animal production. This means
that plant production plays a principal role on the
farm (in particular production of cereals, rape and
maize), which provided nearly four times more
production expressed in grain units. Besides, the
cumulative energy intensity of plant production is
also four times greater from animal production. The
greater energy intensity of labor in the animal
production results from the everyday -clean-up
activities in animal housings (manure handling).
We can note a high ratio of the used fertilizers and
protection agents (responsible for total of 48% ratio
in the cumulative energy intensity of production).
Besides, the use of fuel accounts for 15% of the
overall cumulative energy intensity of production
on the farm (Fig. 1), coupled with 12% of fodder.
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Fig. 1. Ratio of components of energy input of
agricultural production.

However, similar results are demonstrated by
other reports in this field [17-19].

Conventional system of production is followed
in the analyzed farm and the use of chemical means
of production significantly increases the energy
intensity of the production in it.

Conventional system of production is followed
in the analyzed farm and the use of chemical means
of production significantly increases the energy
intensity of the production in it. The results of
various comparative studies performed with regard
to selected types of conventional (intensive and
extensive) farming as well as organic farming
indicates the existence of considerable difference in
the ratios of energy intensity of the components of
the two systems. For the case of organic production,
most commonly the cumulative energy intensity of
the overall production is lower (Table 4). This is
due to the avoidance of the considerable energy
input contained in the chemical means of
agricultural production.

Table 4. Examples of energy intensity of
conventional and organic production systems.

Production Energy input [MJ-ha'-y']
Winter wheat (USA)* 1.77E+04
Wheat (India)® 1.18E+04
Corn —conventional
(USA)* 3.26E+04
Corn — organic (USA)* 2.25E+04
Soyabean —organic
(USA)* 1.05E+04
Soyabean —conventional
(USA)* 1.26E+04
Winter wheat -
conventional (Poland)’ 2.39E+04
Winter wheat —organic
(Poland)’ 1.12E+04
Buckwheat —
conventional (Poland)’ 797E+03
Buckwheat —organic
(Poland)? 1.12E+04

'[2], 7[20], *[21], *[22]

3.3 Emergy analysis

The diversity of production in the analyzed farm
makes it difficult to obtain a detailed calculation
regarding the use of emergy. This calculation needs
to include a few simplifying assumptions. First, the
mean duration of the plant stay in the fields was
adopted to be equal to 168 days. On this basis, and
using data from Table 1., we determined the
emergy of the solar radiation and that of the wind.
For the case of water, its use was determined on the
basis of total precipitation in the area of the farm
and the duration of plant vegetation.

The thermoecological cost of machines and
equipment was derived to be equal to
11.76E+6 J-$”" on the basis of [12]. The mean value
of new machinery was taken to be equal to USD
30,000 and its depreciation period to be 12,000
hours. Hence, the calculation of the cumulative use
of exergy gave 2.94E+7 I'h™' related to the machine
operation. The solar transformation was taken to be
equal to 7 = 6.2E+7, accounting for the earth
sedimentation cycle. Due to the fact that the
proportion of iron ores in steel production in Poland
is equal to 0.4, the value of T was multiplied by this
value. The resulting use of emergy associated with
machine operation was calculated to be Em =
7.29E+14 sel-h”". The emergy of the fuel, mineral
fertilizers and protection agents was derived by
analogy to the data from the literature, as given in
Table 1. The emergy of the purchased fodder and
sowing material was taken to represent the emergy
derived from renewable sources. Its specific value
was adopted at the same level as for cereals. The
emergy of electricity for the domestic conditions
was regarded as non-renewable quantity. Table 5
below contains a summary of emergy representing
the use of renewable and non-renewable sources
during the production process, whereas Fig. 2
contains a summary of their per cent ratios.

The emergy calculations lead to the statement of
the impact of the production on the environment.
This purpose applied the following indicators [23-
25]: Pg— to determine the ratio of emergy use from
renewable sources (4), ELR (Environmental
Loading Ratio) — to express the environmental load
of the activities (5), EYR (Emergy Field Ratio) —
efficiency parameter (6) and use of emergy (Y) per
GU of the obtained production. The value of Y (7)
expresses the total use of emergy.

Below is a presentation of the formulae used to
express the particular parameters:

Em
Py = 228 )
ELR = EmpartEmypmy+Emys+Emyg (5)
Emp
EYR = - (6)
EmpartEmynp+Emyp
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Table 5. Use of particular components of production and
the use of emergy respective to them [seJ-ha 1-y™].

Specification Mean values: 2012-2015
Operating times of
machines and 13.71 [h] 9.99E+15
equipment
Fuel 102.49 [1] 4.36E+14
Fertilizers (N) 102.68 [kg] 4.15E+15
Fertilizers (P) 13.52 [kg] 4.99E+14
Fertilizers (K) 38.62 [kg] 7.22E+13
Fertilizers (CaO) 841.31 [kg] 1.42E+15
Fodder 1007.11 [kg] 2.51E+15
Plant protection 2.88 [ke] 426E+13
agents
Electricity 86.4E+6 [J] 1.38E+13
Human labor 26.73 [h] 1.14E+15
Time of solar
radiation 168 [day] 1.66E+12
Time of using wind 168 [day] 4.69E+12
Mass of evaporated 3.05E+5 [ke] 3906414
water
Mass of decayed 503 [kg] 1.10E+15
organic matter
Seeds 157.68 [kg] 1.02E+15

Total (Y) 2.28E+16
. Evaporated
Wind energy o D d
0.02% water 1,71% ofgzziec
Solar matter Machines
radiation 5,83% and

0,01%

Seed equipment
eeds
43,84%
4,48% e
Labour 5,0% T
Electricity
0,06%
Plant
protection
agents

0,19% Fuel

1,91%

Fodder

11.01% fertilisers
s (}

26,95%

Fig. 2. Percent ratios of components of emergy in
agricultural production on a farm.

Y = Emg + Emyr + Emyy + Emys + Emye (7)

where:

Emg — total emergy derived from renewable
sources: sun, wind, water, human labor, sowing
material, fodder,

Y — total use of emergy,

Emyar — emergy of protection agents and
fertilizers,

Emy,, — emergy of machines and equipment,

Emyg — emergy of decayed organic matter,

Emyp — emergy of fuel and electricity.

The values of the estimated indicators Py, ELR,
EYR and Y - JZ~1 are presented in Table 6.

Table 6. Values of the emergy parameters of the
production in the examined farm.

Parameter Value
Py 0.22
ELR 3.50
EYR 1.37

Y-GU?! 1.20E+13

The emergy analysis demonstrates that the
greatest degree of the emergy loading results from
the operation of machines and equipment. This, in
turn, is due to the considerable thermoecological
cost (and high exergy demand) of the machines,
equipment as well as high solar transformation for
the case of the applied means of production.
Machines and equipment apply a considerable load
on the environment during each phase of their
production and this load is accounted for in the
emergy analysis at the stage of the application of
these means in the agricultural production.

Similar as for the case of cumulative energy
intensity, mineral fertilizers form a second
important item in the account of the emergy use.
We can note that in the examined example,
emergies of the fuel and electricity are represented
by relative low values. The ratio of emergy derived
from renewable sources (Py ) is responsible for 20%
of the total emergy use and this value is
considerable for the conditions in Poland. This is
attributable to the relatively low value of the ELR
indicator (3.50), which describes the environmental
load. We can bear in mind that each manner of
cultivation characterized by a value of ELR > 1 is
considered to be responsible for environmental load
[10]. The relatively low values of the P, and ELR
indicators in the analyzed farm result to a large
degree from the substitution of natural fertilizers by
mineral ones as well as the considerable ratio of
fodder originating from renewable source in
relation to the total emergy input. We can note at
this point that the mean results of ELR in the
domestic production of cereals are in the range of
12, although this value can be even a few times
bigger.

4 Conclusions

The conducted study offers the statement of the
following conclusions.

Mineral fertilizers represent the greatest
proportion in the cumulative energy intensity.
Other, comparable items on this list include: fuel,
purchased fodder, human labor, natural fertilizers
and machines and equipment. On average, the total
energy intensity of plant production is equal to
21.24 GJha' and this value corresponds to the
standard energy intensity of the conventional
production of cereals.

The energy intensity of both animal and plant
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production is equal to around 2.5 GU-GJ™". This
is a typical value for conventional farms and a
lower value in comparison to an example of organic
winter wheat production (3.98 [2]).

The emergy analysis offers a more
comprehensive insight of the impact of a given type
of production on the environment. When it is
applied for this purpose, solar transformation
demonstrates the environmental value of the
resources used in the generation of means of
production. This type of analysis also accounts for
the value of the renewable sources used in the
agricultural production. From this analysis, it is
clear that the highest ratio is represented by the use
of emergy associated with machines and equipment
(around 44%). We can also note the considerable
proportion associated with the use of mineral
fertilizers (around 27%). By comparison, the use of
the emergy of the fuel is low, as it accounts for
around 2%.

The ELR indicator determined for the farm is
low and equal to 3.50. This is affected by:
limitation of the use of mineral fertilizers and their
partial replacement by natural ones and the use of
fodder which is regarded as originating from
renewable sources. As a consequence, the ratio of
renewable sources is equal to around 20%.
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