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Preface

Life Cyde Assessment (LCA) isatechnique for assessng the potentid environmenta impacts assodi-
ated with a product, by compiling an inventory of relevant environmenta exchanges of the product
throughout itslife cycle (‘cradle to grave)) and evduating the potentia environmental impacts assodi-
ated with those exchanges.

Our mativation for publishing this book on 'Agricultural datafor LCA' has been twofold:

- fird, deta collection is the mogt time consuming and costly part of an LCA sudy. Thisis espe-
cdly true for the agriculturd part of the life cycle, which a the same time determinesamgor
part of the environmenta impacts of most food products. Agricultura processes are charac-
terised by alarge variaion due to the way agriculturd produce is structured: in many, small
farms. Variation in dimate, soil and management systems cause variation in agriculturd inputs,
yidds, and emissions to water, soil, and air. Consequently, one has to be careful in sdlecting
and interpreting the economic and environmenta data used in Life Cycle Assessments;

- secondly, LCA datafrom agriculture are not a dl easy to obtain. At first Sght, this may seem
like a paradox, because out of the entire food chain, agricultureisthat part of the life cycle for
which the largest amount of dataisin the public domain, eg. from the Farm Accountancy Daa
Network and from the agricultura on farm research. However, the available environmental
dataare sddom in aform that is related directly to the amount of specific products produced,
and typicaly they are not collected in any standardised form across nationa borders.

In summary, there is aneed for facilitating the selection, exchange, and interpretation of data
for Life Cycle Assessments, especidly for agricultural processes.

Thisbook contains the proceedings of the 2nd European Invitational Expert Seminar on Life
Cycle Assessment of Food Products, which was held on the 25 and 26 January 1999 at the Agricu-
tura Economics Research Indtitute (LEI) in The Hague. The invited papers for the seminar cover the
topics:

- energy consumption;
- substance baances (especidly for nitrogen and phosphorous); and
- the use of farm typologies and farm accountancy systems for LCA data acquisition.

From al over Europe, 32 experts participated with their state of the art knowledge in these
areas. The discussions and conclusions, which are aso reported in this book, were moderated by
expertson LCA on agricultura products.

To complement the topics covered by the seminar, this book contains some invited papers on
data for other environmenta aspects, such as pesticide use, biodiversity, soil quaity, and occupationd
hedth.



To ensure ahigh qudity of the papersin this book, al contributions have been peer reviewed
for acceptance by two or more anonymous reviewers following the procedures for internationa, sci-
entific journas. We thank both the authors and the reviewers for the time they have spent in bringing
their papers up to these high standards.

We express our thanks to al participants and especidly to the chairs of the working groups.
Petricia Cortijo, Dirck Ceuterick, Sarah Cowdl, and Erwin Lindejer.

Findly, we thank the European Commission DG Xl for financid support through the con-
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| ntroduction

M.J.G. Meeusen * and B.P. Weidema ?
Background

Every human activity and consequently its environmenta impacts can be related to a certain need and
the fulfilment of this need by materid or non materia products. Therefore, products play an important
rolein aregulation amed at reducing the totd environmenta impact. Life Cycle Assessment (LCA)
isatechnique for ng the potentia environmental impacts associated with a product, by com+
piling an inventory of rdevant environmenta exchanges of the product throughout its life cycle (‘cradle
to grave) and evduating the potentia environmenta impacts associated with those exchanges. Thus,
this technique consders dl processes, which contribute to the environmenta impact of the find prod-
uct. Life Cyde Assessment results can play arole in the decison making processes of governments,
non governmental organisations and companies.

LCA issubject of nationd and internationd research programs in which the methodology is
being further developed and standardised. Two main organisations can be mentioned: the Society for
Environmenta Toxicology and Chemidry (SETAC) and the Internationd Organisation for Standardi-
sation (1SO). These activities dedl with LCA in generd. They do not address specificaly the
problems and issues that are rdated to Life Cycle Assessmentsin the food chain. Therefore, other
fora have been established in which the focusis on the agricutural sector.

The 1% European Invitationa Expert Seminar on Life Cyde Assessment of Food Products was
held in Denmark in 1993. The proceedings (Weidema, 19933) are il available. At that time, Life
Cyde Assessment wasinitsinfancy. Approximeately hdf of dl published life cyde sudies a that date
were on packaging (Pedersen and Christiansen, 1992, Rubik and Baumgartner, 1992) and only 11
studies had been made on food (Weidema, 1993b). The I seminar was therefore dedicated to
presentations on methodology and ongoing research.

Now, the number of life cycle gudiesin the food sector has grown to an extent that it is difficult
to count their numbers precisdy. A hibliography isincluded in Ceuterick et d. (1998). The problems
that we face now are not o much on methodology, as facilitating its practical gpplication, so that life
cycle thinking can become a part of the every day routines of the food sector. This forms the back-
ground of the aims of the EU Concerted Action LCA Net Food (FAIR-97-3079). Theaim of LCA
Net Food isto develop and support an increased use of LCA results as abassfor drategic, tactical
and operationa decigons,; the am can be split up in four sub ams:

! Agricultural Economics Research Institute (LEI), The Hague, the Netherlands.
? Institute for Product Development, Building 424, |, Technical University of Denmark, 2800 Lyngby, Denmark.
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- to build a European network for Life Cycle Assessment within the food chain;

- to evauate and report the Sate of the art of the present LCA methodology with specid emphe-
gs on the gpplications and knowledge gaps within LCA studies dealing with the entire food
chan;

- to develop a Strategic LCA Research Program focused on the food chain; and

- to initiate and promote the formation of a pan European data base for LCA within the food
chan.

The focus on data is a consequence of data collection being the most time consuming and
cogdtly part of LCA studies. Those life cycle studies, which have so far been made on food products,
have shown that choices made in the agriculturd part of the life cycle determine amgor part of the
environmental impacts of the chain.

Therefore, we decided that the 2™ European Invitational Expert Seminar on Life Cyde As-
sessment of Food Products should focus on the issue of ‘Agricultura data, so because the data
from agriculture are not a dl easy to obtain. At first Sght, this may seem like a paradox, because out
of the entire food chain, agriculture isthat part of the life cycle for which the largest amount of data
isin the public domain, e.g. from the Farm Accountancy Data Network and from the agricultura on
farm research. However, the available environmentd data are;

- seldomin aform that is reated directly to the amount of specific products produced, thus re-
quiring additional moddling;

- having alarge variaion, partly due to the existence of many different production units, each
with different products and production methods, partly due to the natura variation in locd cir-
cumstances, e.g. soil type and climate;

- typicaly not collected in any standardised form across national borders.

In Summary, there is a need for facilitating the selection, exchange and interpretation of data
for Life Cycle Assessments, especidly for agricultural processes.

In the Netherlands, the Foundation for a Sustainable Food Chain (Stichting Duurzame V oed-
ingsmidddenketen, DuV0) has dready made afirst sart. This Foundation has listed the requirements
and posshilities for developing a Data Converson Tool (Meeusen- van Onna, 1997). Thisis more
than just adatabase, Snceit involves procedures and facilities for data collection, deta trestment, data
exchange, and data interpretation. Other sectors (such as the packaging and the automobile indus-
tries) have dready taken joint action in the area of generation and management of product related
environmental data

The objective of this book
The objective of this book is to lay the foundations for a harmonisation of the techniques used for
collection and modeling of agricuturd datafor usein Life Cycle Assessments.

To make data meaningful for Life Cycle Assessment, means that they must aways be related
to the products produced. Therefore, the first question that we have set out to answer is.

10



How can the environmental data best be modelled to the outputs of individud crops and an-
mals?
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Implicitly this question dso focuses on whether generd, harmonised models can be found and
how such models relate to different farm types. A farm typology may aso be part of the an+
swer to the next two questions, namely:

- Wheat are the most important parameters determining differences in product related environ-
mental data?

- How can such data be aggregated at different levels and cdlibrated againgt regiond datistics?

Besides the modds and the farm typologies, we have focused on the very practical problems
thet life cycle practitioners face right now, namely:

- What data are available today? More specificaly: How are they actualy collected on farm level
and regiond levd and in what form and qudity are they available? And to the extent that they
are not available (both within Europe and for imported products), how should we that need
data now and not tomorrow best gpproximate the desired data?

The tentative answers that this book gives to these questions reved an (expected) discrepancy
between the available data and the ided data being datathat 1) cover the most important parameters,
2) dlow moddling for different farm types and circumdances, 3) rdate to the choices that the famers
(and his customers) can make and 4) are calibrated and vaidated. This discrepancy should lead us
to the answer to the ultimate question, namely:

- What mechanisms are necessary to ensure future availability of updated environmenta deta of
this kind to meet the requirements of LCA?

S0, to summarise, the objective of thisbook isto answer the above questions, so that a clear
picture can be obtained of:
- what the ided data, models and procedures are?
- what is available today by default? and
- what should be done in the future?

The 2™ European Invitational Expert Seminar

This book contains the proceedings of the 2" European Invitationa Expert Seminar on Life Cyde

Assessment of Food Products, as well as some additiond invited papers. The seminar was held on

25 and 26 January 1999 at the Agriculturd Economics Research Ingtitute (LEI) in The Hague.
The seminar was structured to obtain the best possible answersto the questions outlined in the

preceding section. All papers were available in a prdiminary form before the seminar, thus forming

acommon bagsfor the discussonsin anumber of parale workshops on:

- data on energy use and fud emissonsin stables, fidld machinery, irrigation and crop drying;

- data on the nitrogen cycle, including emissons from animals, stables, manure and fidds;

- data on other substance cycles, notably the phosphorous cycle;

- farm typologies for structuring data collection and data management.

12



For each of these topics, a number of experts from across Europe had been invited. Further-
more experts of LCA were present as workshop chairs al experienced Life Cycle Assessment
practitioners with an agricultural background.

Other environmenta aspects (use of pesticides, land use etc.) were not discussed at the semi-
nar. The reason for thiswas that our preiminary investigation showed ether:

- that there were not enough points of discusson (eg. for pesticides, a European consensus was
aready present among the experts that we consulted); or

- the fild was not yet mature for European harmonisation (e.g. for occupationd hedlth, the num:
ber of expertsinvolved in the issue was too smdl to condtitute a European workshop).

Instead, we invited papers for this book from among the most renowned experts in each of
these fidlds.

At the seminar, the workshops took place in two sessons. The firgt sesson focused on defining
the ided data, the modes, and possible harmonisation and vaidation. After ashort plenary co ordi-
nation, the second workshop session focused on practical possbilities, both here and now
(availability etc.) and for the future.

Outline of this book

The book follows the structure of the seminar. Chapter 2 focuses on generd issues of data manage-
ment, dataformats, and the linking of data sources and modes. The following chapters ded with the
topics of thefirg three working groups: on energy use (chapter 3), the nitrogen cycdle (chapter 4), and
other substance cycles (chapter 5). Chapter 6 deds with the remaining environmenta aspects not
covered by the seminar. Chapter 7 deals with the topics of farm typologies and the use of farm ac-
countancy datafor LCA. Each chapter is composed of the papers of the expert participants and a
summary of the conclusions of the working groups. Chapter 8 contains the overdl conclusons from
the seminar.
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1. Linking data sources and models at the levels of
processes, farm types, and regions

N. Halberg %, 1.S Kristensen and T. Dalgaard
Abstract

Aninventory for Life Cycle Analysis of agricultural products must address questions of representa-
tively and coherence of modeds. This paper discusses the possibilities of modelling the input and
production of typica farms to establish inventories that are congstent with higher leve Satidticd in-
formation. Energy use has been moddled for typicad Danish farms and compared with the nationd
agricultural atigtics. Expected differences in the use of fertiliser and pesticides and in the yields of
12 different types of crop rotations on two groups of soil types were modelled on the basis of 13,000
detailed farm accounts. The overdl representatively and consistency were checked againg regiond
and nationd gatistical information based on other sources and in case of larger differences than 2-
5%, the models were adjusted. Partiad models of emissionsin single enterprises should be adjusted
or cdibrated againgt congstent data or models of farm types on the one Side and againgt aggregated
ddidicsat ahigher level on the other sde. This might be done for the losses of N and P using aba-
ance gpproach. For emissions like greenhouse gasses or heavy metas, where no sector specific
aggregated measurements exig, the emissons might be estimated directly from the input inventory.
Following the propased procedure might secure condstent models of input and emissonsfor arepre-
sentative set of farm types and none of the tasks should be omitted without clear indication and
explanation.

1.1 Background

For most agricultural products the primary production is an important determinant of the total re-
source use and environmental impact, which iswhy Life Cyde Assessments (LCA) of food products
must carefully address the question of data quality for agricultura production. Weidema (1998) finds
that while some retrogpective gpplications of LCA might be based on datisticdly representative his-
torical averages, tactical and drategic applications (i.e. any gpplication with the am of changing
present production forms) needs to be based on a more thorough knowledge of differencesin pro-
duction systems and causd relationships between inputs and outputs. Therefore, many LCA
gpplications need to build on representative data for specific types of farms and models of the corre-
gponding production systems and potentia environmental impacts.

! Dept. Agricultural Systems, Danish Institute of Agricultural Sciences, P.O. Box 50, DK 8830 Tjele
Niels.halberg@agrsci.dk
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On this background the aim of this paper isto:

- discuss problems in the establishment of consistent data sets reflecting differencesin the pro-
duction and externdities of agricutura products;

- give examples of amoddling procedure, that combines farm level modds and typologies with
higher leve datigticd informeation; and

- uggest guiddines for establishing valid databases representing typica production sysems and
ther environmental impact.

This paper is based mainly on Danish experiences and is intended as a timulus to a debate on
methods for the establishment of LC inventories.

1.2 ldentifying the key problemsfor establishing an L C inventory
1.2.1 Generd problemsin LCA

In acase sudy of three whesat production systems, Auddey e d. (1997) identified the most pertinent
problemsfor the LCA methodology used on agricultura products to be:
the establishment of consistent descriptions of the production system;
- the definition of the functiond unit;
- dlocation of environmenta effects to the different functions of amulti function system; and
- characterisation of pecific impacts such as acidification and eutrophication and impact on ol
qudity and biodiveraty.

The present paper addresses the need for an inventory of inputs and outputs in terms of prod-
ucts and emissions, where the term emission denotes externditiesin terms of losses or other types
of environmentd impact as for ingtance soil qudity. A method to secure congstent or coherent mod-
els of the primary production is presented. The paper does not discuss the further quantification of
emissonsin terms of the impact categories, characterisation and problems of weighting/vauation. Nor
does it discuss the questions of functiond units and dlocation in detail.

There are two badc problems when establishing alife cycle inventory in agriculture. Thefirst
problem regards the establishment of valid data sets describing the production in terms of resource
use per produced unit in a condstent way and on representative farms. The second isto establish a
link between the resource use and the emissons and environmenta impact from production of given
functiond units. In the following, these two topics are discussed separately, and examples of prelimi-
nary work to solve the problems are presented together with suggestions for guidelines for future
work.

Some principles and a consensus have been established for a cash crop system (three ways
of cultivating bread whest; Auddey et d., 1997). Livestock production systems are more compli-
cated to describe because of interdependencies between the crops and the herd, because there are
more different emissons than in cash crop systems (methane loss from animds for ingance), and be-
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cause the number of different systems probably are larger. Exigting Life Cyde Assessments on live-
stock products have focused on other aspects of the methodology than data collection and
representetively.

1.2.2 Vaiaion and representatively

If an LCA is meant for tactical or strategic decisionsit is necessary to know the variation between
farms and its importance in relation to the Size of the tota environmenta impact from the production
of agiven commodity. The resource use and potentiad environmental impact connected to the pro-
duction of basic agricultural commodities may vary considerably between livestock farms (Reinhard
and Thijsen, 1996; Mignoletet d., 1997; Refsgaard et d., 1998; Haberg, 1999). Some of thisvaria-
tion is caused by differencesin physical conditions (soil types, climate) or other characteristics that
are eadly quantifiable (stocking rate, organic vs. conventiond). Variation between years might dso
be important for some aspects but isin generd probably not so important as the variation between
different production systems.

In asudy of 20 dairy and pig farms over three years, Haberg (1999) found that the yearly
vaiations in the nutrient surpluses and efficiencies, energy use per kilogram milk or per kilogram
mest, pedticide use, and in the biodiversty indicator ‘percent weedsin grain', were lessimportant than
differences between farms with comparable stocking rates. Of the 10 indicators used in the study
there was only asignificant yearly variation in ‘energy use per kilogram grain', due to differencesin
the need for irrigation. There is probably a difference in the degree to which the input and emissons
on different farm types are dependent on climatic conditions. Industrialised pig production based
mainly on imported feeds should be less dependent on yearly variations in growth conditions than
cattle farms based on grazing and slage. However, it seems that the most important variation to ac-
count for isthe variaion between different ways of producing a given commodity including nationa
and geographical differences aswell as different management srategies within a certain region.

Therefore, representatively becomes acrucid topic for any LCA that aim at more than acase
sudy or adrategic analyss of a specific production system. Bt it is not dways obvious a whet level
of detall representatively is needed. Thus, retrospective LCAs and LCAs that are meant to represent
large groups of farms should start by addressing the question of what types of production are de-
scribed by which data Important aspects are farm structure, including degree of specidisation,
gtocking rate, and Size (grain yields of Danish cash crop producers increase with increasing sze;
Anonymous, 1996), and input leves, sail type, and climate. The needs for detall will vary with the
am of the study and therefore there is a need for basic datasets and generdly accepted methods for
securing representatively of ad hoc typologies.

The Farm Accountancy Data Network (FADN) is an EU database which includes some
58,000 farm accounts which together are representative of 4.4 million production unitsin the member
dates (Colson et d., 1998). Data are collected by the member states and should cover asaminimum
1% of the farms of different types, defined primarily by the economic sze and the main activity mees-
ured by standard gross margin. Since data are based on farm accounts, mainly economic data are
included together with some structural and socio economic informetion (size of areaand number of
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animds of different types, respectively number of employees and age of farmer). Inputs and outputs
are not quantified. Colson et d. (1998) demondtrated that it was possible to discriminate between
different cattle production systems (dairy, suckler cow, mixed and beef fattening) and to include dl
farms with cattle production regardiess of their main production. Their analysis showed the greet
variation in the EU cattle sector within and between member states in terms of Sze (area, number of
catle, sandard gross margin) and in terms of speciaisation (percentage of total grossincome attrib-
utable to cattle production), and intensity (stocking rate on fodder crop areq). However, it did not
seem possible to describe these different typesin more detall regarding the production and emissons
basad on the FADN gtidics. Therefore, thereis aneed for the development of more detailed mod-
esof typicd farmsthat might facilitate both a degper understanding of production and emissons and
agenerdisation to large groups of farms.

1.2.3 Typologies

In (Danish) nationd statistics (Anonymous, 1996) and in the FADN farms are classified according
to main production enterprise, Sze and to some extent region or Soil type or socio economic charac-
terigtics (age of owner, number of employees). However, if the subject of an LCA is to compare
different ways of producing a given product within the same region, this type of classfication will
probably be insufficient. In this case there is a need for a more detailed typology based on for in-
stance stocking rate, type of stable or manure handling system or the amount of fodder supplied by
grazing (Mignolet et d., 1997). Moreover, as mentioned above, nationd or EU farm Satistics usudly
do not include data on amounts of input and output, which iswhy most LCAswill need deta either
from modelling or from more detalled farm studies. Dagaard (1998) discuss different typologies and
how they could be described by a combination of farm studies and Smulation models. An advantage
of such an gpproach isthat detalled farm studies or modds might facilitate a more coherent and con-
sstent description of the production than aggregated datistics. The average farms in accounts
ddidics are often not representing very redigtic or dundant farm types. Thisis because the gatidtics
average over fundamenta differencesin eg. the use of contractors vs. own machines, the percentage
of roughage used vs. imported feed, or the use of fertiliser vs. use of manure and nitrogen fixation.
However, if specific farm data or models are used to describe these different types, they should rep-
resent alarger group, and thereis aneed for methods to test the representatively againg e.g. rlevant
FADN datigtics.

1.3 Modédling production systems

As discussed in section 2, the establishment of LC inventories faces a dilemma between the need for
large data sets representing the variation between farms on the one hand and the need for detailed
descriptions of the production systems on the other hand. One possible solution to thisis the use of
farm modes of input output relations in different enterprises linked together in a coherent farm level
description. In the following, two examples are given of apossble method for securing the represen-
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tatively of detailed production modds and typologies by a combination of farm accounts, moddling
and checking againgt higher leve gatidtical information.

1.3.1 Representative data sets and energy use (example)

Dagaard et d. (1998) used modds of energy usein crop and livestock production on typica Danish
farms to estimate the potentia reduction of CO, emissons from Danish agriculture by a 100% con+
verson to organic farming. The first Slage was to develop a coherent modd of diesdl usein livestock
farms. As explained by Refsgaard et d. (1998), this was done by smulating the diesd use on each
of 30 dairy farms using experimental data for expected diesdl consumption in each field operation.
The totd expected diesd use per farm, as cdculated from the standard vaues and the registered
(field) operations on the farms, was checked againgt the actual diesdl use on the farms (taken from
accounts but correcting for private use etc.). As an average of the 30 farms, the actud diesdl use was
40% higher than predicted from the experimental standards with no systematic difference between
production systems or soil type. Possible explanations of this difference were that the dairy farmers
used more diesdl than the experimenta vaues for some field operations due to lower maintenance
of machinery or non optima timing of work or that some operations were properly accounted for by
the modd s (especidly the handling of fodder in stables). Since the aim of the study was to evauate
energy use per kilogram milk, the ditribution of diesdl use between fidd and indoor operations was
lessimportant and the farm modedls were adjusted to reflect the actud diesdl use by including the not
accounted for diesd in the crop modds. The use of dectricity on the farms was partitioned to house-
hold, stables, and irrigation, using standard values.

In a second stage, the use of diesd and eectricity was moddled for different crops and live-
stock production based on the principles of the first stage but using an improved diesd mode
(DKOBAR) including more details concerning diesd use indde the stables for handling of Slage etc.
and extrapolating to other farm types than dairy farms (Dalgaard et al., 1998). Table 1.1 gives an
example of estimated energy use in different crops, as weighted averages over Danish soil types.

Tablel.1 Energy use for the production of typical crops modelled with GKOBAR

Clover grass Grain cereals Fodder beets Perm. grass
Qil, grease etc. a) MJhat 3134 4,495 13,176 823
Electricity b) MJha* 792 866 446 0
Fertiliser, lime etc. MJha* 10,243 5,743 4,003 698
Pesticides MJhat 46 182 265 0
Machinery MJha* 952 1,366 4,003 250
Total MJhat 15,166 12,652 21,894 1,770

a) Including refining, distribution etc.; b) Irrigation and drying.
Source: Dalgaard et d., (1998).
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The energy codts a enterprise level were then multiplied with the present agricultura produc-
tion according to Danish Statidtica Office (DSO). The resulting estimates of present energy usein
Danish agriculture were then compared with the actud use of diesd, eectricity etc. according to
DSO. Table 1.2 shows that the smulated diesel use was very close to the actud diesd use and that
the use of dectricity was 2% higher in the statistics than predicted by the models.

Tablel.2 Comparison of the national Danish energy use in 1996, simulated by the ZKOBAR model, and
calculated according to Denmark's Statistics

JKOBAR Statistics Corr. @)

Direct use of energy

Qil, grease etc. 107 193 19.3 1.00

Electricity 107 125 12.7 1.02
Indirect use of energy

Fertiliser, pesticides etc. 107 145 139 0.96

Machinery 107 44 46 1.06

Buildings 107 5.7 6.3 1.09

Fodder import 107 163 16.3 1.00
Total use of energy 107 726 731

a) The correction factor (corr.) isthe relation between simulated energy use and the energy use according to the
statistics.
Source: Anonymous (1998), and Dalgaard et a. (1998).

The cdculation of theindirect use of energy is basaed on the amounts of production factors used
according to the production modes or the officia statistics respectively. These amounts were then
multiplied with the energy codts per unit, according to the norm tables in the GKOBAR modd. The
modelled fodder import was set equd to the import according to DSO. The energy cogts for machin-
ery and buildings are difficult to check, snce the both the calculation method and the depreciation
rates partly depend on non objective choices as discussed in Refsgaard et d. (1998), but thisis a
generd problemin LCA.

After correction of the energy use in the form of dectricity and indirectly in the form of im-
ported feed, fertiliser etc., the models were used (stage 3) to Smulate changes in energy use under
different scenarios for organic farming, as shown in Dalgaard (1999). A wesk point in these Smula-
tionsis the assumed indirect energy use per kilogram imported feed. This problem could be solved
if amilar caculations of direct energy use were carried out for cash crops in the exporting countries.
Although the predicted and the actua energy use for Danish agriculture were dmost Smilar in Dal-
gaard et d. (1998), the existence of systemtic errorsin the mode s that compensate for each other
cannot be rgected. The estimates of energy usein other farm types than dairy farms were not tested
agand farm data. This might cause sysematic errorsin the predicted energy use in the scenarios, why
high priority should be given to the establishment of more vdidated farm models based on the princi-
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ples described in stage 1. However, thistask might depend on the establishment of a representative
data set of farm types (Dalgaard, 1999), as proposed in the following.

1.3.2 Representative data sets and crop rotations (example)

A database with 13,000 detailed Danish farm accounts was used to quantify typica crop rotations
and their average use of input and expected yields. The am was to describe the present use and
benefit of pesticides as abasis for a zero pesticide scenario for Denmark (Mikkelsen et a., 1998).
In table 1.3, the 12 crop rotations are presented, 6 on loamy soils and 6 on sandy soils. In this case
the term rotation does not imply that there is a unique order and partition of the crops within each
group, since farmers apparently choose alarge part of their crops from year to year based on more
criteriathan soil or crop hedth and smple continuity.

By dividing the farm accounts according to the typology, it was possible to estimate the total
areawith each crop rotation and the partitioning between grain, fodder, and other crops. The more
detalled partitioning between grain species within the 12 rotations was based on different agronomic
assumptions (for instance that dl broad lesfed crops were followed by winter wheeat except on dairy
farms on sandy s0ils). An expected totd areawith each crop rotation is given in table 1.3, together
with the percentage area of each crop. For example, the areawith cash crop rotations typica for pig
farms on loamy soilsis estimated to be 220,000 ha, with 8% rape seed and 16+23% winter whedt.
In order to secure that the combined models represent the actua crop production on anationd scae
as closaly as possble, the tota area of each crop across the types of rotations was checked against
the total area according to the agricultural census by the DSO (table 1.3). In case of larger differ-
ences than 2%, the areain the models was adjusted.

Using the farm accounts, relative differences in grain yields between the crop rotation types
were established. Regiona datistica information (DSO, data by county) on grain yields were then
used to edtimate the average yidds in the different rotations (table 1.4). Other cash crop yidds were
esimated from the regiond datisticd information. The production of fodder cropsin the rotations was
cdculated indirectly from the estimated fodder need of the repective anima production in each farm
type after deduction of fodder import. Findly, it was checked that the average estimated yidds of the
individua crops across dl rotations were comparable with the average yield of the totd Danish har-
vest according to nationd Satistics (table 1.4).

Thetotd use of fertiliser on the different farming types was estimated by dividing the fertiliser
expensesin DKK with an average prize per kilogram fertiliser (table 1.5). The total amount was par-
titioned to the individua crops using the standard fertilisation norms as akey. The pesticide use was
estimated usng a combination of the average Treatment Frequency Index (TFl) in different crops
according to nationd statistics and the 13,000 farm accounts. While the average TFIs for the crops
in the rotation modds were determined by the nationd gatidtics, an andyss of the accounts alowed
to differentiate between grain on different soil types. Thus, the estimated TFI in whegat and barley on
loamy soilsis higher than on the sandy soils.
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By the described method, expected differencesin the use of fertiliser and pesticides and in the
yields of the different types of rotations were modedled on the basis of the farm accounts. The overdl
consstency was checked againgt regiond and nationd Statigtical information based on other sources.
The set of consstent and typica crop rotation models presented here was representative for Danish
farms. The method might therefore facilitate the ca culation of resource use and emissons connected
to crop production, and thus be used as abasisfor an LC inventory covering crop production. This
should make it possible either to detail the farm types further or to use the data together with more
detailed modds of emissions, while at the same time satisfying the need for representatively.

In this example, the interest was only on crop production, and the consistency with data for
livestock production was only partly checked as mentioned above. In the future, it is expected that
the method will be improved in order to divide the accounts further by differencesin animd produc-
tion systems. Moreover, it is necessary to develop a procedure for checking the congstency of animd
production, fodder production and fodder import within each type and across the typology, against
national gatistical information. In thisway, it might be possible to define representative inventories
for resource use and production of livestock farms. The next step would be to caculate the emissons
and externdities connected to the different types of farms.

1.4 Moddling the emissons

Since much of the environmenta impact from farming has a diffuse character, in the sense that mgor
losses of nutrients, pesticides and green house gasses do not originate form point sources it is usudly
not possible to measure the actud emissions from agiven farm. Therefore, quantification of the envi-
ronmentd effects from farming is usualy based either on modes of specific losses (process based
modes or empirica/datigticd models) or on measurements and gatistics on ahigh leve of aggrege
tion for ingance nationd or regiond N leaching estimates. Examples of empiricd modeds are
predictions of the average N leaching from different crops based on plot experiments and the ammo-
niaemisson from gables. If the god of an LCA isto identify hot spotsin the production chain, i.e.
to focus on the processes with most sgnificant environmenta impact, it is of course important to
avoid systematic errors that lead to afocus on the wrong issues. Such systemétic errors might have
severd causes, for example the use of untypicad or not representative farm data, uncritical scaing up
of experimentaly derived rdaions, the use of inconastent vaues of partid emissons, or extrapolaion
of empirica moddsto conditionsthey cannaot represent. Therefore, it isimportant that partidly cacu-
lated emissions and impacts are adjusted or cdlibrated againgt congstent data or models of farm types
on the one Sde, and againgt aggregeated Satistics at a higher leve on the other Sde. These paints are
discussed in the following.
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1.4.1 Securing congstency of emissons a farm leve

The estimates of emissons from the production of a given functiona unit should be consstent with
the assumed type of production, being it a specific case or atypicd farming system. This means that
the sum of nutrientsin products and emissons should equd the overd| farm level baance for apro-
duction system in stable state as a so proposed by Auddey et a. (1997). Thus, thereisaneed to
edablish generd guiddines for the calculation of farm gate nutrient balances as abads for consgtency
check of detailed estimates of product related losses. Halberg et d. (1995) used farm gate balances
to andyse the N surplus and turnover of organic and conventiona dairy farms and argued that the
N surplus expresses the potentid 1oss from leaching and voldilisation in the long run. Using Sandards
for ammonia volatilisation from stables and during the spreading of manure, crop leve baances were
established, where the surplus expressed the potentia |eaching, since the emission of nitrous oxides
is conddered very smal on most Danish soils. Sveinsson et d. (1998) discuss different gpproaches
used in the literature and have proposed a general method for calculating farm gate nutrient balances
and corresponding balances a enterprise levd, indluding biologica N fixation and ammonia depos-
tion.

Nutrient balances give only an indirect indication of emissons and might not be satisfactory for
an LCA. Therefore, thereis aneed for the development of methods to combine the use of empirica
or mechanigtic modds of emissons of N and P with farm level modds Hansen et d. (1998) andysd
the leaching from organic farming, using on the one Sde and a balance approach, and on the other
gde an empiricd modd of the leaching from different crops as afunction of soil type, manure goplica
tion, and fertiliser levels. They did not find identical results and the resdua was indluded as a net soil
N accumulation in the farm models. This estimated accumulation was thus not based on a dynamic
s0il modd, and the difference between the accumulation in the compared farming systems could not
be explained by different practices. The computer model FASSET was devel oped as an attempt to
integrate a nutrient balance gpproach for livestock farms with models of partial losses (Jacobsen et
d., 1998). The dynamic modd smulates the production, pesticide use and nutrient losses over sev-
erd yearsfor typical sockless and pig farms and might be initidised with data from farm sudies. It
isintended to further develop the modd to handle dairy farms aso, but more knowledge of N fixation
and N turnover in grazed swardsis needed.

1.4.2 Checking farm level emissions againd regiona data

To secure vdid information for LCA it would be an advantage to etablish alink between redlistic
and representative production system models and the aggregated emissions and environmentd im-
pacts as calculated or observed at regiond or national scale. This might be feesble for some
emissonslike losses of N and P. In theory, it should be possible to sum the estimated leaching and
ammoniavolatilisation from a set of representative farms and check it againgt regiond or nationa cal-
culations of leaching, using the same approach as described for diesdl use. There are, of course,
severd problemswith thisin redity. Firg, it is problematic to establish a coherent N balance on re-
tiond leve. In the Danish N balance for 1996/97 till 78,000 t out of the total surplus of 409,000 t
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was not accounted for as leaching, volatilisation, and denitrification, and it was not likely thet al of
this unexplained surplus could be anet increase in soil N (Kyllingsbak, 1999). Another problem is
that the present process or enterprise level modd s of leaching and volatilisation will probably not be
able to predict the emissons across dl farm types so precisaly that it will fit the regiond or nationa
datigtics. If the difference is more than, say, 25% any smple correction of the models will not be
vaid. Thereis, therefore, aneed to discuss which level should determine the emission factorsin an
LC Inventory; ether the regiond level broken down to farm types and enterprises or the consistent
farm level models.

The gpproach of contralling the sum of farm leve losses againgt higher level Statigtics will
probably not be feasible for the emission of for example CO, and methane (CH,), because of their
globa nature and the number of potentid sources within and outsde agriculture. It is therefore sug-
gedted that this type of emissions are calculated from a consstent and representative inventory based
on asgt of farm types that have been checked as described above and using internationdly accepted
gandards for the emission per unit of different energy carriers and livestock (IPCC, 1997). Standard
vauesfor the emission of CO, are rdatively wdl established and this might be cdculated from the
farm input ligt and rdaed to the amount of output (if questions of alocation to different products have
been solved). Contrary to this, IPCC's standard values of CH, emisson for different types of live-
stock are very genera and need to be improved. Dalgaard et d. (1998) used IPCC standards for
CO,, CH,, and N,O emisson to cdculate the emission of greenhouse gasses for Danish agriculture.
While the estimated emission of CO, was 5.2 Tg per year and the emission of CH, and N,O only
0.3 and 0.01 Tg per year, the contributions to the greenhouse effect were dmost identical after
transforming into CO, equivalents (6.7 and 4.0 Tg CO, per year for CH, and N,O respectively).

The above examples point a two diginctionsin the emissons from primary agriculture. One
is that for some emissions it would be possible to compare the aggregated estimates on enterprise
and farm leve with higher levd datidtica information coming from other sources. Thisis not so for
other emissonslike greenhouse gasses. The second didtinction is between emissions, where the pres-
ent knowledge permits arelatively secure estimation based on the production inventory, and those
wherethisis not the case. The emissons of CO, and heavy metds probably belong to the first group.
Other topics, however, are not so Smple since the losses from a given amount of input might vary
between farms due to different stables, soil types, or the farmers skills. Thisis especidly so for CH,
emisson and for nutrients, where differences in utilisation efficiency may leaed to differencesin losses
a agiven production level.

The input of heavy metas directly attributable to the farming practise can be cdculated from
the declarations of fertiliser and feed and afarm gate baance isrdaively smple to establish as dem:
ongrated for Copper in Halberg (1999). Given their nature, most of these surpluseswill end in the
s0il and the emission is thus comparable to the farm level surplus. Nevertheless, these calculations
might in future be vadidated againgt the results of abroad survey of the development in heavy metd
contamination of agriculturd soils. Pesticide use might be estimated using a combination of nationa
datistics and representative and typica crop rotations as shown above. But predicting the emission
to (the different recipients in) the environment will need more knowledge and will not be discussed
here.
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1.5 Conclusonsand recommendations

Given thelarge varidion in primary agricultura production, even within asmal country like Denmark,
care should be taken to check the quality of farm data used for an LC Inventory. In order to avoid
misinterpretations and unredistic extrgpolations, it is necessary to base estimates of emissons from
the production of a given functiona unit on consstent and redlistic farm models that have a clearly
defined degree of representatively at regiond, national, or EU levd. Therefore, it is recommended
to establish data bases with verified information concerning input and production on typical and rep-
resentative farms using a combination of detailed farm data, modds and comprehendve accounts
detigtics. Basad on the above discusson and examples, the following recommendations for a proce-
dure for establishing LCA Inventories concerning agriculturd production and emissions could be
given:

- identify typicd farms and establish conggtent farm level modd s basad on redigtic input output
relations in the different enterprises (crops, livestock) using detailed farm data from case sud-
ies, surveys, or detailed accounts gatistics,

- check the representatively of the farmsin terms of the soil types, Sze, socking rate, production
levelsin main enterprises, economic performance and possibly socio economic characteristics
compared with regiona/nationa or EU Satidics,

- if important characteristics of the mode farms do not correspond with statistica information
(e.g. more than 5% deviation from relevant averages), the models should be adjusted accord-
ingy;

- cd culate emissions based on the farm models and best knowledge of emission processes;

- check and adjust partid emissons of nutrients with baances a farm and enterprise levd;

- check modeled sum of input use, production, and emissions across farm types againg aggre-
gated Satidtical datafor rlevant region. Adjust models where deviation islarger than 5-10%.

The proposad approach could give high qudity datafor an LC inventory and should be seen
as a contribution to a necessary debate on the common demands to the methods used for data base
establishment. The different tasks might be performed in a different order according to the type of
data used but none of the tasks should be omitted without clear indication and explanation. The
methodology is redigtic but might not aways be possible to perform for al emissons and doesre-
quire some resources in terms of man months and access to databases.
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2. The SPOLD data exchange format

B.P. Weidema *

The basic data used for environmental assessments of products (product life cycle inventory deta)
can be found in many different databases and software. However, practicaly every database and
software use their own format for storing and presenting the data, making data difficult to exchange
and compare. To overcome these problems, the SPOLD format was developed in the years 1995
to 1997 asajoint effort by SPOLD (the Society for Promotion of Life-cycle Assessment Develop-
ment) and the different LCA database and software devel opers.

Thus, the SPOLD format is a common format for exchange of life-cycle inventory data, alow-
ing data to be understood, compared and exchanged, disregarding how they are tored in their
origind database. The SPOLD format is not intended as a questionnaire for data collection, nor for
reporting find life cycle inventories. It isfirgt of dl an dectronic file format (SPOLD 1997). Thisfile
format is now being implemented into many of the commercid software for Life Cycdle Assessments
(LCA).

The file format is also supported by a freeware (SPOLD Format Software; Weidema and
Grisdl, 1997) which can be used to cregte, edit, view, import and export life cycle inventory datain
the SPOLD format. The software does not contain any caculation facilities and cannot be used to
combineindividud data setsinto a product system or life cycle inventory. For this, you need to com-
bine the SPOLD Format Software with a spreadsheet or a dedicated LCA software. Software
producers may obtain alicence from SPOLD to modify the SPOLD Format Software or to integrate
it into their proprietary programs.

The SPOLD format is designed as a generic data format, not for any specific sector. Thus, it
isnot specifically desgned for agricultural processes. Nevertheless, it should not cause any problems
to enter agricultura datainto the SPOLD format. The LCA Net Food has adopted the SPOLD for-
meét as the format to be used for the database sructure, which will be part of the results from this EU
concerted action. Also, severd agricultural research groups are now using the SPOLD format for
their interna data storage and exchange.

The data are organised in datasets, which each contain the environmentd data relating to a
specific human activity, e.g. aproduction process, reated to its reference function, typicaly its main
product(s). Each dataset congsts of a number of fidds giving information on:

- the activity that the data relates to (data identification and system model);
- the environmental inputs and outputs and other exchanges from this activity;
- the data source and validation.

!Institute for Product Development, Building 424,1, Technical University of Denmark, 2800 Lyngby, Denmark.
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Figure2.1  The'graphical page' of the SPOLD Format Software
Source: Weidemaand Grisel (1997).
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Figure 2.2 'Outputsto nature (material)' in the SPOLD Format Software
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Source: Weidemaand Grisel (1997).
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Figure2.3  Thesub tab 'Geography, time, technology and representativeness' in the SPOLD Format Sotware
Source: Weidemaand Grisel (1997).

An dectronic file format is difficult to describe in words. Ingtead, afew screen dumps from the
SPOLD format software will demondrate some of its features. Figure 2.1 shows the so called
‘graphica page of the SPOLD format, where the grey areain the middle sgnifies the system, which
is described (in this case a Single unit process). To the left, you can see the inputs, divided on inputs
from technosphere and inputs from nature, and to the right you see the outputs, dso divided in the
recaiving media By dlicking any of these inputs and outputs you have access to a didogue box where
you can enter detalls about these flows. The same data can d o be seen in amore conventiond table
layout (see figure 2.2).

As you can see from both these figures, there are other tabs covering data identification,
data source, system model and validation. These are each divided in severd fields alowing very
detailed reporting that is the same time easy to retrieve and compare for the data user. Figure 2.3
gives an example for the sub tab 'Geography, time, technology and representativeness.

If you want to know more about the SPOLD format, | advise you to download the freeware
from the homepage of SPOLD (http://mww.gpold.org/), where you can dso find additiond informe-
tion.
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3. Systematic procedures for calculating agricultural
performance data for comparing systems

E. Auddey*
Abstract

Comparisons of systems based smply on field measurements may give erroneous answers by con-
fusang experimenta eror with genuine differences or experimenta differences with genuine Imilarities
It would be better to have a systematic procedure to caculate vaues for different systems, to which
the experimenta studies provide the data to fit parameters. This paper describes systematic proce-
dures to determine fud use by fidld operations and grain drying, herbicide input, and nitrate leaching.
For draught operations, multiply the tractor power, kW and work rate, h/hato determine the kWh/ha
required for this operation, which islargely only afunction of soil type, and determine the fud use by
175 g/kWh. A soil typeindex is defined to describe the differences that range between sandy, sandy
loam, clay loam, and clay soils. For nitrate leaching from each crop, aformulais derived, which re-
quires the amount of nitrogen gpplied to the crop, the primary and secondary yidd and the soil type
index.

3.1 Introduction

In carrying out an inventory for a Life Cycde Assessment, it is necessary to determine the inputs re-
quired by, and hence emissions from, the two or more competing systems under study. It is possible
to carry out adetalled sudy of a number of individud farms and determine the energy inputs to their
different operations, their chemica inputs and the corresponding outputs and emissions. However,
comparing these data to ones from another farm or transferring the methods to another farm is very
difficult because no two farms are the same. The difference can be physical most notably soil type
and dimate, higtorica the existence of adifficult weed problem or the soil organic metter content, or
even persond the preferences of the farmer for the level of inputs. Comparisons of systems based
amply on these fiddd measurements may therefore give erroneous answers by confusing experimenta
error with genuine differences or experimentd differences with genuine smilarities. 1t would be better
to have a systematic procedure to calculate vaues for different systems, to which the experimenta
studies provide the data, for example to fit parameters. This paper describes systematic procedures
to use for saverd mgor parts of agriculture. The sections consder fud use by fied operdions, grain
drying, herbicide input and nitrate leaching.

! Silsoe Research Institute, Wrest Park, Silsoe, U.K.
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3.2 Two exampleson Systematic Proceduresfor calculating inputs
3.2.1 Fud Use by Fidd Operations

Thefud use of atractor in identicd Stuations is dependent firstly on its make (table 3.1), thereefter
on its state of repair and the operator. Fuel use data from an OECD test of a John Deere 2850 en+
gine (John Deere, 1987) shows that, if the operator works at 70% of its rated speed and 70% of its
maximum power, it gives optimum specific fud use of 214 g/kWh, whereas a maximum power and
rated speed, the fud useis 225 g/lkWh. Smilarly, if the operator setsthe plough a 19.5 cm depth
ingtead of 20.5 cm depth he will consume 5% less fudl. However dthough these factors will have
some influence on measured fuel use, | will show that these differences are not mgjor compared to
the effects of soil condition, ballagt, tyres and implement matching.

Table3.1 Tractor fuel consumption of selected tractors

Make and Model Max Power, kW Specific Fuel Consumptionat
maximum power, g/kWh

John Deere 2850 615 241
Fiat 90-90 62.0 257
Renault 103-12 RS 65.0 248
Ford 7610 66.0 267
MF 3080 68.0 255
John Deere 3350 70.1 240
Ford 8210 747 283
John Deere 4450 106.2 250

Source: from OECD tests, AFRC 1987.

Table 3.2 lists some fud use figures for tractors carrying out mgjor agricultura operations from
three sources. Thefirg column is caculated from firgt principles by taking the net energy required a
the drawbar or power take off, which isindependent of the mechanism for ddlivering it, and then ac-
counting for the efficiency of the power transmission system, the traction efficiency, and the loading
on the engine. The other columns are calculated by taking I/h measurements of fuel consumption and,
multiplying them by the work rate. Clearly, there is aneed for more informetion.

As part of its tractor research, Silsoe Research Ingtitute developed a modd to caculate the
work rate of atractor when ploughing in given conditions. The parametersin the modd are detailed
and include, for example, the engine's power curve, the gear ratios, the weight and balag, its tyre
szes and the soil cone index to represent the trafficability of the soil, (incidentaly the move to con
tinuoudy variable gears reduces the drive chain efficiency the energy tranamitted to the wheds from
the engine).
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Table 3.2 Fuel use for some farm operations, I/ha

Operation Witney a) FAT b) Copec)
Subsoiling 15

Ploughing 21 34-38 33-38
Heavy cultivation's 13

Light cultivation's 8 5

Rotary cultivation's 13 20

Fertiliser distribution 3 12 1
Graindrilling 4 34 5
Rolling 4

Potato planting 8

Mowing, tedding, baling 3 7-9 47
Forage harvesting 15

Spraying 1 13 1-2
Combine harvesting 11 28-37

Potato harvesting 21

Bale carting 810

Grain transport 35

a) Witney, (1988): Choosing and using farm machines, Longman Group U.K.; b) From Swiss FAT, In: Audsley,
et al. (1997) Harmonisation of environmental Life Cycle Assessment for agriculture, Silsoe Research Institute,
U.K.; ¢) Cope, Silsoe Research Institute, private communication.

Table 3.3 shows some results from the analyss. These consider two and four whed drive
tractors of three different powers on two soil types. The two whed drive tractors are optimised for
bdlast to adip of 15%. The four whed drive tractors use congtant plough sizes. Fud useis caculated
on the assumption that the throttle is fully open but that poor matching of speed and gear means that
the power ddlivered is not the maximum possible.

Two results are shown for the 100 kW five furrow plough. Incorrect balast gives higher dip,
reduced work rate and increased fuel use. But given correct balagt, fud useis congtant a 32 I/hafor
al powers and the work rate is proportiond to tractor power. On the lighter soil, fud useis reduced
to 26 I/hawith a higher work rate. Thus fud use for ploughing and any other draught operationisa
function of soil type but not afunction of tractor Sze.

The results with the four whed drive tractors show firgtly, the much reduced dip with these
tractors which enablesa 60 kW tractor to pull afive furrow plough, dowly, resulting in much reduced
fud use. However, for more conventional matches of tractor and plough, the fud useis till about 32
I/ha.on the heavier soil. Smilarly on the lighter soil, fud useislittle changed. Thereis some reduction
because the higher powered two whed drive tractors tyres are too amdl to ddiver sufficient traction,
whereas the extra tyres of the four whed drive equivaent can do so.

Onetherefore concludes that fud use will be greater than the standard figures where equipment
isingppropriately matched to the task but that this may be due to poor soil conditions, incorrect bal-
lagt or tyre Sze as much as the wrongly matched size of tractor and plough.
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Table 3.3 Calculated tractor plough work rates and performance

Driven Power  Soila) Furrows  Sip Work Power Useful kWh I/hac)
wheels kw %b) rateha’lh usedkW power kW  /ha
2 60 H 3 132 0.564 55.8 411 9 32
2 100 H 5 158 0.946 9.4 69.5 105 32
5 179 0.872 844 58.6 97 A
2 120 H 6 155 1119 1187 80.8 106 32
2 60 L 5 143 0.793 575 411 73 23
2 100 L 6 150 1124 98.9 69.1 83 27
2 120 L 8 16.1 1357 110.7 75.0 82 26
4 60 H 5 102 0.764 59.5 453 78 24
4 100 H 5 94 0.969 97.9 732 101 31
4 120 H 5 9.3 1.054 1199 88.6 114 A
4 60 L 9 144 1045 584 435 56 17
4 100 L 9 125 1412 97.6 725 69 21
4 120 L 9 122 1561 1199 88.2 7 23

a) L = lighter soil, H = heavier soil (soil specific weight 14.1kN/nT and 16.7kN/n7 respectively); b) WD tractors are
optimised for ballast and 15% slip, 4WD tractors use a constant plough size for all tractor powers; ¢) Assuming
fuel use isthe maximum power 250 g/kWh for al thetime.

The caculationsin table 3.3 use a 70% €fficiency factor in converting from a spot work rate
to an overal work rate. Thisalows for turning a headlands, etc. However, comparing the times so
caculated with the typica times used for work planning for ploughing, suggests afurther 70% factor
is needed to alow for sundry delays (clearing blockages, repairs, travel to/from field). During both
these times, fud use will be much lower than when ploughing. Technicaly, the fud used for actudly
ploughing the soil will be 70% of 32 1/ha, dose to thet cdculated by Witney (1988) for an unpecified
s0il type, and some alowance then needs to be made for fud use when not actudly ploughing for
example, trave, turning. If one assumes 50% fuel use rate for turning type delays and 30% fud use
rate for repairs and travel type ddlays, this gives an overdl fue use of about 32 I/hafor that particular
s0il type. This provides agood explanation for the differencein fud usein table 3.2 and suggedts thet
the Witney data may make insufficient alowance for non working fud use,

3.2.1.1 Procedurefor estimating fuel use in genera

More usefully, one can thus derive an effective rate of use of fud per dapsed hour of the task

ploughing. A reasonable estimate of the overdl rate of fud use is 70% of 250 g/kWh, i.e

175 g/lkWh. Since in the mgjority of cases, the data available will be the work rate and the tractor

power, for draught operations this suggests that the procedure for caculating the fuel use in generd

should be asfollows:

1.  Determinefromwork planning data, the tractor power, kW and work rate, Whafor this opera-
tion.
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2.  Determine the average kWh/harequired for this operation from a number of these estimates.
Note that it is different for different soil types but not for different tractor powers.
3. Deeminethefud use by 175 g/lkWh for this required energy input (diesdl is 0.835 kg/l).

Examples

Ploughing Power Harrowing

Data (ABC, heavy land) kwWh/ha kwWh/ha

56 kW @ 0.38 halh = 147 54-75 kW @ 0.88 halh = 57

75 kW @ 0.50 halh = 150 80-112 kW @ 1.63 ha/lh = 60
'‘Energy’ required = 149 'Energy’ required = 59
Fuel used = 31l/ha Fuel used = 131/ha

A similar principle can be applied to non draught operations such as fertilising and
spraying. Doubling the size of the machine is most likely to double the power needed to drive
it and therefore the fuel per hectareis constant. In this case, the type of soil surface (hard,
soft) as much as soil type will determine the level of fuel use.

Smilar considerations apply to harvesting operations. However, broad cal culations (200
kW engine @ 0.5 h/ha @ 250 g/kwh = 30 I/ha) suggests that the Witney (1988) figure is too
low, and therefore a constant 30 I/ha in wheat is probably a reasonable size independent fig-
ure. In this case, condition of the crop is most likely to determine differences. It is known that
70% of the power of the combineisused inidle mode, that iswhen no crop is passing through
the threshing and operating system. A reasonable estimate for other cropsistherefore to mul-
tiply the fuel use by the increase in time needed to harvest another crop. Thus when winter
wheat is 0.7 h/ha, field beansis 1.2 h/ha, oilseed rape is 0.6 h/ha, herbage seed is 3 h/ha (de-
pends on type). Potatoes and sugar beet harvesting are largely power limited operations and
fuel use is probably best estimated from the power of the tractor, the work rate and the effec-
tive fuel use as for ploughing.

3.21.2 Fud useingrandrying

A mgor determinant of fuel usein grain drying isthe amount of water to be removed from the crop.
A high temperature grain drier typicaly uses 6 MJkg water removed from the grain when operated
at 90°C. When operated at lower temperatures such as 40°C to prevent cracking (such asin drying
beans), this rises to 10MJkg water removed. Thus, to dry grain by 5 from say 20% mcwhb requires
62.9 kg water to be removed per tonne of 15% mcwhb grain. This needs, for example, 10.6 I/t of
diesd to ddiver the required energy or corresponding amounts of other energy sources such as gas
or straw.
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A near ambient temperature grain drier uses mainly fan power to dry grain. The energy re-
quired depends on the dryness of the air. In wet regions, supplementary heat would be required for
the method to succeed a dl. A typicd UK vaueis40 kWhit grain on the same 20 to 15% basis as
above or 2.3MJkg water removed.

3.2.2 Herbicide use

A number of pedticide leaching models have been examined but in most cases they register zero
leaching of herbicides even though occurrences of chemicds such as 1PU being found at high levels
in water courses are known to be causing problems (Little, 1998). It is generaly concluded that the
source of the chemicd in surface waters are factors other than leaching through the soil such as soil
erosion, preferentid flow, spray drift, over spraying ditches and accidents. Therefore, we concluded
that the best measure to corrdate with the pesticide reaching the environment was the amount of pes-
ticide applied.

We a0 need to know the amount of pesticide needed to maintain the soil in a steedy date
over the chosen crop rotation, in terms of weed seedbank. Squires (1998) showed that weed seed-
banks increase by an order of magnitude under aternate crop rotations. The amount of pesticide
required is dependent on the crop rotation. Thus continuous winter cerealswill have serious problems
with difficult cereal weeds, but spring sown crops or only 50% cereds in the rotation will produce
much less problems and thus require less ceredl weed herbicide. Type of cultivation and time of sow-
ing aso affects the amount of weeds. Fidd trids follow specific protocols and are a pecific crop
rotation. Their herbicide use will thus either over or under control the target weeds. Farmers adjust
thelr herbicide use over years to maintain a satisfactory leve of control. Thus dthough different sys-
tems may dl contain a herbicide application operation, the dose applied in practice will be different.
We have used aweed development modd, which sysematicaly determines the amount of herbicide
needed for any Stuation (Sells, 1995).

Currently two types of herbicide are moddled: wild oat and blackgrass herbicides. Useisre-
lated to the effective control required, which is a function of crop rotation, timing of planting and
cultivation techniques usad within the cered cropping. Also, spring and winter cereds will have differ-
ent requirements for weed control.

Over acrop rotation, we require that the level of weeds remains congtant, assuming that the
farm isworking at some steedy state in terms of control and profitability. Assuming the weed levels
are sugtainable we can use the amplified equation of weed population (equation?) from Sdlls (1995)

Woy = W[(L- 1)sg(d- k) +(1- g - m)] D)

where w,, are weed seed levelsin year n, | is the proportion of new weed seeds removed by the
combine and natura pests, s isthe number of weed seeds produced per plant, g and m are the ger-
mination and mortdlity rates respectively and k isthe kill rate of the herbicide. The germination and
mortality rates depend upon the timing of planting of the crop, whether the crop is winter or spring
sown and the cultivetion rate.
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Thus, if we definea3 year cered rotation with abresk crop where 95% kill is achieved, then
for a stable weed populaion using equation?over the 3 years we would need akill rate k for the ce-
red crops, caculated from equation??, knowing the cultivation and timing of plarting.

1=[(1- )sg(l- k) +(1- g- M]°[(1- 1)sg,(1- 0.95)+ (1- g, - m] @)

Equation 2 can be expressed in generd terms for any length of rotation, by subdtituting the
squared term to the power n. Thus, it is possible to caculate the kill rate required for any length of
rotation, cultivation and planting timings.

If we assume that one dose of herbicide on average produces an 85% kill, we can use equation
2 to calculate the number of applications or doses, x required to achieve the kill rate k.

(1- 0.85)* = (1- k)

Rearranging gives
In(1-k)

X= %%V 4
In(1-0.85)

Thus akill rate, k of 0.67 will require adose x of 0.58.

Using this weed model with appropriate parameters for different rotation lengths and cereal
planting times in blackgrass and wild oat contral gives the amount required in different circumstances.
By consdering many different Stuations, we have derived linear factors to apply to cered planting
and itstiming, and adjustments depending upon the rotation.

For blackgrass, control can be achieved by planting spring sown cereds, for which no herbi-
cideisrequired. For afirst winter cered crop ploughed and planted in September, 0.15 of adose
is required (assuming one dose gives 85% kill). Planting later requires no herbicide. For more winter
cropsin the rotation this is increased by additiond 0.1, 0.2, 0.3 and 0.5 dose for 2™, 3", 4™ and 5"
+ winter ceredls respectively. If barley follows wheet, or wheat follows barley then there is an addi-
tional 0.3 dose required. A winter cered following setaside requires an additional 0.2 dose. For a
shalow cultivated rather than ploughed crop, the corresponding rotationa doses are 0.3, 0.65, 0.78,
0.85 and 1.07 for the 1% to the 5" year respectively.

For wild oats, the contral regime includes oring crops as well. For planting in September 0.99
doseisrequired. This decreases over time as shown in figure 3.1.

The wild oat herbicide use for longer ceredl rotations is an additional 0.2, 0.2, 0.3 and 0.4
dose for 2%, 3¢ 4™ and 5" + ceredls (winter and spring ceredls) respectively. If barley follows
whest, or whest follows barley then thereis an additional 0.3 dose required. A winter cered follow-
ing set aside requires an additional 0.2 of dose.
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Figure3.1 Percentage decrease of herbicide required with planting time

3.3 Nitrateleaching equation

Leaching losses of nitrogen occur via two routes:
- overwinter leaching of accumulated soil minerd nitrogen;
- wash out of fertiliser nitrogen in the Soring due to an exceptiond rainfdl event.

We will assumein this analysis that fertiliser gpplied in the pring is not lost in the spring.
A conceptud equation (equation 5) of nitrogen cycleis

N (input) = DN (soil ) + N (losses) + N (Harvest) (5

where N(input) isinorganic fertiliser, anima manure, aamospheric depostion, N fixation, N(harvest)
isN removed in primary and secondary yields, and N(losses) are nitrate leaching, denitrification and
volailisation. DN isthe increasein soil N, which in steady Sateis zero.

Conddering nitrate leaching we can devise equation 6 to describe the nitrate leaching (B) for
any crop.

B =(OSVIN + FertN+ FixN- Offtakg* _D
D+ AWC (6)
where D is net drainage (mmv/yr), OSMN is organic soil minerd nitrogen (kg NOs/ha) and AWC is
avalable water content of the soil. Autumn organic soil minerd nitrogen (OSMN) from stable organic
matter isafunction of the carbon content and thisis typicdly alinear function of soil type. We define
an index of soil type by defining a sandy loam as soil type index 1 and aclay loam as soil type index
2. All other soils can then be expressed in terms of thisindex. A sandy soil isindex 0.5, avery heavy
clay is2.5 and asandy clay loam is 1.5. Then soil type 0.5 has OSMN=20 kg N/ha and soil type
2.5 has OSMN=100 kg N/ha (adapted from Davies and Sylvester Bradley, 1995).

45



Table 34 ligtsthe typical N composition of sdlected arable crops (data from feed andyssin
McDondd et d., 1981), from which we can cdculate crop offtake as afunction of primary and sec-
ondary yields, in equations 7-9.

Net annua drainage (D) can be taken as the annud rainfal less annua evapo trangpiration
(@bout 440 mm for most crops in Eastern Counties of the UK). Most arable regionsin the UK are
in the drier areas and have amean annud rainfal of 500-700 mm. Drainage can range from 50 in the
driest areas to 400+ in the non arable wetter areas (Hughes, 1988). As an example, we take an av-
erage vaue of 120 mm for the Eastern Counties of the UK.

In order to determine the proportion of the nitrate leached, available water content (AWC) of
soil can be gpproximated as 33+67* s0il type index (adapted from datain Hughes, 1988), though
it also depends on other factors such as the depth of soil and stoniness.

Table3.4 Nitrogen in crop offtake

Crop Primary yield (n,) Secondary yield (n,)
KgN/t (fresh weight) KgN/t (fresh weight) a)

Winter milling wheat 19 5
Spring milling wheat 20 5
Winter feed wheat 17 5
Malting barley 14 55
Feed barley 17 55
Oats 17 5
Winter rape 30 57
Spring rape 3 57
Field beans 42

Field peas 35

Potatoes 335 3-3.5 (chats)
Sugar beet 17

Linseed/flax 3 5.7 (based on rape)
Maize silage 15 (dry matter)

Grasssilage 29 (dry matter)

Grass grazed 38.6 (dry matter)

a) Where the crop is harvested in two parts such as grass and straw, the grainis called the primary yield and the
straw the secondary yield.

Thefollowing gives the derived base nitrate leaching formula for each crop, where N isthe
required amount of nitrogen for the crop, Y; isthe primary yied and Y, is the secondary yield and
sisthe soil type index.

Non nitrogen fixing:
B = (N - nY, - n)Y, +25)120
w 120+ 33+67s ©)
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Peas and beans:

_(52+75+ 25120
7% 120+ 33+76s 6)
Setaside:
B = (0.79(- 0.5+ 50s) + 25)120
° 120 + 33+ 67s 9

For peas and beansiit is assumed that 40 kgN/hais made available to the next crop in addition
to the average loss from al the crops (thus FixN - Offtake = 52 kgN/ha).

Operations such as ploughing and planting aso have effects upon the amount of nitrate leached.
The release of organic nitrogen (OSMN) assumes that the land has been ploughed for awheat crop
edablished early. The effect of ploughing isto gpproximately double the rate of minerdisaion of the
biomass and humus in the disturbed layers, in a few hours. After 16 weeks, the effect has gone
(Dexter, 1996, pers. comm.). So the later the ploughing the less the OSMN available for nitrate
leaching. Thus for ploughing thereis the additiond leaching shown in equation 10.

11.8s* 120

10
120 + 33+ 67¢< (10)

which decreases with time from July to December, so by December thereis no additiona leaching.
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Figure3.2  Percentage decreasein nitrate leaching with time of planting

Early planting reduces the nitrate leaching, since nitrogen will be taken up by the plant and
therefore will not be available for leaching. A crop/soil model (England 1987) was used to predict
how planting timing affects the nitrate uptake, resulting in equation 11 which describes the additiona
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nitrate leaching due to planting at the end of December and figure 3.2 shows the percent decrease
of nitrate leaching over time.

30.0* 120
120 +33+67s (11)

3.4 Discussion and conclusions

The above sections are merely a selection of the many systemetic relationships that can be derived
between parametersin an agriculturd sysem. There are d o, for example, relationships for yield ver-
sus nitrogen gpplied. There is a negative corrdation between a variety's protein content and yield.
There are dso proposed correlation's between nitrogen applied and protein content. Thus, if anew
system is proposed with lower N gpplication the yield and protein content can be caculated. If the
variety is changed in order to maintain the protein content, then the yield should be adjusted down-
wards.

Tractor fuel use can be esimated by using energy required per hectare for specific operations.
Thus, ploughing on heavy land requires 149%WHh/haand tractor fuel use for power limited operations
is 175g/kWh. Process smulations show that this energy useis independent of the size of machine.
This even carries over to Smple things such as traveling to the field. A machine twice the sze, will
be twice the weight and therefore have twice the rolling resstance to overcome. Smilar constant en-
ergy per hectare figures can thus be derived from work study data for any operation.

A common change when comparing dterndtive sysemsisto reduce the herbicide or cultivation
input. The systlemétic calculation of the weed population shows whether this maintains the same level
of control over the long term. As presented, it cal culates the herbicide that will be required for given
mechanisation inputs. It could be used in reverse to cd culate the mechanisation inputs and crop rota-
tion needed for agiven leve of herbicide input. It should be noted that it caculates the valuesfor a
gpecific timing of operations. In practice on afarm, operations are carried out over an extended pe-
riod on different parts of the farm due to the level of mechanisation input in other words it is not
possibleto plant dl crops late to reduce herbicide use without alarge amount of, then under utilised,
machinery. We, therefore use these rdationships within awhole farm labour and meachinery planning
mode to get the overdl requirement for herbicide.

Nitrate leaching is very variable from year to year. Two assumptions are essential for LCAS:
- amass baance must be maintained;

- a steady state system must be assumed.

The nitrate leaching formulae are basad on these assumptions as a function of the three externd
factors: N gpplied, N removed and soil water holding capacity. However, they should be extended
to incorporate emissionsto al of the various N components within the mass balance.

The overdl message is that agriculture represents a very complex system with many interac-
tions. An exising system can be measured, but it is necessary to be careful when proposing an
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improvement or when comparing existing systems, thet the effects are properly systematicdly ane-
lysed.
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B. Dataon energy use and fuel emissions
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4. Energy consumption: overview of data foundation and
extract of results:

V. Niddsen? and T. Luoma ®
Abstract

A number of investigations into the energy consumption within agriculture were made in the seventies
and the eighties in Denmark with particular emphasis on the following topics soil preparation, seed-
ing, and harvesting of grass. A few studies were moreover made into housesfor pigsand cattle. Since
1990, hardly any investigations were made into agricultura energy consumption, but today thereis
agrowing interest in the subject. The main part of the available data was retrieved by use of tractor
mounted measuring equipment. In addition to thet, afew indirect caculaions were made on the bass
of labour demand, tractor power, specific fuel consumption and engine load. However, as engine
loads are difficult to determine, this method is consdered uncertain. For each machine, the fuel con-
sumptionisindicated asl/h or I/ha, and as such, the indications may be used in connection with modd
cdculations for the individua work processes. For plant production, many modd calculations have
been made to point out which tillage methods reguire lower energy consumption than the conventiona
trestment. However, greet differences are found, depending on local conditions and the technology
and the methodology used. Three internationd working groups were formed a the end of the Eighties
and a the beginning of the Nineties under the auspices of FAO and CIGR V to ducidate of the en-
ergy and labour requirement of machinery use in plant and milk production. In some cases, the
variations between the countries are very gredt, but so far, the working groups have not had sufficient
resources to investigate the causes of the variaions. To explain the differences, thereby making it
possible to make generd use of the results, international co operation is needed.

4.1 Introduction

Sincethe energy crissin 1973 and until the beginning of the Nineties, a number of Sudies were mede
in Denmark regarding agriculturd energy consumption to obtain an optimd reduction of the consump-
tion (see literature ligt). The two primary aims of the studies were to introduce revised/dternative
production methods, eg. reduced soil trestment and direct drilling, and to obtain behaviourd
changes, eg. in tractor driving. During the past 8-10 years, the Danish authorities have shown very
little attention to a continued research concerning energy demand in agriculture.

! The paragraph on 'International Comparison of Labour and Energy Consumption’ was written by Tarmo Luoma,
and the remaining paragraphs, which only refer to Danish results, were written by Villy Nielsen.

% Danish Institute of Agricultural Sciences, Department of Agricultural Engineering, Research Centre Bygholm,
8700 Horsens, Denmark.

*TTS Ingtitute, Melkonkatu 16 A, PL 28, SF-00211 Helsinki, Finland.
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Apparently, the generd interest in energy consumption isincreasing, especidly asregards re-
duction of the CO, discharge into the atmosphere. A minor research programme on cultivation of
energy crops, including handling and energy consumption involved with harvesting and transport, is
presently in progress.

An increesng number of inquiries are recaived from consulting enginears, organisations, techni-
cd advisers and students on the subject of energy consumption within agriculture.

In 1989, a FAO report was issued on energy consumption within plant production. The report
comprises data from 15 European countries and New Zedland, and it is the only attempt made to
collect exiging knowledge on energy consumption within plant production. No smilar attempts have
been made since then. The reason for pointing out this specific report isthat it has been highly re-
quested and frequently used.

Due to the age of the available data on direct energy consumption, an update is needed to es-
timate the energy demand in new, modern and sustainable production systems on process or farm
leve.

In the early Eighties, a detalled analyss of the energy consumption within agriculture was mede
(Parshy and Fog, 1984). At the end of the Eighties and at the beginning of the Nineties, three work-
ing groups were formed to collect data and information about the energy consumption and labour
consumption of machinery use. Two of the working groups have been gppointed by FAO, Rome,
and the third group has been gppointed by CIGR V (internationa organisation for labour research
and technology). The investigations covered both plant production and milk production. Among the
countries involved, a comparative study was made on the consumption of energy and labour. How-
ever, it isdifficult to make a sufficiently unambiguous description of a production process, so thet it
isinterpreted the same way by dl the countries. Furthermore, the definitions and methods used for
edimation vary. In some cases, the results obtained are very different, and it is difficult to explain im:
mediately the reason why.

4.2 Materialsand methods

This paper will mainly comprise basic data and excerpts of findings and modd caculaions deriving
from studies carried out from the end of the Seventies and until the beginning of the Nineties a Re-
search Centre Bygholm (the former Nationa Indtitute of Agricultural Engineering, §F). To deduce
further evidence from the findings, amgor eucidation job would be needed. Besides, the modd cd-
culations are only to be regarded as examples, as severd other modd caculations with different
prerequisites can likewise be made based on the given data.

Thisaticle will primarily be deding with plant production. However, afew studies in houses
for pigs and cattle have also been made, see the enclosed literature list.

Specid attention has been given to the following topics: soil preparation, plant care, seeding,
and harvesting and handling of grass. Hardly any studies were made on harvesting of grain crops,
beets, potatoes, etc.

52



Data were collected from practicad farming regarding the energy consumption involved with
the individual processes of trestment. Moreover, additional registrations were made, e.g. on yield,
dosage, load weight, transport distance, travelling speed, working width and depth, etc.

Measurements of energy consumption were made ather by means of tractor mounted measur-
ing equipment or by control of the fud leve in the tanks before and &fter the tests The last mentioned
method is, however, uncertain in the case of alow totd consumption, owing to the fact thet for some
tractors it may be difficult to fill the tanks completely. More accurate and correct measurements can
be obtained if the tractors are mounted with fue flow meters. However, fud flow meters may be
somewhat difficult to mount and the sysem must be completely tight to avoid problems with fud ad-
mission and measurement uncertainty (Nielsen 87, Reports No. 17 and 48). For ambulatory practica
measurements, the most frequently used method isto fill up the tank with fud before and &fter the
test, and in case of long term tests, fuel flow meters will be mounted on the tractors. In afew cases,
tractors have been tested with a view to making indirect caculations of the recorded PTO effect
(Nielsen, 1987, Report No. 72).

If no datais available, indirect caculations of the energy demand can be made, by caculaing
the hourly energy consumption of the tractor based on the maximum PTO effect, the specific fud
consumption, and the engine load. Generdly, information on the PTO effect (kW) and the specific
fuel consumption (gYkWh) of tractors can be found in tractor reports from the OECD. The engine
load should be estimated in the most objective way possble, which is the weekest point of the
method, because great experience with the maiter is needed. After calculating the hourly energy con-
sumption of the tractor, the result is multiplied with the labour requirement, which gives the fud
consumption per hectare in litres, according to DRIFT (Nielsen and Sgrensen, 1993).

Smplified modd for indirect calculation of the fud consumption:

_P"s'm

1000 @

fud consumption, kg/h;

PTO power, kW;

specific fue consumption, gkWh;
engine load, %.
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Mode for calculation of labour requirement (tractor hours):
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= parameter, depending on shape of field and travelling pattern;

= turnings on trestment of headland, minfidd;

= crop and soil stops, adjustment, control, tending of machine, etc., minhg;
= persond bresks, normaly 5% additiond time.

A = labour requirement, minutes,
h = fiddsze hg

% = effective travdling speed, km/h;
e = dfective working width, m;

p = turnings, minturning;

b = widthof fidd, m;

n = number of turnings per round,
a

k

S

q

Thus, the are two mutudly supplementary measuring methods, namdy direct and indirect
measuring. Both methods can be used, and providing the data basis and the models are sufficiently
accurate, the methods can be considered equally exact.

Fud consumption is influenced by many factors, e.g. type and structure of the soil, westher
conditions, earth moisture, landscape, crops, tractor type (2WD/4AWD), tractor Sze, relation between
tractor and implement, driving technique, tractor driver, etc. Thus, fuel consumption does not remain
a congant figure from one measurement to the other, but satisfactory results, taking into account the
variations which might occur as aresult of the above-mentioned factors, can be obtained by carrying
out measurements over anumber of years.

In the below paragraphs, results and modd ca culations from the three below mentioned re-
ports will especidly be dedt with:

Energy Consumption and Input Output Relations of Field Operations, FAO Regional Office
for Europe, REUR Technical Series 10, Food and Agriculture Organization of the United Na-
tions, Rome, 1989 (Pick et al., 1989)

The data presented in the report have been collected and worked up by Evzen Pick, Czecho-
dovakia, Olle Norén, Sweden and Villy Nidsen, Denmark. Part | was edited by Villy Nidsen, and
Part 11 by Olle Norén. The report comprises data from 15 European countries and New Zealand.
Part | dedswith 'Fud Consumption of Fidd Operaions, and part || deds with 'Energy Input Output
and Losses in Plant Production'’.

Green Fields Operational Analyses and Model. Danish Institute of Agricultural Engineering:
Report No. 59 (Nielsen and Sarensen, 1994)

The above report deals with the operationa andyses and mode smulations made in the &-
tempt to harmonise with the legd demands for establishment of second crops (green fidds) in
different crop rotations. The studies were accomplished partly at the experimentd fields of Research
Centre Bygholm and partly a the fields of different Danish test farms. The studies furthermore in-
cluded measurements of energy consumption in connection with the tests made at Research Centre
Bygholm. In this case, the tractor had been equipped with afud flow meter, and the regigtrations in-
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cluded many different parameters such as working width, travelling goeed, turning times, stops, ca
pacity, motor load, westher conditions, yields, dosages, etc. Villy Nidlsen carried out the studies at
Research Centre Bygholm, and Claus G. Sarensen carried out the studies at the test farms.

Energy Consumption on Handling of Grass. Danish Institute of Agricultural Engineering: Re-
port No. 47 (Nielsen 1991)

The above report deds with the energy consumption involved with harvesting, handling, and
feeding of grass (grass slage). The report gives very detaled information on the subjects of harvesting
and feeding. Thereby it becomes possible to carry out modd cdculaionsin connection with the se-
lection of different types of machine and under different conditions. Villy Nielsen carried out the
sudies.

44 Results
Danish results

This paragraph presents extracts of the data collected on the individua machine operations and mode
caculations on the totd fuel consumption for one single crop and for dl the cropsin one crop rota
tion.

Table 4.1 showsthe fud consumption of different types of machine. Besdes information about
fuel consumption, the table includes information about working width, travelling speed, working
depth, and labour capacity. For some machine types, too few observations have been made to ca-
culate the standard deviation, and for other machines, the fuel consumption has been ca culated
indirectly. Table 4.1 only shows the Danish data from the FAO report (REUR Technicd Series 10),
whereas the report includes data from 15 other countries, as well.

In the report 'Green Felds from 1994 there is a paragraph which dedswith fud consumption
on plant production in a crop rotation system related to pig and dairy production (Nielsen and Saren+
sen 1994). The collected basic data are shown in table 4.2. The study included three different types
of subble cultivators, reversble ploughs and land packers, weed harrows, inter row cultivators, durry
wagons, combine harvesters, etc. In some cases, a comparison of tables 4.1 and 4.2 will reved ap-
preciable differences in the measurement results, some of which are caused by the differences
between the implements. The stubble harrows referred to in table 4.2, for ingtance, are different in
condruction, and they have been equipped with rear mounted harrows. On the other hand, there are
no appreciable differences between the two types of field sorayers. However, in table 4.1 the fue
consumption has been estimated to be 1.5 |/ha, wheressin table 4.2 it was estimated to be 0.93 I/ha
In both cases, however, the fud consumption vaues of the field sorayers remain within the confidence
interva.

Table 4.3 shows some of the basic data obtained on picking up and chopping of grass where
different types of precison chop forage harvesters and sdif-loading wagons equipped with different
types of choppers have been used. The grass is mowed and conditioned. The fud consumption in-
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volved was recorded in I/t contrary to in I/ha, because the capacity of precision chop forage harvest-
ersisredricted by their chopping capacity rather than by ther travelling speed or their working width.
Naturdly, there are limits to the travelling speed but unless the chopping capacity of the machine can
be fully utilised by increasing the travelling speed, it will be necessary to join severd swaths. It will
thus be possible by means of modd calculations to make corrections for differencesin yield, which
would not be possible if the fud consumption were measured in I/ha

Asshown in table 4.3, substantid differencesin fud consumption can be seen when different
types of choppers and different chopping principles are used. For instance, on picking up and chop-
ping with atrailed precison chop forage harvester equipped with knife cylinder, the fud consumption
was 3.86 I/t of dry matter. If the knife cylinder is replaced by a cutter whedl, areduction in fuel con-
sumption to 2.75 I/t of dry matter can be achieved. This corresponds to a saving of 29%, but an even
greater saving of 37% can be obtained by usng a sdf propelled precision chop forage harvester in-
stead of atrailed one.

Table4.1 Specific fuel consumption involved with field operations

Machinetypes Nominal  Effective Working Working Fuel consumption Total
working  forward depth capacity ¥a¥a¥a¥a¥a¥aYa¥%aYaYaYaYa area
width speed cm (gross) I/h L/ha ha
m km/h ha/h YaYaYaYaYaYaYaYaYaYaYaYa

aver. Stdb) aver. Stdb)

Direct Drill 26 146 4-6 218 12.73 293 644 131 649
Direct Drill 40 146 4-6 427 17.87 340 463 062 1021
Ordinary seed drill 40 9.3 2-4 210 4.87 138 259 073 755
Combined drill 30 110 2-4 136 8.70 120 640 070 715
Harrow drill 40 9.3 2-4 210 6.40 0.90 360 060 130
Harrow drill 30 90 2-4 180 6.40 0.90 360 060 86
Rotary harrow +

mounted drill &) 30 80 2-4 146 12.13 - 8.30 - -
Fertiliser distributor a) 6.0 100 - 529 4.30 - 170 - -
Beet drill 40 45 2-3 222 258 - 129 - 60
Cambridgeroller 6.0 75 - 383 6.18 277 180 115 413
Extralight harrow 10.0 9.6 2-3 6.17 10.89 - 196 - 760
Skim plough, 3-furrow 11 83 10-12 058 814 - 1554 - 30
Ordinary plough, 3furrow 1.1 6.2 20-22 0.52 9.19 202 1963 202 251
Reversible plough,

3 furrow 11 6.2 20-22 051 9.02 108 1950 223 231
Seed bed harrow 56 80 6-8 3.00 10.32 128 383 107 267
Rotary cultivator + drill 30 6.8 57 148 9.62 273 724 081 175
Rotary cultivator + drill 23 71 57 108 9.09 154 936 28 374
Finish rotary harrow 25 110 58 231 9.87 275 474 091 562
Disc harrow 23 7.8 6-8 185 12.16 224 727 122 159
Disc harrow 26 7.8 58 174 9.86 179 633 086 380
Stubble cultivator 43 9.1 6-8 2.78 10.01 0.72 398 079 200
Stubble cultivator 33 9.1 6-10 2.36 1051 177 493 085 1116
Springtime harrow 56 9.3 4-7 383 9.58 210 281 102 1503
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Field sprayer a) 120 9.2 - 412

556

150

a) Indirectly calculated fuel consumption; b) Standard deviation.
Source: Pick et a. (1989).
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Table4.2 Specific fuel consumption involved with field operation

Machine types Nominal Effective Fuel consumption
working forward I/ha
width speed I/h
m km/h aver No. of confidence

aver. observations stda) interval

Stubble cultivator mounted with

single Finnish rotary harrow 29 9.0 123 6.63 39 155 6.1-7.1
Stubble cultivator mounted with
4 axis Finnish rotary harrow 25 9.0 122 766 4 169 7.1-83
Stubble cultivator mounted with

finger weeder 35 89 121 627 14 102 5.7-6.9
Field sprayer, 600 | 120 59 40 113 23 0.93 0.7-15
Band sprayer, 600 | 40 6.4 - 140 2 - -
Reversible plough with land packer  3-f. 14' 5.8 126 2399 36 3.35 229251
Rotary harrow + seed drill 30 75 143 1245 12 144 115134
Compact harrrow + seed drill 30 6.8 88 7.77 8 0.82 7.1-84
Seed bed harrow 5.6 9.7 104 335 4 137 1453
Mounted fertiliser spreader 120 8.0 80 181 5 0.36 1423
Finger weeder 6.0 84 59 192 16 040 1721
Finger weeder 9.0 9.0 95 175 10 0.33 1520
Light spiked chain weed harrow 6.0 89 63 19 5 043 1524
Combine harvester b) 45 - 136 1648 17 6.15 11.1-174
Row crop cultivator (beets) 40 40 - 302 2 -

Slurry tanker, 10 t, spreading boomc) 12.0 3.89.9 656 16 142 5873

a) Standard Deviation; b) All crops; c) 35 t/ha.
Source: Nielsen and Sarensen (1994).

Table4.3 Fuel consumption on picking up and chopping of grass with precision chop forage harvester and
self loading forage wagon (all passes)

Machine types Effective Capacity Effective Yidd Dry Dry Fuel consumption
speed t/h working t/ha matter  matter ¥a¥%%¥aYa¥aYaYaYaYaYaVa
km/h width content yield I/t l/tdry confid. interval

m % t/ha matter 1/t dry matter

Trailed

Knife cylinder 7.2 226 25 201 337 579 130 3.86 3.20-4.52

Knife wheel 101 235 25 138 445 577 124 2.75 0.75-4.75

Multi knifecylinder 8.8 271 25 193 273 512 086 323 2.68-3.78

Self propelled

Knife cylinder 95 58.9 54 16.6 30.2 496 074 244 1.78-3.10

Self loading wagon

Multi knife cylinder 6.9 26.3 26 226 342 758 065 192 113271

Fixed cutter 95 221 33 142 364 480 071 207 1.19-2.96

Average 8.7 301 31 17.8 344 567 092 271
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Source: Nielsen (1991).
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Table4.4 Fuel consumption involved with transport and unloading of grass. Transport distance, 1,000 m.

Trailer type Load No. Fuel consumption

weight of Transport and unloading

kg loads YaYaYaYaYaYaYaYaYaVa

I/load In

High tipping trailer, 7 m3 2177 548 0.64 0.29
Forage trailer with side unloader 5,098 60 142 0.28
Low tipping trailer 2,086 61 0.79 0.38
High tipping trailer, 12 m3 3427 95 145 042
Farmyard manure spreader 3,293 66 221 0.67
Combi trailer 4,900 12 146 0.30
Self loading wagon a) 6,396 220 0.85 013
Average 3911 126 0.35

a) Only transport.
Source: Nielsen (1991).
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Figure4.1  Fuel consumption involved with transport (Tractor, trailer, material). Travelling speed: 25 knvh.
Tractor, about 65 kW on the PTO shaft. Y = 7.64 + 0.29x R* = 0.86
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Table4.5 Grass harvesting. Fuel consumption on mowing, conditioning, picking up, transport, unloading

and depositing into silo. Yield from 3 passes (10 t of dry matter per hectare)

Mowing Conditioning  Picking up Transport Type of Fuel consumption
silo YoY% YaYaYaYaYaYa
Ilha I/t I/t
dy 30%
matter dry matter
Rotary Rotary rake Multi knife Self loading  damp 60 6.00 180
without crimper cylinder wagon
Disc, crimper, belt Multi knife Self loading  damp 61 6.10 183
cylinder wagon
Disc, crimper, belt Knifewhed, Silagetrailer clamp ) 62 6.20 186
trailed
Disc, crimper, belt Fixed cutter Self loading  damp 63 6.30 189
wagon
Disc + crimper Rotary rake Multi knife Self loading  damp 63 6.30 189
cylinder wagon
Disc, crimper, belt Knifewhed, Combi trailer  damp 75 7.50 225
trailed
Disc, crimper, belt  Rotary rake Knifewhed, Combi trailer  damp 78 7.80 234
Self propelled
Disc, crimper, belt Multi knife Combi trailer  damp 86 8.60 258
Cylinder, trailed
Disc, crimper, belt Knifewhed, Silagetrailer  tower 0 9.00 270
trailed
Disc, crimper, belt Knife cylinder, Tipuptrailer damp 0 9.00 270
trailed
Disc, crimper Rotary rake Knife cylinder, Tipuptrailer damp 95 9.50 2.85
trailed
Disc, crimper Knife cylinder, Farmyard clamp 104 1040 312
trailed manure spreader
Disc, crimper Knife cylinder, Tipuptrailer damp 106 1060 318
trailed
Disc, crimper b) Rotary tedder Knife cylinder, Farmyard clamp 117 1170 351
Trailed manure spreader

a) Deposit into silo with conveyor/elevator no consolidation; b) Adverse weather conditions.
Source: Nielsen (1991).

Table 4.4 shows the fuel consumption involved with transport to and from field a a distance
of 1,000 m and at unloading. Because it has not been possible in this study to separate the figures
from trangport and unloading, a supplementary study concerning trangport was made, the results from
whichisshown in figure 4.1.

Table 4.5 shows the total fud consumption involved with harvesting of grass. The fud con-
sumption varies from 6.0 to 11.7 I/t of dry matter, depending on the technique and methodology
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used. The treatment methodology is both dependent on the techniques chosen and on the weether
conditions, on which the farmers have no influence.

Table 4.6 shows an example of the totd fud consumption involved with cultivation of winter
whest. The individua operations and the number of trestments made are lisged in the table. The totdl
fud consumption has been cdculated to 80 I/ha. 1t will be seen that ploughing isthe most energy de-
manding individua operation, and for that reason many studies have been made with reference to
finding soil treestment methods where ploughing is not needed, e.g. reduced soil trestment or direct
drilling. However, those methods have not been used very much.

Table 4.6 Fuel consumption involved with growing and harvesting of winter wheat. Conventional soil
preparation

Operations No. of Machines Consumption
treatments I/ha
Cultivation 2 Stubble cultivator 6.6
Ploughing 1 3 furrow plough with land packer 214
Sowing 1 Rotary harrow + seed drill 83
Fertilisation 1 Mounted broadcaster 20
Rolling 1 Cambridgeroller 16
Spraying 5 Field sprayer 75
Harvesting a) 1 Combine harvester 174
Transport of grain a) 1 Traler, 5t 32
Pressing of straw a) 1 Pick up baler 73
Transport of straw 1) 1 Trailer 1.5t 53
Total 80.6

a) Indirectly calculated. All other data were recorded in practice.

Cropyield: 6.5t/h

Sail type: 10-15% of clay
Field slope: 0-5%

Size of field: 4ha
Transport distance: 500 m

Doses of fertiliser: 800 kg/ha

Source: Pick et al. (1989).

Table 4.7 shows the fud consumption involved with direct drilling of wirter whest. It appears
that the fuel consumption can be reduced to about 49 |/ha, corresponding to savings of about 39%.

Tables 4.8 and 4.9 show thetotd fud consumption involved with field work on two different
crop rotations. In both cases, the totd cultivated areas are 72 ha, divided into six fields of 12 ha
Naturdly, the conditions will differ from one farm to the other in practise, but the possihilities to
modd the fud consumption will dill remain, only it will be alittle more complicated and time consum-
ing.
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Table4.7 Fuel consumption involved with growing and harvesting of winter wheat. Direct drilling
Operations No. of Engineering Consumption
Treatments I/ha
Sowing 1 Direct drill, 4m 4.6
Fertilisation 1 Mounted broadcaster 20
Rolling 1 Cambridgeroller 16
Spraying 5 Field sprayer 75
Harvesting a) 1 Combine harvester 174
Transport of grain a) 1 Traler, 5t 32
Pressing of straw a) 1 Pick —up baler 73
Transport of straw a) 1 Traler, 1.5t 53
Total 489

a) Indirectly calculated. All other data are measured in practice

Cropyield:

Sail type:

Field slope:

Size of field:
Transport distance:
Doses of fertiliser:

6.5t/h

10-15% of clay
0-5%

4ha

500m

800 kg/ha

Source: Pick et a (1989).

Table 4.8 Total fuel consumption involvedin a crop rotation systemrelated to milk production. Field size,
12 ha
Field No. Crops Fuel consumption
V2% Ya Y2 YaYaYa Y2V Y0 VsV
I/ha | total
1 Fodder beets 169 2,028
2 Spring barley 73 876
3 Total crop + underseed 111 1332
4 Grass clover 97 1,164
5 Spring barley 67 804
6 Winter wheat 87 1,044
Total fuel consumption for 72 ha: 7,248
Average per ha: 101

Source: Nielsen and Sgrensen (1994).



Thetotd fud consumption involved with fidld work in the systems related to milk production
amountsto 7,248 |, wheress it only amountsto 5,964 | in the sysems rdated to pig production. The
difference is mainly owing to the fact that in production of roughage (beets and total crop) the fud
consumption will be higher than on production of seed crops. Therefore, by choosing pig production
rather than milk production, savings of about 18% can be obtained. However, there will be greet
vaidions, because the fud consumption will depend on which crops are chasen and on the compos-
tion of crops.

Table 4.9 Total fuel consumption involved in a crop rotation systemrelated to pig production. Field size,

12 ha

Field No. Crops Fuel consumption
VoYY YaYaYaYVaYaYaYa¥aYa
I/ha | total

1 Winter rape 102 1,224

2 Spring barley 97 1,164

3 Barley + underseed 92 1,104

4 Grass seed 30 360

5 Spring barley 9% 1,152

6 Winter barley 80 960

Total fuel consumption for 72 ha: 5,964

Average per ha: 83

Source: Nielsen and Sgrensen (1994).

Basis of data in Denmark

In some areas the available basis of dataiis very comprehensive, and in other aressit is insufficient,
particularly in the areas of farmyard manure, commercid fertilisers, plant care and harvesting. The
number of studies made in houses for pigs and cattle is very limited, and moreover, the basis of data
regarding recent engineering is insufficient, as snce 1993 hardly any studies were made on energy
consumption.

The available data have been sufficiently documented. However, the studies were mainly car-
ried out on nearly flat soil containing 10-15% of clay. A higher degree of specification would be
desrable, especidly with reference to modeling, but then acongderably higher contribution of re-
sources would be needed. A suitable rate of amplification would be onefairly corresponding to that
found in connection with labour investigations, see equation 2. Thiswould permit a higher degree of
modelling instead of carrying out measurements in practice.

The reason why a higher degree of specification is desired is that the load on the tractor will
vary condderably depending on whether the implement is activated (main work), or if other part op-
erations are being performed, e.g. turning, reloading, filling, crop or soil stops, control and tending
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of machines, etc. (andllary and disturbance work). The fud consumption involved with ploughing will
eg. be 251/h when the plough is activated, but it will only be 5 I/h for ancillary and disturbance work.
If the digtribution of work is 70% for main work and 30% for ancillary and disturbance work, the
mean hourly fuel consumption will amount to 19 I/h. Ancillary and disturbance work, however, will
make up between 10 and 50% of the total work, depending of the nature of work.

Other factorsimportant for model caculations are: Size and shape of fidds, transport distance,
travelling speed, load Size, yield, dosage, materid capacity, etc.

International comparison of labour and energy consumption

Within the FAO European Co operative Networks on Rurd Energy, which operated in 1982-1989,
aseminar was held in April 1986 in Belgium on the theme 'Energy Conservation with Tractors and
Agriculturd Machines. A smdl working group was appointed to carry out comparative studies on
specific topics of energy conservation with fidld machinery. The report of the working group was pre-
sented at the Third Consultation on Energy Conservation in 1988 in Helsinki, Finland. It was
suggested to continue the study and widen the scope to include labour usage and costs of |abour,
energy, and machinery. The European Commisson on Agriculture decided in its meeting in May
1989 to establish a Working Group on Labour, Machinery and Energy Data Basesin Plant Produc-
tion. ThisWorking Group conssted partly of the following members of the previous group: E. Fick,
Czechodovakia, V. Nidsen, Denmark, and O. Noren, Sweden, and partly of the following members
of theinternationd organisations CIGR and CIOSTA: L. Weiershauser, Germany and R.K. Oving,
the Netherlands. Hungary was represented in 1990 by K. Kocsis, and later by D. Faust. The chair-
man of the group was E.H. Oksanen, Finland. The data was gathered in 1990-1992 from the seven
above mentioned European countries. The secretary of the working group, J. Palonen, assisted by
A. Laine and other researchers at the TTS Indtitute Finland compiled the data and unified it as much
as posshle.

The working group proposed that aso the energy usein animd production should continue and
enlarge itstheme. As FAO no longer was able to support the new group, it was set up asaCIGR
Section V Working Group named 'Labour and Technology in Milk Production’ (1993-1995). The
members of the working group were B. Sonck, Belgium, P. Keller and C.G. Segrensen, Denmark,
G. Szdesand J. Fges, Hungary, HW.J. Donkers, A. Migchds and G.H. Kroeze, The Netherlands,
J. Palonen and E.H. Oksanen Finland.

The nationa data from each country congsts of awritten description of plant production tech
nologies, awritten description of work study methods, alist of commonly used field operations and
tables of work phases used on cultivation of different crops. Each country provided data of the eight
following crops: spring barley, winter whest, sugar beets, potato for human consumption and four
other plants typicd for each country.

Comparisons were made of plant production technologies and of sdected fidd operations. The
parameters for both comparisons were labour requirement (ha), fue consumption (I/ha), fud cogts
(ECU/ha), machine costs (ECU/ha) and tota operating costs (ECU/ha). The compared field opera-
tions were ploughing, combine harvesting and sugar beet harvesing.
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All the values presented in the study were based on the data provided by the representatives
of each country, and they represent atypicd way of doing certain field work in the country. Produc-
tion cogts were origindly given in the local currencies and later changed to ECU.

The average labour requirement in study countries for spring barley and winter whest were
quite close to each other (10.7-11.9 Wha). The corresponding figures for sugar beets and potato
were 27.1 hhaand 38.1 h/ha. The variation between countries was great. For example, the lowest
and highest figures for spring barley were 5.3 hha (in Hungary) and 16.6 h/ha (in Germany).

Data from fuel consumption was in most cases not available. That iswhy it hasto be cacu-
lated. Average fud consumptions for spring barley and winter wheat were quite close to each other
(97 I/haand 101 I/ha). Thefiguresfor potato and sugar beets were dso close to each other (144 I/ha
and 149 1/ha). The variation was smdler than that found for labour requirement, but dill large. The
smalest and largest figuresfor spring barley were 73 I/hain Czechodovakiaand 125 I/hain Finland.
Only Finland has included the fud used for grain drying into these figures (55 I/ha). If thiswere left
out, the highest fuel consumption would be 91 I/hain Germany.

A comparison of dectricity consumption was difficult because not dl the countries were able
to provide reliable data on that issue. Also, the variation in eectricity consumption was very grest
from farm to farm within each country.

When evauating the results of the study, one will be surprised to notice the vast differences
between the countries. Some of these differences are due to the differences between circumstances,
such as dimate, farm and machinery Szes, prices of labour, fud and machinery, etc. But these differ-
ences do not explain it dl; there are some errors or at least some biasin the results.

Themain reason for the errors are the different work study and caculation methods used in
each country. This cregtes variation to the labour usage comparisons, which in turn affects dl the
other comparison parameters. The fuel consumption wasin many cases not measured, but calculated
by multiplying the time during which the tractor is used with the tractors nomind consumption a a
certain load.

Another factor to bear in mind when evauating the results is that the figures presented from
each country are only examples of atypica or traditional way of doing certain fidd work. Thereis
agreat vaiation in methods within each country. For example, new cultivation methods may change
the whole picture,

Before exact comparisonsin this area can be made, acommon standard for work studies and
caculation will be needed.
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5. Energy consumption in agricultural mechanisation

O.W.C. Vitlox and B. Michot !
Abstract

Air pollutionis closdy linked to fud consumption. Therefore, it is interesting to evauate the energy
employed in agriculturd engineering, especidly with a stress on soil cultivation techniques, soil com-

paction, and tractor/implement combinations. A greet part of the total energy consumed concerns sol

cultivation. This paper gives an overview of the parameters to be included in calculation modds and
of opportunitiesto save energy by a better knowledge of soil and implements. The greet variability
of available data for estimating the energetic needs of different culturd operations requires a stan-

dardisation of measurement methods. Moreover, the greaet number of parameters that influence these
measurements makes a globad modelling difficult. Thus it is necessary to isolate the main parameters
that influence the energy requirements to highlight the correlation's between forces and powers
needed by the implements and the required soil parameters. In thisway, data given by penetrometer
and profilemeter may be of great interest.

5.1 Generalities

Died ail, because of its energy dendty and rdatively easy and safe handling, is of outstanding im-
portance as an energy source for automotive machines and tractors. Despite the cost, another
important agpect is the change of the climate by the consumption of fossl energy and the conse-
guence on the environment.

In the EU, the average energy amount consumed for one hectareis over 4.2 kW. Less than
50% of ingtalled power is employed. Furthermore, machines are utilised only afew hundred hours
or even less per year, for example in Belgium, there is a combine harvester for every 33-35 ha of
cered, that isto say the overd| coefficient of utilisation for al sdlf propelled machines and tractors
is under 35%.

Soil cultivation operations account for about 38% of the total direct energy demand and 27-
30% of the total mechanisation costs, and harvesting represents 32% of the totd energy and 25-30%
of the mechanisation costs. The energy requirement variations for field operation are thus higher for
soil cultivation tools than for harvesting operations.

! Agricultural Engineering Department, Mechanisation Section, Agricultural Research Centre, Ministry of Small
Enterprises, Traders and Agriculture - Département Génie rural, Section Mécanisation. Centre de Recherches
agronomiques (CRA) de Gembloux. Ministére des Classes moyennes et del'Agriculture. 146, Chaussée de namur.
5030 Gembloux (Belgique). Td: +32 81 612501. Fax: +3281615847. vitlox@fgov.be &

michot@cragx.fgov.be
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In agriculture, the energy requirements are dosdy linked to the crop type. Average values for
field operations, from soil preparation to harvesting and transportation of the materid, are for example
of about 65 to 120 I/haof fue for cered cultivation, instead of about 165 I/hafor both sugar beet and
potatoes. Vaues exig, seetable 5.1, for different operations, but are gpplicable with difficulty in soe-
cific Stuations due to the grest number of parameters influencing the fuel consumption. Regarding
working conditions, the energy requirements could vary from 1 to 3 times. If the conditions are opti-
mal, acombine harvester should require an average fuel consumption of about 17 to 20 I/ha. If the
conditions are bad, the fue consumption could increase up to 25 I/ha. With the data of fud consump-
tion, we must specify, as much as possible, the information on the way the data have been taken and
in which conditions. Furthermore, if tractor and implement are not correctly matched during the test,
the values of fuel consumption may vary in alarge way.

Table5.1 Aver age performances of different implements

Machines and Nominal working Forward Working  Working  Averagefuel Averagefuel
implements with (m) speed (m) depth (cm) capacity  consumption  consumption
(ha/hour)  (litres/h) (litres'ha)

Stubble cultivator 285 6.0 6-8 128 99 17
Plough 4 furrow 170 58 26-27 0.79 16.0 203
Plough 4 furrow 167 71 21-22 0.95 135 142
Vibrotiller +

Land packer 325 6.0 10 147 135 9.2
Rotary harrow 3.00 56 5 126 105 83
Seed drill 3.00 80 2-4 143 7.1 49
Rotary harrow +

Seed drill 3.00 1.7 10 173 19.0 110
6 Rowsdrill, sugar beets 2.70 5.0 2-4 0.95 71 75
4 Rowsdrill, maize 320 55 2-4 114 83 73
Fertiliser distributor 12.00 7.0 370 7.1 19
Field sprayer 16.00 6.0 403 114 28
Combine harvester 4.3 45 125 315 252
Combine harvester 40 40 104 23.00 212
Sugar beets harvester 50
Forage harvester, maize 730
Straw baling 6.0

Looking at the first graph (figure 5.1) which represent fuel consumption curves, one can see
that:

- for apower requirement which remains condant, if the engine speed varies, the fud consump-
tion ismodified ; for example going from point A to point B, the power output is kept congtant
despite the engine speed reduction from 2,360 rpm to 1,360 rpm, the main consequence is
that the fud consumption decrease from 17.21/h to 13.8 I/h, thet isto say areduction of 20%;
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- with the fuel consumption, it is also possible to determine the power output which is required
by the field operation, but in this specific case the engine speed and the fud temperature must
be noticed, otherwise it isimpossible to eva uate the power which is demanded; for example
going from point C to D, the fud consumption is aways 18 I/h, but the power output decreases
from 65 kW to 54 kW, while the engine speed increases, that is to say a power reduction of
17%.

Those examplesilludrate the danger of evauating the required power output for a spedificfidd
task, only by measuring the fud consumption. The engine speed, the fuel consumption and the fuel
temperature must be measured, so as to compare with fuel consumption curves caculated from
bench testing results. 1dedly, the power required should be evauated by sensors able to measure dl
the condrains a implements levd.
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Figure5.1  Power and fuel consumption at partia Figure5.2  Power and specific fuel consumption
load at partial load

The second graph (figure 5.2), giving the specific fuel consumption, illudtrates the fact thet if
the tractor and the implement are not matched, the energy ddlivered by the tractor may be alot higher
than that required by ameachine or implement. Theided Stuation should be to have atractor for eech
implement, so as to make the engine rotate at the better speed and to have the right weight, or to
have implements which are the most appropriate to the task and to the tractor performances. For
example, if one have to use a 3m width rotary harrow at 4 kmvh the required power is 24 kW; the
specific fuel consumption is of about 330 g/lkWh at 2,000 rpm. If the working speed isincreased a
7 kmvh and the working width a 4.5 m, the required power for the implements aswell asfor traction

72



reaches 66.5 kW and the fue consumption fals down to 242.5 g/lkWh, dl the other conditions being
the same. The reduction is 16.5%.

Soil cultivation

The energy requirements could vary regarding agricultura practices: direct drilling, soil working depth
and number of cultivation passes. These are d 0 linked to crop type because the working depth de-
pends of the plant.

Soil cultivation impliesinnovative, low energy technologies and agronomic techniques gppropri-
ated for specific soil conditions. In addition, the improvement of tractor implement combinations
through the ingtalation of eectronic control systems on tractors must dso be taken into account. Pre-
liminary andlyses have indicated that average current energy could be cut by 35-40%.

Soil compaction

Theweight of tractors, implements, and saif propelled machinesis gpplied to the ground through their

tyres, which has severa consequences.

- s0il deformation (mainly in soil with low bearing capacity), which causes the increase of ralling
resstance, this strongly affects direct energy consumption, dl other conditions being the same;

- changesin the soil Sructure due to compaction and damage to vegetation, which decreaseyied
and often requires additiond tillage;

- saturated soil with low bearing capacity cannot be trafficked, which reduce the period of time
during which field operations may be performed and requires the use of large machines to
carry out thework in time;

- compacted soil strongly decreases hydraulic conductivity which leads to water run off and ero-
son with as main consequence pollution due to an increesing amount of pesticides & the outlet
of watersheds,

- higher use of fertiliser to compensate the lack of digposability of nitrogen due to its minerdisa-
tion.

Tractor implement combinations

When sdlecting atractor, the power required for atask to be achieved is often confused with the re-
quired drawbar pull; sometimes a higher powerlift is necessary to use implement combination. Asa
consequence, oversized tractors are purchased and underused.

In addition, implements are mostly selected based on their performances without considering
the requirements of rationdisaion, inherent to their combination. Furthermore, implements and tractor
could not be replaced in the same time. Consequently, the investment is not optimally used, which
leads to direct energy consumption far more important than necessary.
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5.2 Soil cultivation

The extreme form of reduced cultivation is direct drilling. This technique could lead to areduction of
fuel consumption of about 70-75%. Seeds are sown directly into unmoved ground after al weeds
being entirely controlled by spray gpplications. Such techniques are mostly used for cered crops,
however for sugar beet cultivation, modified equipment have been designed for deeper drip tillage.

Reduced depth of cultivation iswidely used to reduce energy consumption. Sub soiling every
three or four years may be necessary if compaction becomes a problem. Lower depth of cultivation
is a suitable technique for cereds. However, very shdlow cultivation is more dependent on the
amount of crop residues than on spraysto control weeds. Reducing cultivation depth has lead to sub-
dantid reductionsin energy requirements for cultivation. The energy reduction rate obvioudy depends
on the amount of reduction in depth of work.

Reduced numbers of cultivation operations may be achieved by usng combinations of imple-
ments. Reduced number of passes has gpplication to dl types of crops. The technique offers potentid
for saving energy, reducing labour needs and reducing soil compaction. Furthermore correct machine
Seiting can aso lead to energy savings, for example with arotary harrow excessive rotor speed re-
quires ahigh power input.

The common method for reducing the number of passes onto the ground is to combine secon-
dary cultivation mechanisms with aseed drill (table 5.2). The Sngle pass system, which both cultivates
and drills directly on cereal stubble, requires less energy and labour. The drilling rate is dso too low
because of the other implements in the combination. Both systems are used satisfactorily for cered
cultivation and give savings in time of 20-30%.

Combining cultivation operations with a drill not only gives energy savings and reductions in
tractor tracks, but traffic on judt tilled soil can be avoided diminating therefore, further soil compac-
tion.

Table5.2 Performances of several tillage techniques

Time/ha Fuel/ha Arealday Mini. pow.
Ploughing + seedbed
preparation and seeding 3h 4151 26ha 100 HP
Seedbed preparation and seeding
with pto driven implement (3 m) 45min 181 9.6 ha 130 HP
Seedbed preparation with
adisk implement (5 m), seeder (6 m) 30min 181 14 ha 120 HP
30min 181 14 ha 120 HP
Decompaction + seedbed preparation + seeding
1 pass 1h 24| 8.5ha 150 HP
2 passes 2h 4051 3.8ha 150 HP
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The best way to fit the power and energy required by implements reated to working depth and
travel speed, isto measure strengths, torques and speeds with sensors between tractor and imple-
ment (figure 5.3). So, it is possible to know their net power or energy needs, with a minimum of
interfering parameters. The fud consumption must be calculatied from these messurements, taking into
account of the tractor implement combination.

Figure5.3  Measurements of draught, torque and pto speed for a rotary cultivator

To avoid the need of repesting the tests for each condition, models have been developed to
link the required power or draught to soil conditions. To be practicdl, it is necessary to limit the num-
ber of parameters to be measured on the fidld, particularly soil parameters, which require long and
costly testsin laboratory. Most of the models devel oped for the determination of traction or power
needsfor tillage are based on afew parameterslike cone index, humidity, and soil bulk dengity. The
Cone Index isinternationaly recognised and used in numerous formulae. It is determined by intro-
ducing a cone shape probe (penetrometer) into the ground at constant speed. A load cell measures
the strength required to sink in the probe. The data processing determines the soil consstency, called
Cone Index, dividing the strength by the base area of the cone. S, it is possible to determine directly
the leve of soil compaction.
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Figure5.4  Drawing of the penetrometer
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The measurements with cone penetrometer are strongly influenced by soil humidity and alittle
bit less by bulk dengty. The accuracy depends on the kind of penetrometer and on soil variability.
With ahand indrument, more than fifty measurements are sometimes necessary on a parcd to have
asufficient accuracy, while with an insrument driven by a stepper motor, only ten messurements are
aufficient to reach the same precison.

Depth -cm-

Width -cm-

Figure5.5 Action of a teeth implement on the soil

For the determination of the Cone Index, there may be a great interest to replace punctua
measurements by a soil profile on which the action zone of the implement is shown. To display the
resstance profile of the soil, we use a penetrometer driven by two stepper motors, one for each axe
(figure 5.4). The measurements are regularly spaced (5 cm). With this instrument, a profile one meter
wide and 50 to 60 cm deep istaken. The points of same pressure vaue are linked by a curve (figure
5.5). Itisaso easier to see the action area of the implement to caculate the cone index of the con
cerned depth, to put it into the modd.

Using dimensond andyss and data obtained in field tests, Upadhyaya et d. (1984) have de-
termined, by regression, a smple equation for draught of tillage implements (Ft) related to depth and
width cut, working speed, bulk density and static cone index. The equation is of the form:

F =B, >Clxxz+B,x, »x2Xx?

where | =width of implement
Cl =dadtic coneindex
rh =wet bulk density
z =working depth
v =working speed
BO =0,05
B1 =0,001
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5.3 Soil compaction

Thereisadirect connection between crop/soil management and soil compaction as well as between
compaction, tillage, and traffic operations.

Forces applied by tyres, tracks, tillage tools, and vibratory devices, cause soil compaction,
modifying the pore volume and pore structure of the soil by reducing mainly the size of the macro-
pores. Furthermore, soil behaviour varies widely from one soil type to another as wel as with
moisiure content.

Especidly in dimaticdly deviaing years, soil compaction crestes a higher energy demand and
a greater number of tillage operations. At the same time, yields are decreasing as a result of over
compaction.

Ten years ago, Lyne et d. (1989) reached the conclusion that the dynamic load and inflation
pressure of pneumatic tractor tyres greetly influence traction efficiency. Results of experiments have
shown that the difference between maximum and minimum traction efficiency can be up to 30%.

Implements draught aso increases with soil compaction. Traction resstance for ploughing op-
erations (ASAE Standards, 1990), expressed for a sngle plough section, is given for plough bodies.
It is expressed in N/ and the speed in kmvh

f.=a+bv?

Silty dlay (South Texas) 70.000 + 490 v
Decatur clay loam 60.000 + 530 v
Silty day (N Illinois) 48.000 + 240 \*
Davidson loam 30.000 + 200 V2
Sandy silt 30.000 + 320 V*
Sandy loam 28.000 + 130 V?
Sand 20.000 + 130 V*

For an increase of 0.1 g/cm? of the soil bulk density or 1% of the soil moisture content, the
traction res stance has to be respectively increased and decreased by 10%. Our services have mess-
ured a draught resistance difference up to 40%, with various soil conditions when soil dengity varies
from 1.30 g/cm@ to 1.70 g/cme.

Therefore, keeping these aspects in mind, there is aneed to reduce soil pressure to improve
soil conditions and to reduce energy consumption. In earlier times, most of the soil compaction oc-
curred during soil cultivation and could be removed by normd tillage practices. Equipment increased
in 9ze and weight, and traffic now extends to many other operations. This dramétic increase in
power, weight and numbers of operations not only affects the cultivated layer, but may aso cause
gradud deterioration of the subsoil structure. Thereis a need to develop systems that avoid subsoil
compaction. Research is therefore particularly required to determine the relationship between whedl
and traffic tracks, the action of tillage tools on the one hand, and soil compaction on the other hand.
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The pressure at one oot below the surface of the soil isafunction of the contact pressure and
the area over which the pressure is gpplied (totd load). It was commonly believed that an increase
of dimendons of the tyres, section width or diameter, would not result in compaction increase aslong
as inflation pressure could be kept congtant. The view that congtant inflation pressure gives no in-
crease in compaction has been discredited, at least for the Situation when the tota |oad has not been
taken into account. Currently, it could be consdered that the zone of critical compaction occurs deep
below the whed rut, increasing with the tyre width.

In the padt, frost and thaw were believed to relieve the negative symptoms of compaction
which may be true as long as the totd weight of the implement only influences the topsoil or the
ploughed layer. Tridsin Bdgium with shdlower tillage showed that the previous sole plough remains
unchanged after 15 years of non ploughing.

When compaction below the ploughed layer has been recognised, subsoiling was tried by many
farmers to reieve these problems. Beside the high level consumption for this operation (more than
40 |/ha), results have been varigble. The reason may be differences in weather and soil conditions.

The weether interaction in the rlationship between soil compaction and plant growth is evident.
A plantisaliving sysem and its development is influenced by the ability to obtain sufficient require-
ments from its environment at the correct time. It is quite possible to produce good yields in very
poor physical soil conditions, when for example rainfal occurs daily during critical periods.

Moreover, soilsthat have been subsoiled are very vulnerable to further compeaction. The cost
of subsoil amelioration can therefore only be judtified if no Sgnificant recompaction is anticipated.

The use of the rut depth to characterise the soil compaction has the advantage of smplicity but
does not provide data related to changes within the soil. Thereis no single approach on theoretica
or practica grounds that will provide information about the nature or the didtribution of these changes
Many relevant properties should be measured, as circumstances permit.

Thee are:

- for the soil: dry bulk dendity, porosity, permeability and diffusivity, strength, cone resistance,
shear strength, surface bearing strength, soil surface and subsurface deformation, stress distri-
bution, clod and aggregate characteristics, textural andysis,

- for the tyreftrack: load, dip, contact areas and contact pressures on hard and soft surfaces, tyre
deflection, impact loading, satic loading, soil water status and compactability of field soils.

Regarding to rolling resstance, it has been pointed that two main parametersintervenein this
phenomenon. They are linked to tyre characteristics, mostly inflation pressure and to soil bearing ca-
pacity, as shown in table 5.3 (Dwyer et al., 1987).

Usng a profilemeter (figure 5.6), with two screw jack driven by stepper motors for the shifting
along axes and with alaser cell to measure the distance from the soil to the frame, one can andyse
the soil deformation for different types of tyres, different pressures and loads.

Infigure 5.7, we can see the negative footprint of atyre. Fixing areferencelevd, it is possble
to determine the deformed soil volume and the link with the tyre ralling resstance. The projection on
a plane gives the representation of the level curves and an idea of the pressure digtribution on the
contact area, combined with the profile resstance (figure 5.8).
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Table5.3 Rolling resistance for different driving tyres, inflation pressure, and load

Front wheels Rear whedls Rear whedls
Tyretype 16.9/14-30 184/15-38 18.4/15-38
Load 2280 kg 3260 kg 2860 kg
Inflation Pressure 1.3 bar 1.4 bar 1.1 bar
Field conditions kN % kN % kN %
Dry grassland 18 84 27 84 23 82
Dry stubble 20 89 29 9.0 24 86
Wet stubble 24 10.7 35 110 29 103
Dry loose soil 26 116 38 118 32 114
Wet loose soil 36 16.1 54 16.8 44 157

Figure5.6  View of the profilemeter

This presentation alows the comparison of severd types of tyres related to load and pressure.
In figure 5.9, two tyres of different Szes were used to support equal loads with the same inflation
pressure. We can see that the deformations are different and that the pressure is more uniform with
wider tyres despite the fact that the inflation pressure could be lowered for the wider tyre and there-
fore would give an even better distribution of contact pressure.
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250 mm

Figure5.7  Footprint of atyrewith projection of level curves
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Figure5.8 Compaction profile after travel of tyresinflated at 3 bars

Research results should again cdl attention to the practice of using tyres with alow ground
pressure to support heavily loaded vehicles on culturd soils. If the total load on the tyresis above
some critica leve, then the subsoil may be severdy compacted regardiess of how the weight is
spread over the soil surface by the tyres. Axle loads above 6 tons may result in compaction at a
depth below 40 cm.

Combined with the profile resstance, these resullts suggest that thereis an optimum leve of soil
compaction in relation to crop performance and economic returns.

It isevident from the foregoing thet the reduction of compaction is essentia for amgjor reduc-
tionin tillage energy inputs and to the maintenance and improvement of crop yieds. Modern cropping
systems are based on agricultura machinery and this equipment is responsible for most of the soil
compaction.

If therut is reduced by two (14 to 7 cm), the working depth is reduced in the proportion and
the energy consumption is decreased by 40 to 50% for seedbed preparation.
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Asaresult of alower rolling resstance, an increase in traction efficiency isdso obtained. To
caculate thisimprovement, the formulae presented by Gee Clough (1980) can be used. Reduction
of rolling resstance (and dip) resultsin an increase of gpeed, reducing the costs of more than 10%.
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Figure5.9  Comparison of two types of tyre, for the same load and pressure

5.4 Tractor/implemert combinations

For soil cultivation, in mogt cases, less than 60% of the total power available is utilised. For cultiva-
tion, an improvement in the tractor/implement combination will produce a large return as an
improvement in efficiency, with particular reference to the medium to large tractor coupled with a
plough.

All the other mechanised field practices represent approx. 60% of the tota tractor consumption
of diesd oil per year. For these operations there is aneed to optimise the tractor/ implement combi-
nation and to give farmers smple procedures to choose the best implement dimension for a specific
tractor, taking into account the three main types of power tranamisson from tractor to the implements:
by traction, by PTO and by hydraulics.
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Because of the high technica sandard of tractors and implements, energy savings by improving
tractor and machine design are expected to be minor compared to cost reduction by reduced cultiva-
tion. But there is no doubt thet it is precisdly this high standard that makes it difficult for the farmer
to utilise this sophidticated technology efficiently. Improvement of the efficiency of tractors and imple-
ments and reduction of costs require both information technologies to enaole the farmer to make
optimum and timely use of the technology and a smple procedure to be used by farmers for their
choices, to sdlect and match tractors and implements most efficiently.

Electronics are the hardware of the information technologies, the knowledge for the modds
arethe bagsfor the software; data from fidd tests provide the red link between the software and the
physica redity. Currently, technology is ahead of available data

Theoretica congderations, computer smulation, and field tests indicate that energy savings
seemto belikdy a different levels:

- engine the minimum specific fud consumption of agood tractor is a present less
than 220 g/kWh. It can be assumed that further improvements in tractor
diesd engines are ill possble;

- power train: itiswel known thet the increesing number of gears and more shift comfort
increases labour efficiency but decreases the power train efficiency. Tak-
ing these tendencies into account especidly for abigger shift comfort it is
doubtful whether the power train efficiency will be sgnificantly improved
(shift comfort is not aluxury, it is necessary to enhance farm work effi-
ciency and relieve the operator);

- maintenance: severd fidd tests show that tractors and implements in working condition
have sgnificantly higher fue consumption. They aso show tha by ade-
quate maintenance this fuel consumption can be reduced. Fuel savings of
5%, in some extreme cases even 25%, are possible. For example, when
the air flow is reduced about 7 to 22% because of arestricted air filter,
the fuel consumption may increase up to 10 to 20%. Testson tractorsin
use in Belgium show that more than 40% have specific consumption
higher than 5% above the references (figure 5.10);

- power/massratio:  computer models show that for draught work an increase of the tractor
mass by 10% by ballasting can result in fud savings of about 3%, which
every farmer is aware of, but this is not without problems in respect to
soil compeaction. Consequently, inflation pressure of the tyres must be
adapted;

- 4 whed drive: using the results of tyre tests prove that even on dry soil, fud savings up
to 5% are possible by using 4 whed drive; by blocking the transmisson
eachtimeit is possble save 2 or 3% dip of the whedls,

- engine loading: whenever tota engine power is not necessary to perform aparticular task, fuel
can be saved by using lower engine speed, well known as'gear up; throt-
tle down'. Energy savings up to 25% can be achieved, but it is necessary
that the right gears are available to use low engine speed.
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Figure5.10 Specific energy consumption of Belgian tractorsrelated to reference
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Figure5.11 Determination of torque, speed, power and probability density of a rotary harrow
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Unfortunatdy, it is not permissble smply to add the percentages of the different savings, but
it may help to identify the most promising topics.

To have agood traction/implement combination, it is necessary to know not only the mean of
the condraints, but aso the probability dengty, to determine the load rate of the tractor (figure 5.11).

5.5 Proposalsfor estimating fue consumptions

Numerous data exist on energy consumption in agriculture. Those data depend on the manner they
have been measured, on the matching of tractor and implement, on the load rate of the tractor and
on severd parameters which are difficult to evaluate. These parameters are related to the soil (type,
composition, moisture content, etc.), to the machine employed (type, weight, tyres, etc.) and findly
to the crop itsdf.

It would be reasonable to cover different crops and cultivation treetments but, at the sametime,
to include both compaction and tractor/implement aspects.

Models for caculating fue consumption exist. Generdly, they are used to determine in-
teractions between the soil and the machine. The evauation parameters are mostly based on field
experimentation with the help of specidly designed testing benches to determine the influence of each
parameter, one by one, to be included into a generd formula.

In 1974, R.D. Wismer and H.J. Luth introduced a model about off road traction prediction
for wheded vehides, involving the load (W), the towed force (TF), the pull (P), the torque (Q), the
dip (S), and awhed parameter (Cn), which depends on the unloaded tyre section width (b), the ur
loaded overdl tyre diameter (d), the load (W) and the cone index (Cl), which expressed the soil
properties. Equations have been written for towed and driving wheel consdering three soil classes:
purely cohesve, purdly frictiond and cohesive frictiond soils. The generd equation of R.D. Wismer
and H.J. Luth expressed the traction efficiency:

%+0.04 ﬂr
yv(a- S
(1_ e-o.3cns)llj%/( )
th

The main interest into thisrdation isthe use of the Cone Index (Cl) which corresponds towhat
could be called the soil strength (consistency) or soil supporting stress. Cone Index is the force per
unit base area required to force a cone shaped probe into the soil at a steady rate.

In 1975, M.J. Dwyer presented a relation in which the geometric characteristics of tyres are
included in theratio of the tyre deflection and of the tyre section height.
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With: f =tyrediameter
d = tyre deflection
h = tyre section height

In 1980, D. Gee Clough gave equations for the caculaion of the maximum coefficient of trac-
tion and the coefficient of rolling resistance. In both equations, the cone index is dso employed, as
well as the characterigtics of the tyre (dimensions and inflation pressure). Recommendations were
given about the relations between the drive tyre load, the speed and the power available, between
the tyre Sze, the load and tyre inflation pressure and between the draught load and the whed dip. In
the future, new researches have to be managed to adapt the old existing models to new tyrestype.

To determine the traction efficiency of tyres it is recommended to check on graphsinto which
curves represent the traction efficiency as afunction of whed dip. Obvioudy, the larger the traction
efficiency, the more the energy consumption is optimised.

Figure5.12 Singlewheel tester

Looking at figure 5.13, one can see that to caculate the fuel consumption for a specific task,
one could involve about 40 different parameters. However, to ease calculation, the most important
parameters must be identified instead of the ided parameters.

The firgt gep is to establish an internationdly recognised method for the fue consumption
measurements, for field measurement as well asfor laboratory or bench tests. The purposeisto build
amodel which can be used abroad, thanks to its base or its structure which must be standardised.
Thetractor that will serve to the field measurements has to be tested before. The curves have to be
established a different partid loads (figures 5.1 and 5.2). On the fidd, the fuel consumption hasto
be measured at the same time as motor revolutions and fuel temperature.

In a second step, the most important parameters have to be isolated from the large non ex-
haudtive list given above. An important parameter is one, which have a mgor influence on energy
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consumption and does not depend on a specific Stuation. Then, one has to determine the ability of
those data to be measured eadlly.

The fina gep is to establish a model, which includes those important data and leads to an
evauation of the energy consumption corresponding to a particular Stuation. Comparing the vaues
of the modd with those of the farm, we may caculate a correction factor.

Parameters Evaluation Parameters Evaluation
VoYY YaYaYaYVaYaYaYaYaYaYVaYVaYaYaYaYVaYaYVaYaYaYaYaYaYVa VoYY YaYVaYVaYVa VoY YaYaYaYVaYaYaYaYaYa
Soil type Onthefieldandin Tyrestype In technical specifications]
laboratory
Soil cone index Onthefield Tyressize In technical specifications]
Soil water content In laboratory Tyres pressure Onthefield
Soil composition In [aboratory Traction efficiency Onthefield
Working season Weight and ballast Onthefield
Landscape relief Onthefield Tool type In technical specifications]
Fiddsize Onthefield Tool size In technica specifications
Country Onthefield Tool working depth Onthefield
and width
Tractor brands Intechnical specifications Fitting equipment to thetask  Onthefield
Tractor type 2 or 4 WD Intechnical specifications Transporting time, speed Onthefield
and distance
Slip of thetyresonto  Onthefield Turning time Onthefield
the soil surface
Gear ratio Onthefield Repairs, clearing Onthefield
blockage time
Engine output curves  In laboratory Farming system
Power transmission Onthefield and Farming practices
efficiency in laboratory
Transmission type In technical specifications Yidd Onthefield
Working speed /
rated speed Onthefield Dosage (fertiliser) Onthefield
Loading on theengine Onthefield Fuel temperature Onthefield
and in laboratory and in laboratory
Energy required at
the drawbar or p.t.o. Onthefield and Human Factor
in laboratory

Figure5.13 Parametersinvolved in the estimation of fuel consumption

5.6 Conclusons

Energy or fud consumption cdculation in the agriculture is not redly Smple. The number of parame-
tersthat have to be included into formulae islarge. They are related to soil properties, to crop type,
to power providing machines, to soil working machines, and to interrelation between dl of them.

To edimate the amount of energy employed during field operations for example, one can use
exising modds leading to agross vaue. Generdly, those models involve severd steps.
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- mechanica soil properties measurements for having the Cone Index value (penetrometer);

- identification of the technica specifications of the machine, or tractor and implements, induding
weight, tyres type and geometry, engine curves (torque, power output at the pto, engine
Speed), specific consumption curves, €tc.;

- implements power requirements determination (sensors and specific curves);

- whed dip evauation (sensors);

- traction efficiency caculation;

- rolling resi stance evauation (profilometer and penetrometer);

- implements efficency measurements,

- tota energy demand calculation (traction and field operation), in terms of power (KW/ engine

speed);
- fud consumption determination (I/h or 1/ha) regarding to the tota power requirement.

Machine parameters can be evaduated thanks to charts or graphs determined in laboratory and
measured on the field with the help of sensors. A globa modd, in which parameters correspond to
aspecific fidd operation, do not yet exist. Therefore, the use of sensorsis Hill necessary, until enough
values are provided for a database.

Regarding soil properties, authors have determined categories of soil types with parameters
to beincluded in models, but it could be more precise to measure them directly with penetrometer.

Thefollowing topics have to be consdered with priority:

- energy requirements for implements and machines, in different soil conditions (region or coun
try);

- determination of the relationship between soil conditions, ground pressure, axle load and the
depth and severity of soil compaction;

- building of amodd including interactions between soil, implement, tractor and crop;

- application of the mode in afew well-known conditions, where practical data are available,
in order to compare and correct the modd.
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6. Direct and indirect energy usein arable farming -
an example on winter wheat in Northern Germany

J. Moerschner and B. Gerowitt *
Abstract

Energy use in agriculture recaives increasing interest. There ill isalack of accessble, complete life
cycleinventory data sets on farm leve. Data should be documented based on substance and energy
flows within the whole consdered farming system. A short description of the energy coefficients se-
lected for caculation is given, Snce the way of generating the energy coefficients for each agriculturd
upply has an important influence on the caculation results. Inthis study, dl energy input findly is con
Sdered as primary energy use and it is budgeted at the farm gate. As a case sudy on energy
budgeting in agriculture, production data of winter whegt, obtained from the INTEX project a the
Univergty of Gottingen, is used for the caculations. N fertiliser and diesd fud use are identified as
the main energy input factors (about 65% of total together), tillage, harvesting and storage processes
as the operation categories with main influence on energy use for mechanisation. The discusson fo-
cuses possihilities to generdise and to improve the assumptionsin the case study aswell as occurring
problems.

6.1 Introduction

Initidised by the world energy crisisin the seventies, figures on energy use and energy efficiency of
agriculture gppeared in scientific contributions in Germany (L Unzer, 1979; Weber, 1979). Rough as-
sumptions or averages were often used in order to show magor potentials for saving energy and to
increase energy efficiency in agriculture (BML 1979, KTBL 1987).

Often foss| and renewable energy sources (agricultural ones like biomass or non agricultura
ones likewind or direct solar energy) were compared (e.g. Hartmann and Strehler 1995). Recently
energy budgetsin agriculture are calculated in order to identify and promote sustainable farming prac-
tices, which should help to save limited resources (e.g. Moerschner et d., 1997a, b, Geler et d.,
1998).

6.2 Calculating direct and indirect energy use data required

! Research Centre Agriculture and the Environment, Georg-August-Universitat Gottingen, Am Vogelsang 6, D
- 37075 Gottingen, Germany; e-mail: jmoersc@gwdg.de; Phone: +49-551-399341; Fax: +49551392295; Homepa-
ge: http://www.gwdg.de/~jmoersc/internet/haupte.htm
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A main problem of various presented agriculturd energy budgetsis that some of the used energy co-
efficients are not yet directly connected to the underlying substance flows, which are suggested as
basic references in point 5.1.2.2 of the SO standard 14040. Therefore, such documentation can
hardly be used unprocessed within LCA according to the 1SO standards 14040-14043. The link
between subgtance and energy flowsis definitely required when energy consumption as well as con
nected emissions and depletion of natural resources are to be studied in combination.

As another main task, energy input for LCA purposes should be initidly expressed in percent-
ages on end energy leve; primary energy use may be derived from this figures afterwards. Detalls
which have been induded into the underlying process chains must become clear by the documentation
(system borders, e.g. trangports taken in account or not), in order to have an equa leve for further
budgeting. In this sudy, dl energy input findly is consdered as primary energy use and it is budgeted
at the farm gate. For most indudtrid inputs, the primary energy coefficients were gathered by trans-
forming end energy use figures dong the process chains reported in literature into primary energy use.

6.3 Energy coefficientsand agricultural energy use data
Any cdculation of energy use requires energy coefficients for dl relevant variablesin the substance

flows. Aggregated primary energy coefficients of inputs and outputs required for calcuating agricu-
tural energy use are givenin table 6.1.

Table6.1 Energy coefficients used in the case study for supplies, grainyield and storage processes (inputs:
MJ primary energy per functional unit)

Main category Sub category Energy Functional ~ Source, comments
coefficient unit
Diesd fud, ail, 473 MJkg Kaltschmitt and Reinhardt 1997 a)
[ubricants
Electricity 114 MJkWh Kaltschmitt and Reinhardt 1997 a)
Fertiliser N 47.1 MJkg Kaltschmitt and Reinhardt 1997 a)
P,Os 157 MJkg Kaltschmitt and Reinhardt 1997 a)
K,O 9.3 MJkg Kaltschmitt and Reinhardt 1997 a)
Ca0 21 MJkg Kaltschmitt and Reinhardt 1997 a)
MgO 0.00 MJkg contained in K,O fertilizer, own
assumption
Pesticides activeingred. 274.1 MJkg Kaltschmitt and Reinhardt 1997 a)
Seeds winter wheat 25 MJkg Kaltschmitt and Reinhardt 1997 a)
Machinery 705925 MJkg Scholz and Kaulfuss 1995
Storage processes 017 MJkg Diepenbrock et al., 1995;
15kWh/t grainyield
Grainyield, whest 145 MJkg Brenndorfer et a., 1995; 85%
dry matter
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a) Slightly adapted by own calculations.
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Figureson diesel fuel use for specific fidd operations differ serioudy, because of:

- differences in tractor make (brands);

- differencesin demand for mechanica energy for specific cropping activities (e.g. one hectare
ploughing versus oreading of pesticides).

In addition, working depth, soil types, dope, and fidd Sze cause variation in diesd fud use per
hectare a the same work category. Since these variaions have not been quantified in detail in Ger-
many yet, actud caculations normally are done with average figures for diesel fuel use per hectare
or per working hour. Either the average mechanica energy needed for a specific field operation is
taken as reference for the diesdl fue use (e.g. 220 g/kWh of power, Hartmann and Strehler 1995),
or the average tractor power category used on the farm for a specific field operation (e.g for a80
kW tractor about 9.2 kg/h, Scholz and Kaulfuss, 1995; KTBL, 1994; Moerschner et d., 1997ab;
Moerschner and Gerowitt, 1998).

The working hours for specific field operations are taken from standardised data bases, which
provide figures of alarge variety of different cropping practices and machinery sizes/ typesand dso
of variationsin field Sze (KTBL, 1994).

In this study caculation of direct energy use per hectare for each cropping activity follows
equation (1):

ED = h*AFU*PEU* RU (@)

ED = Direct energy use (diesd fud and motor ail) for a specific cropping activity (primary en
ergy, MJha).

h =  Specific working hours per run (Wha, KTBL, 1994).

AFU = Averagefud use per working hour and used tractor category (kg/h, 2% for motor ail
added, KTBL, 1994; Scholz and Kaulfuss 1995).

PEU = Specific primary energy use per kilogram diesel fud and motor oil, caculated from the
use of end energy sources, including the process chain for production (MJkg,
Kdtschmitt and Reinhardt, 1997).

RU = Runs, number of applications in the consdered cropping period (1 to n gpps,, from

cropping data).

Lubrication of motorsis assumed 2% of the totdl diesdl fuel use and the amount of motor ail
is added to the direct energy use (KTBL 1994).

Fertilisers for caculaing the energy usefor fertilisers (nutrients N, P, K, Mg, Ca) under Ger-
man conditions data from Katschmitt and Reinhardt (1997) are considered. They represent German
averages of origin and nutrient content, assuming furthermore typica production processes and effi-
ciencies per kilogram of each nutrient. Origina data provide figures on specific end energy use, which
were then converted into primary energy use. For Mg it is assumed, that the nutrient is contained in
the soread amount of potassum fertiliser (40% K20, 6% MgO) with no need for extraenergy input.
The amount of basic fertilisers soread per hectares also adapted to average conditions, though de-
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talled figures are documented in the INTEX project. Hereby, only the average nutrient export per
t dry matter grain yield in the referred year istaken in account (8 kg P,Os; 6 kg K,O; 2 kg MgO;
HYDRO agri 1993). Resulting figures are documented in table 6.2. The amount of Ca fertilisation
is taken from LK Hannover (1997). Possible soil melioration aspects have not been considered.
Spreading of basic fertilisers is assumed as one time in the crop rotation for each nutrient (dl three
years, K and Mg together). Therefore, only a percentage (33%) for those activitiesistaken in ac-
count in the referred year. Manure was not applied.

Pesticides: an average of 274.08 MJkg active ingredient for the production of pesticidesis
used, relaying on data for about 40 substances (Green, 1987, adapted by Katschmitt and Reinhardt,
1997). The energy use is consdered to be primary energy use, the average is derived from end en-
ergy use data.

Seeds: because seeds are primary agricultura products, energy consumption for the production
of seedsfor whesat can be gpproximated by an iteration of known or virtud standard production pro-
cesses. Energy usefor aspecid treatment of seeds (more plant protection, sharper deaning, dressing,
and packaging) and for trangportation to the farm isincluded (Katschmitt and Reinhardt, 1997).

Machinery: the contribution of machinery to the total energy demand on the farm varies, de-
pending on fam sze and type, the number of different crops within the rotations, the cropping
intensity and the level of mechanisation. In the presented study, average figures are used, based on
Scholz and Kaulfuss (1995). In detall, they are cdculated for each cropping activity following eque:
tion (2).

EID = ((TW* CED)/UL)* h* RU 2

EID = Indirect energy use for a pecific cropping activity (MJ).

TW = Totd weight of the specific machine (kg, Scholz and Kaulfuss 1995 and other sources).

CED = Cumulative energy demand, accounted according to VDI 1997, energy for space re-
quirements for machinery housing as part of maintenance included (MJkg, Scholz and
Kaulfuss 1995).

UL = Asumed totd usein lifetime (s8if propelled machinery: totd h, other mechinery: totd ha,
KTBL, 1994 and Scholz and Kaulfuss, 1995).

h = Specific working hours per run (Wha, KTBL 1994).

RU = Runs, number of gpplicationsin the cropping period (1to n apps., from cropping data).

Sorage processes. ademand of 170 MJit net grain yield (at 85% standardised dry matter
content), mainly for cold ventilation was found in literature for al mechanica processes of storing
(storing, cold ventilation and cleaning; Diepenbrock et d., 1995). Assuming electricity use thefigure
is transformed into a coefficient for end energy use dividing the 170 MJit grain yield by afactor of
11.4 MJKWh. Indirect energy input in this part of the process chain was not considered since no
figures were available. Grain drying with heated air is not considered, since it can be avoided in the
region of Gottingen under normal harvest conditions.
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Grain yidd: granyiddistrandformed into energy terms by its specific lower heating vaue (H,
at 85% dry matter content; Brenndorfer et a., 1994).
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6.4 Production inventory of winter wheat, a case study

Cropping data are collected in the INTEX project a the Univergty of Géttingen on sngle fidd leve.
Detailed information's about the conceptua background and on recent results of the whole project
are given by Gerowitt and Wildenhayn (1997). A typicd Northern German three year rotation con-
S9s of rape seed, winter whest, and winter barley. The example origins from the arable farming
system cdled 'Good Farming Practice, representing a reference system, grown at the location Rein-
shof, nearby Gottingen.

Generdly dl reported substance and energy flows refer to the farm gate as system boarder.
For the energy input evauation, the whole production chains for supplies areincluded, asfar asre-
ported by the corresponding authors (see section 6.3). As functiond unit, one hectare of arable land
is used, cultivated with winter whegt. All energy budgets are calculaied on fidd levd (figure 6.1). The
fidd szeis 3.2 ha, fidd to farm distance is assumed to be one km. The reference cropping period
is 1996/97, beginning with stubble cultivation and ending with the Storage, ventilation and cleaning
of the grain yidd. The straw was not used, but chopped and left on the field.

Table 6.2 Aggregated production inventory per hectare of winter wheat production

Main category Sub category Quantity/ha Comments Data quality a)
Seeds winter wheat 220 kg C
Mineral fertilizers N 170kg CAN C
PO 61.68 kg TSP, as nutrient export C/L
K,0 46.26 kg MOP, 40%, as nutrient export C/L
MgO 1542 kg in TSP, as nutrient export C/L
Ca0o 300 kg according to reg. extension advice L
Pesticides activeingredients 146 kg total amount, incl. seed dressing C
whole pesticides 4041 total amount, incl. seed dressing C
End energy use diesel fuel 83.901 =100,481 (densitiy: 0,835 kg/l) Oo/L
[ubricant motors 168kg 2% of diesel fuel L
electricity 135 kWh storage, ventilation, cleaning C/L
Human |abour working hours 473h hours of machinery use counted only O/L
Capitals machinery 8.36 kg material depreciation asin economy O/L
Yied grainyield 9071 kg average of yield reference plots C

a) C = Cropping data; L = Average figuresfrom literature; O = Own calculations, usually combined from more than
one source.
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Figure6.1  Calculation matrix of the INTEX energy budgets
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The following field operations were undertaken during the cropping period 1996/97:

Badc fertilistion M echanisation: from the whole rotation calculated (1/3)

Rotary spade harrowing 1 run

Poughing lrun
Rotary harrowing + mounted drilling machine lrun
N fertilisation 3runs
Plant protection 5runs

Harvest (threshing, trangportation to farm)
Storage on farm (storing process, two times cold ventilation for drying, cleaning)



Table 6.2 gives an aggregated extract of the reported information on substance flows.
The figures in table 6.2 can be processed for aggregation in energy terms (MJha) with the
corresponding energy coefficients as suggested in table 6.1.

6.5 Results

Two ways of presentation of the results have been sdected to illudtrate the main influences within the
total energy budget (figure 6.2 and figure 6.3).

90007 7994

Primary energy input (MJ/ha)

Electricity
Seeds

N-fertilizer

Pesticides

+
E:
:O
=
T2
» 9
9 E
[a)
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ergy input groups

Figure6.2  Total primary energy input (MJ/ha) split into different groups of suppliesin the selected wheat
cropping system
Source: Reinshof, 'Good Farming Practice', (1996/97).

Tota primary energy input adds to about 16,780 MJha. Asmain consumers of energy the N
fertiliser (7,994 MJha; 47.7%) and the diesd fud use (3,390 MJha; 20.2%, motor oil included) are
identified (figure 6.2). Additiona energy input is observed for basic fertilisers (2,040 MJha; 12.1%)
and for dectricity (about 1,540 MJha; 9.2%), whereas peticides, seeds and indirect energy for me-
chinery use have only margind importance (figure 6.2, bars 3, 4 and 7).

Focusing on the part of energy use for mechanisation (direct and indirect energy for mechinery
use), the main energy is used in fidld cultivation activities (1,590 MJha; 27.4%, seeding included),
harvest (1,500 MJha; 25.9%), and storage processes (1,540 MJha; 26.6%, most of thisfor ventila-
tion, only direct energy use included), while spreading of fertilisers and pesticides has only little
importance within total mechanisation (figure 6.3, bars 2 and 3). Indirect energy use for mechanisa-
tion takes 14.8% from total energy use for mechanisation, including diesd fud, motor oil and
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eectricity use (figure 6.3). Compared to tota energy demand indirect energy use for mechanisation
iseven lessimportant (5.1%, figure 6.2, bar 3).

Grain yield was 9,071 kg/harepresenting an energy output of 129,715 MJha, that is 112,946
MJ net energy yield or 7.75 MJ output per MJ input. Energy input per kilogram grain yidd is
1.85 MJKg.
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chem. plant
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Figure6.3  Energy input (MJ/ha) for mechanisation (direct and indirect energy) split into different groups
of cropping activitiesin the selected wheat cropping system
Source: Reinshof, 'Good Farming Practice’, (1996/97).

6.6 Discussion

Aspects of energy usein agriculture became most obviousto farmers as direct energy use on thefarm
(seefigure 6.2, bars 1 and 2). In contradt, in intendve cropping systems amuch higher amount of total
energy use (in the example about 65% of totd energy input) is caused indirectly (seefigure 6.2, bars
3-7). Therefore, caculaions including direct as well asindirect energy use, like the one presented
here, are basicaly required for any discussion on energy use and energy efficiency in arable produc-
tion. Separating these two ways of energy use will consequently lead to wrong condusions about the
most efficient way of saving energy within farming activities.

Congdering data qudity, three characteridtics with individua influences on the results are most
important: Variation and representativeness of the used cropping data, variation and qudity of the
energy coefficients and the way of connecting the two in dgorithmsfor individud caculations Since
itisimpossible grictly to separate these three aspects, the following discussion is Structured according
to the different operationd supplies.

Current approachesto assess diesdl fuel use should be improved. A combination of different
models suggested in recent literature islikely to give amore detailed way of gaining relevant data for
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specific cropping activities (Maegyer et d., 1995; Auddey, 1999; Nielsen, 1999; Vitlox, 1999) on
different levels of aggregation. However, such more theoretica calculations should be away's practi-
cdly verified by direct investigations of fud use on working tractors.

For moddling indirect energy use for machinery, the effective overdl sarvice time of aspe-
cific machine on afarm during its lifetimeis very important. KTBL (1994) and Kak and Hiilsbergen
(1996) give some rough orientation, but in redity a discrepancy will remain between the given eco-
nomic depreciation time and 'redl’ times of use, depending on farm sze and the level of mechanisation
and cropping intengity. However, on amore generdized leve of energy budgeting for arable farming
this part will usudly be of minor importance (see figure 6.2) and therefore might be taken in account
with average assumptions per hectare. Nevertheess, differencesin energy use between farming sys-
temswill gppear dso due to mechanisation intendity (see figure 6.3).

Hot air drying of grainwas excluded in the example, partly for methodical reasons. For dry-
ing processes, sandardised average figures are avallable for end energy use per amount or
percentage of withdrawn water. Different drying options gppear for ceredls, oil seed rgpe, maize, or
other arable products (e.g. Hydro Agri 1993). However, on alarger scdeit is difficult to decide,
which part of the whole harvest should be assumed each year to be dried in different regions. Fur-
thermore, the grain moisture a harvest, which requires drying for sorage, must be defined. This
depends on contracts between farmers and the grain using sector as well as on fundamental qudlity
criteria. Findly the demand of energy per difference percent of moisture content depends on Sarting
grain moisture and is not linear. If hot drying becomes necessary, a considerable percentage of tota
energy input can be expected for this process, eg. Auddey et d. (1997) caculate 10% of total en-
ergy input.

Congdering the energy usein fertiliser production, recent figures from Katschmitt and Rein-
hardt (1997), Patyk and Reinhardt (1997) and Kongshaug (1998) should be improved by more
gpecific data from the fertiliser indugtry. More details about the process chain definitions are required.
Average vauesfor energy consumption of N fertilisers per kilogram nutrient content cannot reflect
the on farm gtuation. Theindividua energy input by N fertilisers Srongly depends on the specific for-
mulation of the used fertiliser, considering epecialy the individua production processes and on the
origin of thefertiliser. Therefore the pecific N fertilisers used and their amounts should be reported.
Own sengitivity andys's showed areduction in total energy input of about 2,000 MJha usng figures
for individua N fertilisers from Kongshaug (1998) ingteed of the averages from Kdtschmitt and Rein-
hardt (1997). Relying on amean energy coefficient for tota N fertilisation will make the caculations
eader to handle on ahigher levd of aggregation (eg. EU). On the other hand, it can be expected that
this give only a very rough reflection of the real conditions.

Cdculating energy consumption for plant protection, the average energy use per kilogram
active ingredient as usad in this case study will be sufficient for most gpplications of energy budgets,
because pesticides are of little importance for the total energy demand in arable farming systems. In
fact, a great varidion in energy consumption for the production and formulation of different active
ingredientsin pesticides was observed, without correation to their usein agriculture (e.g. herbicide,
insecticide; Green 1987). Therefore, for more detailed investigations on energy budgets the energy
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use for each active ingredient gpplied during the cropping period is required. Here, actudly only little
information isavailable.

The amount of seeds gpplied per hectare is rather constant for each crop. KTBL (1994)
makes differences between best, medium and bad locations, so the amount might be standardised
for those three groups for modd ling German relations on a European leve without loosing too much
of important information.

The underlying datafor the cdculations here beong to alarge scded farming systems experi-
ment running since 1989 al management practices are therefore precisely documented. However,
the absolute figures presented here aso agree with more generdised caculations on use of supplies
and energy in German wheet production sysems (e.g. Scholz and Hahn 1998). The exampleisgiven
to illugtrate, which information generdly is required and how the data can be generated by models
in some parts. Of course, a case study cannot be representative, but it can show basic principles and
problems which will occur everywhere. The derived energy coefficients used for cdculations are se-
lected from literature, reflecting German average conditions and are usually based on reported end
energy use.

In future, awiddy accepted method for energy budgeting in agriculture, including system bor-
ders, energy coefficients and the referred leve of energy, should be gpplied to Stuations representing
different farm szes, farming intendities, husbandry practices and natura Ste potentias. Therefore, an
important task is to convince farmers or farmers organi sations about the benefits of providing data
on farming activities for LCA purposes.

Since the complexity of farming increase with the number of products, focussng on arable
farming is not sufficient for fina applications. Epecidly the exchanges between arable farming and
animd husbandry (eg. animd feed, manure, sraw) actudly cause some unsolved quedtions, eg. how
to quantify and to alocate substance flows and the energy consumption connected with organic fertil-
isers spread on arable land.

Appropriate production inventories (substance flows and end energy use) of different farm
types are dtill required to provide reliable and representative data on agricultura energy use, direct
aswdl asindirect, for further gpplication within LCA'sin the food sector. The development of adear
and concise framework for energy budgeting in agriculture, which is neither over smplified nor over
complicated but able to meet the specific demands of agriculture as an "outdoor business, built by
numerous individud and independent units with an immense diversity of production methods is a
chadlenge within the sector for the next years. It should be a same time transparent and suitable for
planning, for comparing and for marketing the agricultura production of food.
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7. Conclusions: data on energy use and fuel emissionsin
agriculture

P. Cortijo*
7.1 Introduction

This paper sums up the conclusions of the group working on ‘Data on energy use and fuel emissons
in gables, field machinery, irrigation and crop drying'.
The tasks of the working group were:
- to exhaustively list the parameters influencing energy consumption (‘whet aretheided datd);
- to select the most important ones, i.e. those whose variaions imply mgor modificationsin
fue consumption, asrelevant for a European database; and
- to figure out whether the vaues of these parameters are available for Europe (‘what is avall-
able today?/'what has to be done in the future?).

The energy consumption dealt with in the working group were:
- fidd energy consumption;
- drying and storing energy consumption (grain, potatoes);
- energy consumption in stables.

To grasp a complete view of the LCA data linked to energy consumption, the agricultura
sages leading to fud consumption should be listed and, for each stage, the whole life cycle of the
fuels consumed should be taken into account (seefigure 7.1).

The amounts of energy consumed at these different agriculturd sages may be dasscaly desig-
nated as the foreground data (e.g. fuel consumption for ploughing) whereas the data related to the
upstream and downstream stages (e.g. fuel production and combustion) correspond to background
data. Foreground and background data enable to calculate al the consumed resources (petroleum,
natura gas, water, etc.), the emitted pollutants and the generated waste linked to energy consump-
tion.

The working group concentrated on the foreground data. European models could first be used
for fuel production and current data on emissions from combustion could be completed by data re-
ferring to dl the normalised European cycles existing for the machinery used in the agriculturd sector.

Problems of alocation were not considered asit is assumed that no pre defined dlocation will
be chosen in the database. Such methodologicd choices will remain the decison of the LCA practi-
tioner.

! Ecobilan S.A., Challenge 92, 103 Avnue Frangois Arago, 92017 Nanterre Cedex.
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Diesdl production | 3| Diesel combustion | y| Ploughing

Y
Fertilisation

Diesdl production | 3| Diesel combustion | y]

Y
Pesticide
application

v

Diesdl production | 5| Diesel combustion | 3|  Harvesting

Diesdl production | 51 Diesel combustion | 3

A

Natural gas N Natural gas Ly Drying
production combustion

Heavyfuel oil | 5|  Heavyfudoil [
production combustion i

Figure7.1  Example of stages that should be considered in the database for energy consumption and fuel
emissions

7.2 Energy consumption for field operations

Table 7.1 presents the parameters identified by the experts as influencing the amount of energy re-
quired for agiven yield of agiven crop and those which where sdlected as the most important. This
selection was based on an gpproximation of the maximum variaion in energy corsumption when the
vaue of the parameter varies.
The main types of fidd operaions are the following:
- preliminary soil cultivation (eg. stubble cultivation, succeeding harvest);
- primary soil cultivation (eg. ploughing, heavy fied cultivation);
- seedbed preparation;
- planting/seeding;
- fertilisng and in cultivation operations (spraying, mechanica weed control, &ic.);
- harvedting;
- secondary harvesting.
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Table7.1 Selection of the parameters for field energy consumption

Parameters Max. var. % Sdlection
Number and type of field operations 30 X
Fit of the equipment to the operation (including machinery make) 10

Behavioural factor (operator factor) 15

Soil texture type 25 X
Slope 2

Fedsize 5

Theworking depth of soil cultivation was identified as akey parameter digtinguishing between
the different cultivation operations.

Figure 7.2 gives, for the sdected parameters, the feasibility of the modelling of energy con-
sumption and the availability of vauesfor the sdected parameters a a European level.

Selected parameters Modelling Parameters value availability
YaYVaYa VY YaYaYaYVaYaYaYaYVaYaYVa VoYY YaYaYaYVa VoYY Yo YaYVa VoYY YaYaYaYVa VoYY Yo YaYaYaYaYa
Number and type of field yes : the energy consumption best data source: to refer to
operations for agiven operation may beeither ~ farm enquiry default data
measured or cal culated according source: to refer to agricultural
to the energy requirement. expert advice on regional level
for building 'typical farming
practices.
Soil texture type yes European mapping of the soil
texture type
Working depth yes best data source: to refer to

farm enquiry default data
source: experts typology

Figure7.2  Modelling and availability of values for the parameters selected for field energy consumption

As pointed out in J. Moerschner's contribution (this volume), the setting of the vaue of energy
consumption for each type of field operation isamulti stage procedure: @ modeling of the energy
consumption for agiven type of operation, b) definition of the average conditionsfor thereferred level
of aggregation (regiond, nationd, EU) for a given type of operation, ¢) identification of the average
cropping process for a given crop over the considered region (e.g. EU).
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7.3 Energy consumption for crop drying

Fgure 7.3 presents the parameters influencing the type and the amount of energy consumed for dry-
ing. All of them were identified as key parametersfor a European database but, as shown in the teble,
doubts remain on the availability of some data.

Selected parameters Modelling Parameters value availability
YaYVaYoYaYaYaYaYVaYaYaYaYaYaYVaYVaYaYaYaYaYaYVaYoYaYaYaYaYVaYVa VoY YaYaYaYVaYaYVaYaYaYaYaYaYaYaYa
Average moisture content at harvest yes cooperative: it is assumed that the data
are collected but that they are not
gathered at amore centralised level
Type of fuel yes asabove

Figure7.3  Modelling and availability of values for the parameters selected for drying energy consumption

Energy isaso used for conservation of potatoes and other crops. The sole important parame-
ter identified for this was the number of weeks of storage.

7.4 Energy consumption in stables

Three types of animd hushandry have been identified to andyse the parameters influencing energy
consumption in stables:

- dary faams,

- mest production farms (beef, pork, poultry);

- breeding farms.

7.4.1 Dairy cows

Energy consumption in stables has been separated between the main tasks. Figure 7.4 lists the pa-
rameters determining energy consumption and indicates which ones were sdlected for a European
database.

It was siressed during the working session that whether the concentrate is produced in the farm
or imported would not cause amgjor change in the overal quantity of energy required to produce
1 kg of concentrate. However, when using the FADN datato check the modds, it may be a problem
that the location (ingde or outside the farm) of the production of concentrate is not indicated. This
could lead to an important uncertainty asthe tota energy consumption for feeding (direct aswedl as
indirect) amounts up to even more than 80% of tota energy consumption in some anima production
systems. A solution could be to add to the nationd energy consumption on farms the energy con-
sumed for feeding production outsde farms.
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Activity Parameters Selection
VoYY YaYaYaYVaYaYaYaYaYaYVaYaYaYaYaYaYaYVaYaYaYaYaYVaYVaYaYaYaYaYaYVaYVa VoY YaYaYVaVaYaYaYaYaYa

Milking (including cooling) type of milking parlour
milk yield (kg/cow and year) X
milking frequency (times per day)
Feeding (milling, mixing and types of feed (concentrate a)/roughage) X
distribution of the food) amount of each type of feed per animal X
Cleaning (including manure type of storage (solid/slurry)
handling) at farm
Bedding

Figure7.4  Selection of the parametersfor energy consumption in stables (case: dairy cows)

a) The concentrate is amixture of various components like soy, wheat, barley, oats, vitamins, etc., which changes
with the type of animals but also with production intensities, local preferences, world market prices, etc. Asafirst
approximation, a'standard concentrate’ for each type of animal (cattle, pigs, poultry at least) is suggested.

Selected parameters Modelling Parameters value
availability

VoYY YaYaYaYVaYaYaYaYaYaYVaYVaYaYaYaYaYaYVaYaYaYaYaYaYVa VoYY YaYVaYaYVa VoY YaYaYaYVaYaYaYaYaYa

Milk yield Previous studies have shown that the energy FADN

consumption per kg of milk was declining with
the farm yield (milk production on the farm).
Hence, the following relation was proposed :

E (milking ; farm) =a+ b * yield, or

E (milking ; 1 kg of milk) = alyield + b

(aand b are constant value which would have

to be defined)

Type of feed The above mentioned relation seems also valid for The quantity of
feeding, cleaning and bedding. The farm milk yield is concentrate used for
replaced by the number ('n’) of animals (including calves, haveto be defined) cattle
bull) in the cattle a) feeding is dealt with
Hence, inthe FADN enquiry b)

E (feeding, cleaning, bedding ; farm) =c+d* n, with

€ =cl+ c2* %concentrate + c3* %roughage
d=d1+d2* %concentrate + d3* %roughage

(c,cl, c2,c3,d, d1, d2, d3 are constant value which would

Figure7.5 Modelling and availability of values for the parameters selected for energy consumption in sta-
bles (case: dairy cows)

a) Thisnumber isroughly equal to 1.3 times the number of dairy cows (when the dairy cows are bred in the farm)

or to the number of dairy cows when this breeding is done outside the farm. However, this total number should

be obtained directly from FADN; b) Amount of fed roughage might be also modelled by regional expert advice.

Fgure 7.5 is only dedicated to the selected parameters and gives somefird indications on how
to modd energy consumption according to a parameter and if the vaues of the parameters would be
avalable & a European levd.
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The cdlibration of the modd with FADN datamay require amore precise modd, differentiating
cows (for which feeding depends on the milk yield) from the other animas (calves, hafers, faitening
bull in mixed farms, tc.).

7.4.2 Meat production (beef, pork, poultry)

The sdlected parameters are smilar to those chosen for the dairy cows. The milk yield is replaced
by the mesat production in the consdered time period, which is equd to the difference between the
totd (live) weight of animas sold and the totdl weight of al animas which have been purchased in the
congdered time period (d).

Selected parameters Modelling Parameters value availability
YaYVaYaYaYaYaYaYVaYaYaYaYaYaYVaYVaYaYaYaYaYaYVaYoYVaYaYaYaYVaYVa VoY YaYaYaYVaYaYVaYaYaYaYVaYaYaYaYa
Meat production (d) E (feeding, cleaning, bedding; farm) =c + d * da) FADN
Type of feed ¢ =cl + c2* %concentrate +c3* %roughage

d =d1 + d2* %concentrate + d3* %roughage FADN

Figure7.6  Modelling and availability of values for the parameters selected for energy consumption in sta-
bles (case: meat production)
a) Thevaluesof 'c' and 'd' for 'meat’ cattle are different from those defined for dairy cows.

7.4.3 Livestock breeding

The selected parameters are the number of breeding cows (or sows) and the type of breeding (ou-
door/indoor).

Selected Parameters Modelling Parameters val ue availability
YaYaYoYaYaYaYaYVaYVaYaYaYaYVaYaYVaYaYaYaYaYaYVa VoYY YaYaYaYVa VoY YaYaYaYVaYaYaYaYaYaYaYaYaYaYa
Number of breeding E (feeding, cleaning, bedding; faam)=c+d*d FADN

cows (sows)

Type of breeding c=cl+c2* outdoor (0/1) + c3* % indoor (0/1) FADN

d=d1+ d2* outdoor (0/1) + d3* % indoor (0/1)

Figure7.7  Modelling and value availability for the parameters selected for energy consumption in stables
(case: breeding cattle)

7.5 Concluson: needsfor further research

It gppeared that there are many mode s about energy consumption; however there is no sngle modedl
linking &l necessary parametersto the level of energy consumption. To answer the question "'What
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has to be done in the future? some directions were outlined towards satisfying modelsin the close

future

it was stressed that a prerequisite for these models is that they should fit regiond or nationd
vaues obtained from datistical approaches, eg. the Farm Accountancy Data Networks
(FADN). Two approaches were congdered. Thefirst one can be qudified as an ‘engineering
bottom up' approach, where the models are based on a deterministic gpproach. The second
oneisadatigticd top down gpproach, where the mode coefficients are directly caculated to
fit the values of energy consumption for the farms presented in the Satistics samples. Thistop
down approach requires that the vaues of the modd parameters are available for these farms.
An intermediate way between both methods might be most practicable. Modes could be first
built at the European scale and then refined for each agriculturd region;

the main parameters that should be taken into account in a European database for Life Cycle
Assessment are known and have been identified;

the main tasksin future research is to harmonise the existing modds, enabling the calculation
of energy consumption according to the salected parameters, and to check that the vaues of
these parameters are redlly available for al the European countries. These modes should be
then extensvely checked at lower leves of aggregation, e.g. on Site specific ‘typicd’ farms.
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8. Key factors necessary to determine the impact on the
nitrogen cycle and the resulting environmental effects
as part of LCA for agricultural products

J.-W. Erisman !
Abstract

Nitrogen pollution is one of the most important environmenta issues in Europe a this moment. One
of the mgor contributors to nitrogen pollution is the agricultural sector. The amount of nitrogen pro-
duced and used in intengve agricultura practice to ensure economicd optima production far exceeds
the level where high losses to the environment are observed. Overloads of nitrogen can lead to acas-
cade of environmenta problems reaching from a threat to human hedth and biodiversty to the
influence on the climatic system. Nitrogen pollution occurs when an optimum leve (or critica limit)
is exceeded. Bdow thislevel, nitrogen has a pogitive effect on growth rates and vitdity and no (air,
s0il and groundwater) pollution is expected. The nitrogen status of aregion istherefore an important
factor to determineif the nitrogen waste from a product can be consdered as a useful or as a nega-
tive factor. It is recommended to use the combination of the N status of aregion with the loss of N
of aproduct as away to compare the environmentd risks from different agricultura products.

8.1 Introduction

In order to perform alife cycle anadlysis on agricultural products, it is necessary to determine the nitro-
gen cycle asociated with the production, fixation, and waste. Nitrogen in its various chemicd forms
playsamgor rolein agreat number of environmenta issues. It contributes to acidification and eutro-
phication of soil, groundwater and surface waters, decreasing ecosystem vitdity and biodiveraty and
effecting groundwater pollution through nitrate and auminium leaching. Nitrogen compounds play an
important role in the formation of ozone, oxidants, and aerosols, potentialy posing athreat to human
hedlth and affecting vighility. One reective nitrogen molecule can have a cascade of effects: for exam+
ple, firg it contributes to urban smog or direct effects on vegetation, then it contributes to
acidification/eutrophication and/or pollution of surface water, groundwater and/or coastdl water, and
findly it contributes to the greenhouse effect through emisson of nitrous oxide (N;O).

The primary problem related to these issuesis the production and associated accumulation of
reective nitrogen (Erisman et d., 1998; Erisman and Monteny, 1998). The naturd nitrogen cycle can
be disturbed by addition of nitrogen through three processes resulting from human activities: 1) trans-
port of nitrogen from countries in trangtion having low nitrogen availability to countries thet dready
have an excess of nitrogen for human food and animd feed; 2) fixation of atmospheric nitrogen

! Netherlands Energy Research Foundation, P.O. Box 1, 1755 ZG Petten, The Netherlands.
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through NH; and fertiliser production; and 3) fixation of atmospheric nitrogen by legumes and by oxi-
dation during combustion processes. The first process relaes to shifting reactive nitrogen from one
place to the other, whereas the other two add new reactive nitrogen to the nitrogen cycdle of the earth.

Three forms of nitrogen of specid importance in the biogphere are: 1) oxidised nitrogen (NOy),
mainly emitted as an unnecessary waste product of combusgtion processes (e.g., traffic and indudtries);
2) reduced nitrogen (NHz), mainly formed and emitted by agriculturd practices, and 3) N,O formed
by nitrification and de-nitrification processesin the soil.

In this paper, the data necessary to determine the (changes in) key factorsin the nitrogen cycle
are discussed. Firdt, the effects of changesin the nitrogen cycle are given, followed by a description
of the key factorsin the nitrogen cycle necessary to quantify the effects. The next section describes
the current understanding and mgor gaps in knowledge for developing a modelling system that can
be used to determine the effects of addition of N to the cycle. Then follows an aternative approach
to compare the N pollution resulting from different products.

8.2 Effectsof nitrogen

Nitrogen is an essentid nutrient for dl plants, humans, animas, and micro-organisms. Because of this,
nitrogen emissons are not harmful to the environment until a certain level has been reached. For each
system, there is an optimum nitrogen leve related to the optimum production of the system. Ecosys-
tems show an  optimum curve. FHgure 71 shows an example in  the

increased production

changes in metabolism

—
—

accumulation

—

decreaseinvitality

Growth curve

Relativeindex

Growth without N deposition

Time of exposureto N

Figure8.1  Hypothetical growth curve as a function of the time a certain N deposition level lasts
Source: Gundersen (1992).
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form of atempora form of the optimum nitrogen curve for forests, as suggested by Gundersen
(1992). It indicates that production increases until acertain optimum level, and above thet level pro-
duction decreases. These optimum curves exis for dl kinds of systems (see figure 7.2), dso for
agricultura crop production systems.

Increased amounts of al oxidised forms of nitrogen (NO, NO,, N,Os, NO3, HNO,, HNO3
and proxy acetyl nitrate, PAN) play arole in amospheric pollution, deposition and soil and water
pollution. Reduced forms of nitrogen, such as ammonia, anmonium, and amines aso play an impor-
tant role in atmospheric pollution, deposition, and soil and water pollution. N,O is a greenhouse gas
and contributes to globa warming. The mgor sources, Snks, and transport mechaniams for exchange
of nitrogen between the atmosphere and the biosphere of the earth are reasonably well understood.
The nitrogen cycle of the whole earth is reasonably well quantified. On smaller scdes, however, un-
certainty incresses rgpidly. Cowling et d. (1998) compiled along list of negative impacts of excess
nitrogen. These include:

- respiratory disease in humans caused by exposure to high concentrations of:

- ozone

- other photochemica oxidants;

- fine particulate aerosol; and

- (onrare occasions) direct toxicity of NOy;

- nitrate contamination of drinking water inducing illnessin infants;
- ozone damage to crops, forests, and natural ecosystems,

- acidification of soils, lakes, streams, and ground waters,

- eutrophication of freshwater lakes and ecosystems,

- blooms of toxic dgae and decreases in swimability of water bodies;
- nitrogen saturation of forest soils;

- odour problems associated with animd agriculture;

- biodiversity impacts on ecosystems;

- globa climate change induced by emissons of N,O;

- ozone layer destruction by aircraft NO, emisson a high dtitude;
- acidification effects on monuments and engineering materids,

- reduced visibility at scenic vistas and arports;

- arctic hazes.

One molecule of reactive nitrogen does not necessary result in negative effects. Only in Stua
tions where there is accumulation of nitrogen, effects can be expected. Furthermore, one single
source, such as afarm, does not lead to effects, again only in high emisson/pollution aress. In those
aress the chance that one molecule can lead to a cascade of effectsishighest. In low nitrogen areas
the molecule is recycled through products (grass, crops, meet, milk, etc.) or fixed in the system. E-
fects only take place after a certain accumulation, when an optimum leve is exceeded. The effect
indices will be higher in areas exceeding the optimum, compared to areas where the optimum is not
reached. The optimum levels are different for different systems or effects asillugtrated in figure 8.2
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(Cowling et d., 1998). The optimum can represent different measures, such as highest yidds, maxi-
mum biodivergty, growth, etc.

- forest (biodiversity)
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Figure8.2  Optimum curves (fictive) for different systemsin relation to N-fertilisation (fi ctive curves)

8.3 Key factorsin the nitrogen cycle

An overview of the present state of knowledge and the main gapsin this knowledge have been pre-
sented in the report Nitrogen pollution on the local and regional scale; The present state of
knowledge and research needs (Erisman et ., 1996) with respect to the processesinvolved in the
cause effect relationship between nitrogen emissons and its effects. The report, which dso lig the
date of knowledge on modelling of the key factors and the main uncertainties and gaps in knowledge,
issummarised here. The key factors of the causd raionship of aimospheric nitrogen inputs and its
effects can be summarised as follows:

effect parameters: excess nitrogen deposition and/or fixation and/or fertilisation leads to:

- ecosystem changes and reduction in biodiversity;

- reduction in vitdity and changes in trees growth;

- groundwater pollution;

- N0 emission;

key factors which determine the (risk of such) effects resulting from N excess.

- reactive N production;

and in ecosystems.

- N input to the oil;

- NH, and NO, deposition (or net input);

- NO; and/or NH," leaching from the soil;

- land use;

- nutrient availability (N, base cations, P);



soil acidity;
plagues and diseases,
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and in agriculturd sysems.

fertilisation;

NH, and NO, deposition (or net input);
NOs and/or NH;" leaching from the soil;
S0il characterigtics,

water availability and groundwater leve.

Key factors and effect parameters (or changesin these) can be quantified when information

on the following topicsis avallable:

reactive N production and NH; and NO emission (diurna/monthly);

ambient concentrations of NH;, NH,+, NO, NO,, HNO,, HNO3, NO;3™ (hourly);

N fertilisation (events) and/or N fixation;

(eco)system structure and species composition;

meteorologica parameters precipitation, temperature, wind speed, radiation (hourly);
nutrient content in leaves and soil (seasondly);

chemical and physica soil characterigtics (annualy);

N transformation parameters,

groundwater level and concentrations (monthly).

When these key factors can be assessed, the production and effects of N can be estimated.

Severd modds exist to quantify parts of the processes involved. No models are avallable which de-
scribe dl the key and effect parameters on different scales. Currently the STOP (Dutch Nitrogen
Research Plan) is executed in the Netherlands. This programme ad-dresses the mgjor uncertainties
and most important gaps of knowledge, which were taken from Erisman et d. (1996). The following
ratings were used to set priorities:

1=
2=
3=

very important to causal chain, should definitely be improved;

important, but not within the scope;

important, but it is questionable whether it should be taken into consideration (e.g. because
research is too expendve in reation to the increase in knowledge or because knowledge is
available from elsewhere);

not important.

Theratings (bold print) were derived with the ecosystem gpproach in mind. The main ggpsin

knowledge and their ratings may be summarised asfollows.

P WERE NP
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Emission and deposition

Natura emissons (soil, vegetation, wildlife, etc.).

Emission factors in different stages of the N cycle: NO and NHs.

Influence of responses on loca digperson/deposition.

Dynamic processes in emisson/deposition (compensation points, saturation, chemical and bio-
logicd interactions).



Roughness trangtion zones.
Simple emisson -disperson- deposition modd.
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Effects on ecosystems (terrestrial, including forests, and aguatic)

Quantification of ecologica effects and the associated role of N on different species (species
responseto N levels).

Therole of the understorey and mycorrhiza fungi.

N cydein forests (changes in nitrogen dlocation and assmilation, interaction between above
ground and soil uptake of nitrogen).

Recovery speed of N cycling and ecosystem status.

Sensitivity of ecosystem relevant species to the NH,"/NOs” ratio in soils and lakes.

Inter species competition.

Pant animd relaions.

Effects on forest trees

Risk of storms, plagues, diseases, etc.
Growth rate.

Drought- N interaction.

Modelling: ecosystems (terrestrial, including forests, and aquatic)

Improvement of N balance (N2, N,O emisson, minerdisation, denitrification, immobilisation,
N uptake, litter production, sediment processes, etc.).

Inclusion of 'catastrophic events, i.e. for whole ecosystems.

Interaction of moisture content and N cycling.

Vegetation- soil linkage, i.e. effects of drought stress and nutrient stress on uptake.
Management of ecosystems.

Relationships between the nutrient status of the Site and tree growth.

Agricultural systems

Improvement of N balance (N,, N,O emisson, minerdisation, denitrification, immobilisation,
N uptake, litter production, sediment processes, etc.).

Egtimation of maximum N fertilisstion.

Input output balances.

Groundwater pollution.

Further gapsin knowledge

Reference stuations: what is natural development of ecosystems (succession) and what has
been the influence of anthropogenic activities (including management, recreetion, etc.)?

Risk assessment: how, what, where and when?

Groundwater pollution under nature areas (moddling).

Eutrophication of surface waters and sess.

Food chains.

Effects due to increased N concentrations resulting from drying of vegetetion after, for exam-
ple, fog exposure or dew accumultion.



Based on Erisman et d. (1996), in which the above research gaps were listed, the Dutch Min-
istries of Agriculture and of the Environment financed a (limited) Nitrogen reseerch programme. The
programme addresses the most important issues at this moment. The programme is split into two
parts:

1.  derivation of ecosystem specific critical loads for oxidised and reduced nitrogen,;
2. improvement of the emisson depostion reaions.

Thefirg topic isfocus on deriving the doses effect relationships for reduced and oxidised nitro-
gen for different ecosystems. For this, firg a literature review is made and secondly experimenta
work is conducted. The research isamed at improving and validating the SMART-MOVE modd
(Latour and Reiling, 1991; Latour et a., 1994; Wiertz et d., 1992). This modd estimates the soil
qudity, in terms of nitrogen and water availability, and adidification, given inputs of different compo-
nents. Furthermore, it estimates the occurrence of different specie given the soil quaity and ecosystem
nature. Thismodel can be used to derive critica depostion levels or different protection levels given
certain inputs.

The second topic isamed at improving and validating modes describing the relation between
nitrogen emissions (ammonia and nitrogen oxides), anbient concentrations, and depogtion. An area
with intensve livestock breeding and nature areas will be selected. In this area, the emissonswill be
edimated using Satigicd data. Furthermore, measurements will be made in- and outsde the housing
to determine the emission. Thiswill be complemented with plume measurements. The ambient con
centration will be determined a severd locations using passve samplers. Findly, deposition will be
measured using the gradient technique, smple deposition methods, and throughfal measurements.
The measurements will take place in two years. Thefird year is the reference year, while during the
second year measures will be implemented aiming a strong emission reductions. In thisway, awide
range in concentrations and depositions will be obtained, for modd validation. Furthermore, the ef-
fectiveness of the reduction measures can be evauated.

The results are expected to be reported in September 1999. The modd system resulting from
both parts might form agood basis for LCA studies.

8.4 UsngtheN statusasan indicator in LCA

The main problem of nitrogen in intensive agriculturd production is the excess of nitrogen used for
optimal production: the use of nitrogen is inefficient. For mest production, e.g. concentrate is used
asanimd feed with ahigh nutrient and heavy metd content to optimaly stimulate animd growth and
increase the mesat qudity. Only 30% of the input nitrogen isfixed in meat of pigs, the remaining 70%
iswagted and removed via manure (Aarnink 1997). Manure, however, is a vauable product because
it isused asfertiliser. For grasdand, however, the utilisation of N by the grass from manureis only
about 50% at optimd fertilisation rates of 400 kg/ha (CBS, 1998). Theremaining N is partly retained
in the soil, or emitted as NH;, N,O or N, to the atmosphere or as NO; to the surface water or
groundwater. By optimising the N chain (input output balance), the losses of N to the environment
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can be minimised. The consequence of this, however, would be a decrease in production efficiency,
which might have economical conseguences. This Stuation only holds for intensve areas where the
accumulation on N in the system has reached such levels that the increase in growth or production
(N limiting) has changed into effects of overloads (N excess). In order to gpply LCA, it istherefore
very important to know the N status of the areas for which the product LCA is vdid. This would
mean that e.g. in the Netherlands (where there is an excess of reactive N), a different judgement will
be made than e.g. in parts of Spain with shortage of N. It is necessary to determine criteriafor estab-
lishing the N status of the area.

The N output for different products can be determined using afarm level mass bdance system,
such asthat currently used in the Netherlands: MINAS (Nutrient Regigtration System) or proposed
by Jarvis 1993 (see dso Ped et d., 1997) for dairy farmsin the UK. The outline of such sysemsis
given in figure 8.3. The adminidrative data and/or mode results provide information about the net
output of nitrogen. In the Dutch MINAS system no digtinction is made between the output as ammo-
nia emisson and/or nitrate leaching to the groundwater. However, by using data on the manure
goplication sysem and the soil type and dimate conditions, afirgt order goproximation on this distinc-
tion can be made, as shown by Pedl et a. (1997).

I nput Output
NH3
Farm T
Feed |—»| |animals _ products (crops, | 5 waste
\ animal)
N fixation > T manure
Fertilizer »| | crops 7 »| manure »  NHs

NOs

Figure8.3 MINASIn the Netherlands

The difficulty of LCA for acertain product is that the contribution of nitrogen to the degree of
pollution depends on thetota N production in the area, which in turn determinesthe N gatus of the
region. The N statusin aregion can be determined by the extent to which critical levels are exceeded,
such as those for soil leaching of NOs, deposition of N on nature areas, and the emission of N,O.
Especidly the first two indicators are important, because if the critical limits for these indicators are
not exceeded, the other indicators are dso in asafe range. When the N leaching from the soil in most
areas in the Netherlands is below 50 kg N/ha, and the N deposition is below 600 mol/haly, the N
dausisin an ‘optimd’ sage (Erisman et d., 1996). Above these thresholds, the region can be deter-
mined as an excess region and every 'extra reactive N production may be considered as negative
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for the environment. Below these leves, the extra reactive nitrogen is not expected to cause enviror-
menta problems. A pollution factor for nitrogen per product can be determined by usng the MINAS
data, supplemented with away to divide the total N loss between NH; emission and NO;3'™ leaching,
and together with an estimate of the N status of the region.

8.5 Conclusons

The increasad reactive nitrogen production and use in some regions has led to an increased accumu-
laion of N in the sysem reaulting in different effects, such as eutrophication, acidification,
groundwater pallution, cimatic change, human hedth, etc. One molecule of reactive nitrogen can
cause a cascade of effects. In agricultura food production, it is therefore necessary to determine the
emission of different reactive N compounds to the environment. The difficulty of LCA for acertain
product isthat the contribution of nitrogen to the degree of pollution depends on thetota N produc-
tion in the areg, which in turn determines the N status of the region. The N statusis defined as the
amount of excess nitrogen in the system (or region) causing effects at different levelsin the cascade
of effects. The N gatusis an important parameter to consder in LCA: Production of food in areas
with ahigh N status has a higher risk to contribute to effects than in areas with low N gtatus.

There are many uncertainties associated with the N cycle and with the effects resulting from
accumulation of N in the system. The uncertainties are not associated with the basic knowledge of
the different processes, but rather with the different chains connecting the different process descrip-
tions to describe and quantify the whole N cycle.
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9. Nitrogen in arable farming

J. Webb !, S Ellis? R. Harrison 2, T.W.D. Garwood 2 and B.J. Chambers ®
Abstract

This paper summarises recent UK field and desk studies quantifying N fluxesin arable farming. Fer-
tiliser-N isthelargest N input (average c. 60%) to the mgority of non-leguminous crops in England
and Wales. Averagefertiliser-N inputs to arable crops increased from 84 to 162 kg per hectare from
1969 to 1984, but subsequently decreased to 149 kg per hectare in 1994. However, totd N inputs
continued to increase to 239 kg per hectarein 1994 (from 155 kg per hectarein 1969) due mainly
to increased gpplication of anima manures and an increase in the area of grain legumes.

Crop offtakes at 55-95% are the greatest N outputs for mgjor arable crops, the proportion
varying according to the fate of unharvested residues. This offtake increased from 70 to 123 kg per
hectare from 1969 to 1994. Over the same period estimated |osses to the environment increased
from 39 to 62 kg per hectare. Nitrate leaching was the greatest |oss where anima manures were not
applied. Application of manures may lead to large losses of anmoniaand aso greetly increased ni-
trate leaching if gpplied in late summer or autumn.

Fertiliser-N gpplications are based on the requirement for optimum economic return (N o).
These N vVaues are adjusted to take account of N residues |€ft by the previous crop, soil type and
organic manure use. The N supply from crop residues has been found to be related to N gpplications
to that crop. Differencesin N according to soil type are in consequence of overwinter leaching loss,
fertiliser-N recovery and mineraisation, and soil moisture supply during the growing season. Little
judtification has been found for adjusting N, according to anticipated yield. Doing so is likely to
over-fertilise large crops.

Current estimates of fertiliser-N application are accurate to 1 kg per hectare (+ < 1%) for
major crops. Estimates of manure-N applications are no better than £ 50%. Crop N offtake is
known to + 10% and ammonialoss + 30%.

9.1 Introduction

This paper summarizes recent UK work quantifying N fluxes within arable farming. Both field and
desk sudies are used to identify the mgor N inputs and outputs, and factors affecting them. In sec-
tion 1 we identify the mgor N inputs and N outputsin arable production, and suggest how they may
differ between farm types, with particular reference to the type of crops grown and output levelsin

! Woodthorne, Wergs Road, Woverhampton WV6 8TQ, UK. Tel +44 (0)1902 693235.
2 ADAS Boxworth, Battlegate Lane, Boxworth, Cambs CB3 8NN, UK.
¥ ADAS Gleadthorpe, Meden Vale, Mansfield, Notts NG20 9PF, UK.
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England and Wdes (Eand W). In section 2, we discuss how factors such as soil type and climate
affect N inputs, N outputs and N pollution. Sections 3-7 ded with uncertainties, data collection, ag-
gregation, and updating, and gpproximations for missng data.

9.1.1 Nitrogen Inputs

Fertiliser nitrogen

Fertiliser-N is by far the largest N input to the mgority of non-leguminous arable cropsin E and W.
Inacurrent field sudy fertiliser-N was ¢. 80-95% of tota N inputs for cered's, sugarbeets, and po-

tatoes in aradble systems without anima manure gpplication (Webb et d., 1998b). Similar
observations have been made e sawhere (figure 9.1).

Author Data Remarks

YaYaYaYYaYaYaYVa VoYY YaYaYVaYVa VoYY YaYaYVa VoYY YaYaYVaYVa VoYY YaYaYa VoYY YaYaYaYVaYaYaYa
Webb et al., 1998b Fertilizer-N 80-95% of N inputs Arable systems without livestock
Mitchell and Shepherd perscomm  Fertilizer-N 87% of N inputs Arable systems without livestock
Van Faassen and L ebbink 1990. Fertilizer-N 91-95% of N inputs

Loveland et a., 1998 Fertilizer-N 62% National data

Manure-N 18%
Atmos. dep. 8%
N fixation 7%

Figure9.1 Relativen nitrogen inputs by source

A recent desk study quantified nutrient balances for arable farming in E and W from 1969
1994 (Loveand 1998). These datainclude estimates of dl N inputs, anima manures, N deposition
and fixation, and current minor sources such as sawage dudge, industria by products, and irrigetion
water. From 1969 to 1994 average fertiliser-N agpplications to arable crops increased from c. 84 to
C. 162 kg per hectare, but subsequently decreased to c. 149 kg per hectare by 1994. However, tota
N inputsincreased from c. 155 kg per hectare in 1969 to c. 239 kg per hectare in 1994. Thiswas
due to greater manure-N application (+ c. 8 kg per hectare), N deposition (+ ¢. 3 kg per hectare)
and N fixation by legumes (+ ¢. 8 kg per hectare) following an increase in the agriculturd areaunder
pess and beans. Over aperiod in which total N inputs have increased by c. 54%, the proportion as
fertiliser-N hasincreased from c. 54 to ¢. 62% of the total, with a peak in 1984 when it was 68%.
The other mgor sources (1994) were manure-N (c. 18%), N deposition (c. 8%) and N fixation by
legumes (c. 7%0).

Animal manures

Anima manures may be gpplied to arable crops, depending upon their availability, cropping, and soil
type. Rates of gpplication are extremely variable, and are summarised in table 9.1.
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Table9.1 Typical manure application ratesin UK arable farming

Manuretype Application rate
YVaYaYYaYaYaYaYaYaYaYaYaYaYaYaY¥aYaYa
manure total ammoniacal N (TAN)
t per ha kg per ha

Straw-based cattle and pig manure 10-40 15-100

Poultry manure 10-25 150-250

Nitrogen fixation

The grestest N fixation in E and W isfrom grain legumes (pulses), and has been estimated &t c. 265
and c. 285 kg N per hectare for peas and beans respectively (Sylvester-Bradley, 1993). Fixation
by freeliving micro-organisms has been estimated at no more than 5 kg per hectare under UK condi-
tions (Witty et d., 1977).

Nitrogen deposition from the atmosphere

Published data is summarised in figure 9.2.

Author Data Comments

VoYY YaYaYaYVaYaYaYaYaYaYVaYVaYaYaYaYaYaYVaYaYaYaYaYaYVaYaYaYaYaYaYVaYVa VoY YaYaYVaVaYaYaYaYaYa

UKRGIAN 1994 Wet N deposition 5-13 kg per ha Lowland E and W, where most arable
farming takes place

Anonymous 1996, 1997, 1998 Wet N deposition 5-9 kg per ha Nitrate Sensitive Areas (NSAS) in
Central and Eastern England

Webb et al., 1998b Wet N deposition 20 kg per ha Western England, in an areawith a
large livestock population.

Webb et al., 1998b Wet N deposition 5 -9 kg per ha Central and Eastern England

Goulding et al., 1998 Dry N deposition 24 - 40 kg per ha South Eastern England. This

estimate may be greater thanin
arable areas to the North and West.

Figure9.2  Deposition of nitrogen from the atmosphere

Seed

The N content of seed isusudly included in estimates of N balance, eg. Van Faassen and Lebbink
(1990). However, such inputs represent, at most, only c. 4% of the total.

127



9.1.2 Nitrogen outputs
Crop nitrogen offtake

The greatest outputs of N are usually as crop N offtake. Seefigure 9.3.

Author Data Remarks
YaYaYoYaYaYaYaYVaYVaYaYaYaYaYaYVa VoY YaYaYaYVaYVaYaYaYaYaYaYVa VoY YaYaYaYVa VoYY YaYaYaYaYaYaYa
Webb et al., 1998b 55-95% Greatest proportion from cereals when
straw was removed, and sugarbeets.

Mitchell and Shepherd (pers. comm.) 47-96%
Rahn et al., 1992 Up to 240 kg per haN Field vegetable crops

remain as crop residues

at harvest

Figure9.3  Crop N offtake as a % of total N offtake

Nitrogen offtake in cropsincreased from c. 79 to ¢. 123 kg per hectare from 1969 to 1994.
Offtake in straw increased from c. 11 kg per hectare in 1969, to c. 21 kg per hectarein 1984. This
offtake included N lost as NOy during straw burning, and since the ban on burning in the UK, N re-
moval in straw has reduced to c. 11 kg per hectare. Overdl crop N offtake is c. 67% of tota
outputs. Losses to the environment were estimated to have increased from ¢. 39to ¢c. 62 kg N per
hectare, broadly reflecting increased N inputs. However, some of these estimates of N emissonsare
subject to consgderable uncertainty.

Nitrate leaching

Nitrate leaching was the second largest 1oss measured by Webb et d. (1998b). The use of animal
manures, which are often applied severd weeks before planting arable crops, will increase the risk
of NOs- leaching, particularly if liquid durries or poultry manure are gpplied before late November
(Smith and Chambers, 1997).

Ammonia volatilization

Losses of ammonia (NHs) may occur following gpplication of N fertilisers, and from growing crops,
especidly during senescence. In practice, it is difficult to distinguish between these sources, and in
effect, many field experiments measure both, smultaneoudly. Sutton et d., (1995) suggested that on
an annud bags, plant emissons of NH; be gpproximately in baance with dry NH; deposition. Webb
et d. (1998b) measured no sgnificant net fluxes, except from a potato crop when c. 13 kg per hec-
tare N were emitted.
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Manure gpplications may greetly increase NH; losses (Smith et d., 1994). Potential NH; emis-
sons are extremely variable, but from typica surface applications may be c. 10-30 kg per hectare
N.
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Nitrous oxide and dinitrogen emissions

Severd N sudies have atributed greater losses of fertiliser-N to denitrification than to lesching over
the period between fertiliser-N gpplication and harvest of the crop to which the fertiliser was applied
(e.g. Bhogdl et d., 1997, Addiscott and Powlson, 1992). Since fertiliser-N was gpplied to growing
cropsin spring, after the end of the fid capacity (FC) period, leaching losses were unlikely to occur.
However, no measurements of gaseous losses were made in those studies. Recous et d. (1988)
measured losses from labelled fertiliser-N and found only small (c. 1 kg per hectare N) emissons by
denitrification. However, they conddered that those small measured losses may have been a conse-
quence of the short period over which measurements were made. Moreover, N,O may be emitted
as a consequence of nitrification, as well as of denitrification (Klemendtsson et d., 1988), and so
measuring only one pathway is likdly to lead to an underestimation of N,O loss. However, Webb et
al. (1998b) measured total N,O (and N,) emissions and found them at c. 5 kg per hectare to be
much smaller than the c. 30 kg per hectare N estimated by Addiscott and Powlson (1992) lost by
denitrification from equivaent amounts of fertiliser-N. Those measurements were not, however, con-
tinuous, and estimates of tota annua N losses are ill being refined. Questions of scae should be
asked when comparing °N and other measurements of N,O/N,. Estimates from small discrete aress
may inadvertently hit hot spots, whereas more spatidly disiributed data may smooth these out.

Nitric oxide

Both denitrification and nitrification may aso give rise to emissons of nitric oxide (NO), dthough in
agriculturd soils, where pH is usudly maintained above 5.0, nitrification is conddered to be the domi-
nant pathway (Remde and Conrad, 1991). Few measurements have been made of NO emissons
from agricultura soils, and losses are currently consdered to be smdl (Skibaet d., 1997), dthough
Jambert et a. (1997) measured much larger losses of NO (c. 40% of total gaseous N |osses) than
of N,O ( c. 14%) or NH; (<1%0).

9.2 Factorsaffecting N flows
9.2.1 N inputs

Fertilizer nitrogen

Current UK fertilizer-N recommendations are for an economic optimum (Nop) (Anonymous 1994).
Fertiliser-N is recommended such that any further gpplication will cost more than the vaue of any
extra crop produced. At c. 200 kg per hectare, Nopt have been found to be broadly smilar for many
crops, dthough substantidly lessfor crops such as sugarbeets, onions and linseed, and >300 kg per
hectare for some leafy brassicae. These Ny, are adjusted according to previous crop, soil type, or-
ganic manure use and, in the cases of wheat and oilseed rgpe, expected yidd. In recent years, severd
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gudies, comprising large numbers of replicated fidd experiments have sysematicaly examined, on

arange of soil typesin E and W, the effects of previous crop, fertiliser-N gpplied to the previous

crop, organic manure use, sowing date, cultivar, type of fertiliser-N and soil minerd N (SMIN) on

Nop: for ceredls. Thiswork was reviewed by Webb et d. (1997) and the main findings are summa-

rised below:

- the amounts of N recovered by unfertilised cereal crops from previous crop residues (apart
from legumes) was found to be well-rdated to the amount of fertiliser-N gpplied to the previ-
ous crop, rather than an inherent characteristic of that crop.

- the effects of such resdues varied greatly with soil type. No resdud effects were found fol-
lowing potatoes on alight sandy soil where NOs leaching losses were large.

- soil type hed abigger effect on Ny then is currently alowed in recommendétions (Anonymous
1994), and was not Smply a consequence of differencesin NO; leaching losses over winter.
Mean cereal N ranged from c. 145 kg per hectare on sandy soils to ¢. 240 kg per hectare
on shallow soils developed over chalk, despite both soils being prone to large leaching losses,
and optimum yield (Y o) being smilar on both. These large differences in Ny between soil
types were due to: a) grester gpparent fertiliser-N recovery (AFR) and greater apparent min-
erdisation (AM) during the growing season on sands, reducing crop demand for fertiliser-N,
and: b) to utilisation of recovered N being rediricted by drought on sandy soils, further reducing
N opt-

- no judtification was found for adjusting No,: according to anticipated cered yield. Thiswas be-
cause demand for N was related to the increase in yield from fertiliser-N (DBy) rather than Y .
Onaclay or st soil, yiedld may increasefrom c. 6to c. 10t per hectare (D, = 4 t per hectare),
while on a shallow chak the increase may be from c. 2to 7 t per hectare (D, = 5t per hec-
tare). Thus despite the much smaller Y, on the chalk, measured N reflects the larger Dy
Differencesin AFR between soil types dso hdped account for the lack of correlation between
Y opt @Nd Nope. Thisfinding has implications for fertiliser-N recommendations based on the bal-
ance sheet gpproach. By relating Ny to yield, crops grown on productive soils on which
fertiliser-N is recovered efficiently and where the ratio of assmilate produced per kilogram re-
covered N islarge, may be consstently over fertilised.

The large resdud effects of fertiliser-N gpplied to previous crops on nitrate-retentive soils go-
pear to be at variance with the results of N studies, such asthat of Bhogd et d. (1997), who found
recovery of *>N by the succeeding unfertilised crop increased negligibly with increasing fertiliser-N.
Sylvester-Bradley (1996) noted increases of ¢. kg/ha by ceredls following w whegt on aretentive
soil. It remains possible that the lack of residua effect of fertiliser N suggested by °N studies may
be an artefact induced by pool substitution

Animal manures

Although the mgority of anima manures are gpplied to grasdand in E and W (c. 44% of grass areq),
some are gpplied to arable crops (¢.16% of arable areq), especially from pigs and poultry, asthese
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livestock are more likely to be found in arable areas. Fertiliser-N applications should be reduced if
organic manures have been goplied (Anonymous 1994). However, in E andW insufficient dlowance
is made for the total crop avallable N (TAN) in manures. Smith and Chambers (1995) found fertil-
iser-N was reduced by only c. 22 and 4 kg per hectare respectively for crops of winter wheat and
potatoes that had been given animd manures. As stated above, it is not possible to accuratdly deter-
mine manure N gpplications to cropsin E and W. Where straw based manures (FY M) and durry,
are applied at rates of ¢. 25 t per hectare and 50 N’ per hectare to arable soilsin winter, crop ‘avail-
able N islikely to be c. 45 and ¢.75 kg per hectare respectively (Anonymous 1994). Some of the
TAN will have been lost by NH; volatilisation, or by leaching if gpplied before the winter period
(Smith et d., 1994), the smd| adlowance made in fertiliser-N for potato cropsin particular, suggests
fertiliser-N applications could be further reduced when anima manures have been gpplied. These
alowances should increase as measures are adopted to reduce nitrate leaching and NH; loss, leading
to greater consarvation of TAN in soils, and hence greater availability for crops.

Nitrogen deposition

Results presented earlier suggest that, in some parts of E and W both wet and dry deposition of N
may be greater than currently estimated, and that the variability between arable areas may adso be
greater than previoudy thought. Where N deposgition is as large as reported by Goulding et d.
(1998), then this source of N becomes more sgnificant than is commonly recognised.

9.2.2 Nitrogen outputs
Crop nitrogen offtake

A mgor factor in accounting for differencesin N output is the fate of unharvested crop residues.
When removed from the fidd, e.g. cered sraw for anima bedding, losses may be increased by c.
30% (e.g. Webb et d., 1998b) and N balances are more likely to be negative (e.g. Van Faassen and
Lebbink 1990). No adjustment to fertiliser-N recommendations is currently made to dlow for this
greater offtake. Given the overall nationa gross surplus of N applied to arable crops (c. 50 kg per
hectare), increaang fertiliser-N to compensate for losses in straw gppears unwise, and likely to lead
to greater N losses to the environment. Nicholson et d. (1997) showed that even after c. 10 years,
straw incorporation had no effects on N.. Moreover, straw is more likely to be removed in aress,
or on farms, with livestock, and so animal manures are likely to be gpplied to at least some cropsin
the rotation and hence the straw-N will be returned to the soil. Since reductions in fertiliser-N are
generdly insufficient to take account of manure TAN, it seems unlikdly that, in practice, Straw re-
movd will lead to mgor losses of N from the soil.
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Nitrate leaching

UK research on nitrate leaching does not indicate that nitrate islost by leaching in direct pro-
portion to the amount of N applied in the previous cropping season. Among the factors that cause
the relationship to be non linear for fertiliser-N are summarised in figure 9.4.

Author Factor Remarks
YaYo Y YaYaYaYaYaYaYaYaYaYVaYa VoY YaYaYVaYVaYVa Y YaYaYVaYVa VoYY YaYaYVaYVa VoY YaYaYaYVa VoYY YaYa
Lord 1992 Cereals. Up to Ny losses (kg L osses of nitrate under arable cropping
N per kg N applied) arec. 0.07. may nevertheless be substantial when,
Above N losses are ¢.0.50. because of large residual fertility, no
fertiliser-N is applied.
Lord 1992 Some crops (e.g. potatoes are |ess
efficient at utilising fertiliser-N
than cereals.

Addiscot and Whitmore. 1991  The proportion of fertiliser-N
lost by leaching differs according
to soil water capacity (SWC),
increasing as SWC decreases.
Anthony et a., 1996 Overwinter rainfal (OWR). The proportion of N lost will tend to
increase, although not linearly, with
increasing OWR. Effect predicted by the

SLIMMER model.

Smith and Chambers 1997 Potential for leaching loss L osses are proportionately greater from
increasesastheratioof TANto  slurriesand poultry manure than from
total N increases. Straw based manures.

Froment et a., 1992 Greater leaching losses occur Especially to slurries and poultry

from manures applied in late
summer and autumn than from
those applied in Winter and Spring
Chamberset al., 1998 MANNER mode! Predicts losses of nitrate and NH;
following manure applications.

Figure9.4  Factors affecting nitrate leaching

Ammonia losses

Emissions of NH; from minerd fertilisers depend on the type of N-fertiliser gpplied, soil type (espe-
cidly soil pH), meteorologicd conditions and time of application in relaion to crop canopy
development. In particular, the type of N-fertiliser gpplied has a great effect on emissons (Whitehead
and Raigrick 1990). Emissons are largest from ureafertiliser because it hydrolyses rgpidly in the soil
to release NH3. Emissons from ammonium sulphate (AS) may aso be large, but these are very de-
pendent on soil pH, with larger emissons from cacareous soils. Other fertilisers, such as ammonium
nitrate (AN), are more neutral in pH and produce much smaller emissions. These are often difficult
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to distinguish in measurements of plant aamaosphere fluxes (eg. Sommer and Jensen 1994). Fertilisers
containing only NO3™ will not emit NH; directly, but may increase NH; emissons by fertilised crops.

Following spreading of manures and durries to land, the amount of NH; lost depends upon a
number of factors, of which the most important are TAN and dry matter content of manure/durry.
Temperature, windgpeed, soil cation exchange capacity, and infiltration rate d o influence the amount
of NH; lost. Emissionsdecrease with decreasing durry dry matter (Brunke et d., 1988) since dilute
durriesinfiltrate the soil more reedily. While a greater proportion of NHs is logt following incorpora
tion of solid manures (c. 65% for pig manure, Chambers et d., 1998) compared with durries (c. 25%
for pig durry, Pain et d., 1997), the proportion of N as TAN is much less in solid manure (¢.25%)
than in durry (c. 50-60%) (Anonymous 1994) so losses will tend to be smdler from field gpplica-
tions.

Nitrous oxide/dinitrogen

In soil NLO is produced predominantly by two microbia processes. nitrification (the oxidation of am-
monium (NH,4") to NO5” and denitrification (the reduction of NO5™ to gaseous forms of N, ultimately
N-O and N,). The rate of N,O production is primarily dependent on the availability of minerd N in
the sail (eg. Bouwman, 1996). Maximum N,O emissions are generdly observed within 2 to 3 weeks
of N-fertiliser goplication. The magnitude of the emissons depends on the rate and form of fertiliser
applied, the crop type, the soil temperature, and soil moisture content. However, it is not possble
to derive emisson factors for different fertilisers or soil types from existing data (Bouwman, 1996).
Therefore, the IPCC method defines only one emisson factor for dl typesof N input.
Following the IPCC Methodology (IPCC/OECD 1997), N,O emissons from agriculturd soils
may be calculated asthe sum of :
i direct soil emissions (1.25% of N inputs are emitted as N,O-N); (where N inputs are from
fertilisers, manure applications, biologica N fixation and crop resdues). See IPCC Worksheet
4-5, sheset 1;
i direct N,O emissons from cultivation of organic soils (histosols) IPCC Worksheet 4-5, sheet
2);
i direct soil emissions (2% of N inputs) from grazing animas (IPCC Worksheet 4-5, sheet 3);
iv  indirect emissonsfollowing depostion of NH; and NO, (1% of N deposited as NHz; and NOx
is subsequently re-emitted as N;O), or leaching or run off (2.5% of N leached or run off,
IPCC Worksheet 4-5, sheets 4 and 5).

Prior to estimation of direct N,O emissions, fertiliser-N inputs are reduced by 10%, and ex-
cretal- and manure-N returns by 20%, to alow for N lost as NHs.

Direct emissonsindude emissonswhich areinduced by N input (fertiliser, manure, excretd-N
deposited during grazing, biologica N fixation and crop resdues). In addition, cultivation of organic
soils (histosols) is regarded as a direct source of N,O. The magnitude of direct N,O emissonsvaries
with arange of soil and environmental factors. Application of N-fertiliser to, or incorporation of N
rich crop resdues into, moistureretentive soils produces greater N,O emissions than application to
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freedraining soils (Skiba et d., 1992). Application to or incorporation into warm soilsis likely to leed
to grester emissions than from soils which are cold. However, some recent studies have shown, that
the largest N,O emissions occur during thawing of frozen soils (MUller et d., 1997), and the total
emissons between November and February were 50% of the total annua flux (Kaiser et d., 1997).
Rapid crop growth, and demand for NO3'N, will reduce N,O emissons by reducing the poal of min-
erd N avalablefor denitrification (Yamulki et a., 1995). Increased exudation of C from plants may
aso increase denitrification.

These soil and environmentd factors aso influence the magnitude of indirect N,O emissons
following atmospheric deposition of NH; and NO.

Nitric oxide

Nitric oxide (NO) may be emitted either as a consequence of nitrification, or denitrification. In agri-
culturd land, where pH islikely to be maintained above 5.0, nitrification is consdered the dominant
pathway of NO emisson (Remde and Conrad, 1991; Skiba et d., 1997). The main determinant of
NO production in agricultural soilsismineral N concentration (Skiba et d., 1997). Thisisincreased
by N-fertiliser gpplication, manure goplication, excretd N deposited during grazing, crop resdue in-
corporation, and cultivation.

Current data on NO emissons in relation to fertiliser-N use were reviewed by Skiba et al.
(1997). Losses ranged from 0.003 to 11% of applied fertiliser-N, with a geometric mean emisson
of 0.3% applied N. In view of the sparse and skewed nature of the data, this estimate is proposed
in preference to that of Yienger and Levy (1995) who used an arithmetic mean of 2.5% loss of fertil-
iser-N to estimate NO emissions.

Activities such as tillage and incorporation were consdered to increase NO emissons by a
factor of 4 (Skiba et d., 1997). Thus, knowledge of the N concentration and minerdisation rate of
crop residues could provide an estimate of soil NH,* on which to base an emission esimate. Know-
edge of soil N content could aso dlow an estimate to be made of NO emissions following cultivation.

9.3 Uncertainties

9.3.1 N inputs

Fertilizer nitrogen

Because of differencesin the sample sizes of different crops (Burnhill et d., 1996), the accuracy with
which fertiliser-N gpplications are estimated by the UK Survey of Fertiliser Practice differs between
crops. Standard errors of the estimates range from c. 1 kg per hectare N for winter barley (0.5% of
the overdl mean), to 12 kg per hectare N for vegetable brasscae. This precison means that for the

major crops, changes in fertiliser-N applications between years of only c. 3-5 kg per hectare may
be ggnificant.
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Animal manures

Current estimates of total animal manure gpplications are reasonably well known, to £ ¢. 20%. How-
ever, estimates of application to different crops are uncertain by at least + 100%.

N deposition

Current estimates of N deposition are much less certain, and were estimated at ¢.20% and ¢, 50%
for wet deposition and dry deposition respectively by UKRGIAN (1994).

9.3.2 N outputs
Crop nitrogen offtake

Annud estimates of crop yidds are published for the UK, and these are £ 5%. Using andard vaues
for crop N concentration will give estimates of crop N offtake accurate to + 10%.

Nitrate leaching

Inthe E and W the 'NEAP-N' mode (Anthony pers. comm.) is being used to estimate annua NOs-
N losses. Thismodd usesasngle N lossfactor for individua crop and livestock types with land use
data available from the MAFF agricultural census. The modd is gpplied a 1 kn resolution interpo-
lated from agricultura land use reported at parish leve, with estimated NOs-N leaching |osses based
on spatidly digributed information on soil type, hydrologicaly effective rainfdl and land use. The
NEAP-N basdine vaues for NO3-N leached under UK arable crops are derived from Lord (1992).
Vaues have been revised based on the results of the most recent research (e.g. Lord et a., 1995;
Webhb et d., 19984). Losses moddled using this gpproach have been found to give good agreement
(c. £ 10%) with measurements made in UK Nitrate Sensitive Areas using porous pots.

Ammonia losses

Emissons of NH; are based upon estimates of fertiliser- and manure-N applications and of estimates
of emissons from those sources. As noted in 3.1. above, fertiliser-N gpplications are well character-
ised. However, the amount and N concentration of animal manures to arable land is uncertain, and
current estimates may be no better than c. 20%.

Percentage NH; losses are estimated to be ¢. 30% from excretalmanure and ¢. 50% from fer-
tiliser-N. Given the influence of weather on NH; emissons there are likdy to be Sgnificant differences
between years.
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Nitrous oxide

As estimates of N,O emissons require data on fertiliser- and manure-N gpplications, these will be
subject to the same uncertainties as are NH; emissons. Current emission factors for N,O emissons
are considered to be uncertain by afactor of 9 (range 0.25-2.25% of N inputs, Bouwman (1996).
Nitric oxide

Much lessinformétion is available on factors determining losses of NO from soils. While gpplication
of fertiliser-N may be estimated with an accuracy of >10%, other factors such asreturns of N in crop
residues and soil N contents may be estimated to within £ 25%. However, the greatest uncertainty
isover emisson factors. Usng data from essentidly the same body of published work, Yienger and
Levy (1995) and Skiba et d. (1997) arrived & mean emisson factors dmost an order of magnitude
different, suggesting an uncertainty factor of 10.

9.4 Aggregation/Calibration

9.4.1 Nitrogen inputs

Fertiliser-N

Application rates reported separately for E and W and for Scotland (Burnhill et al., 1996).
Manure

Areas of crops to which manures are gpplied, but not amounts (Burnhill et al., 1996).

N deposition

Reported on 20 x 20 km grid square (UKRGIAN 1994).

Crop N offtake

Yieds of mgor crops given separately for each county in E and W. No equivaent dataon N cor-
centrations in crops or their residues (Anonymous 1998).
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9.4.2 Nitrogen outputs
Nitrate leaching

To vdidae the modd agang actud field measurements, NEAP-N runs were undertaken on selected
NSAsfor which measurements of nitrate leaching losses have been made using porous ceramic cups.

Ammonia losses

The smplest gpproach to spatialy desegregate NH; emissonsisto scale these by the digtribution of
total arableland. In amore detailed approach census data on the distribution of different crop types
may be combined with characteridtic fertiliser inputs to each crop type, together with the overal fer-
tiliser emissions factor.

Nitrous oxide and nitric oxide

Direct emissons may be spatidly desegregated usng census data on the ditribution of different crops
together with mean fertiliser-N inputs to those crops. Data on the distribution of histosols may aso
be included to improve spatid desegregation. Indirect emissons may aso be satialy desegregated
if goatid datais available for N deposgtion, and N leaching and runoff.

9.5 Data collection

9.5.1 Nitrogen inputs

Fertiliser nitrogen

Fertiliser-N gpplication to dl mgor crops and grass, and for aggregates of minor crops e.g. soft fruit
and vegetable brassicag, are published annudly for the UK in the British Survey of Fertiliser Practice
(e.g. Burnhill et d., 1996). The datais desegregated for England and Wales and for Scotland, but
not further. Desegregeated information is available on request, but such data, being of smdler sample
gze, aetherefore less accurate. The digtribution of fertiliser-N gpplication rates, aswdl as means
for each crop (or crop group), are given. In addition the percentage of each crop to which animal
manures are gpplied is given.

Animal manures

No informétion is given on the type or amount of anima manure goplied, but this can be supplied on
request.
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N deposition

Data on wet depodition for the UK are available from the UK Precipitation Composition Network,
run by NETCEN at the Culham Laboratory, Oxford (AEA, 1995). Measurements of dry deposition
are less comprehensive, but are made a stesin the UK as part of the Environmentd Change Néet-
work and are published by NETCEN (AEA, 1995).

9.5.2 N outputs

Crop N offtake

Satigtics on average crop yieds are published annualy by the UK Minigtry of Agriculture Fisheries
and Food (e.g. Anonymous 1998). However, these do not include data on N concentrations which
are likely to differ between years.

Nitrate leaching

Estimates of N loss factors for the NEAP-N modd are likely to be updated as new information is
published.

Ammonia losses

These are estimated nationdly as part of the UK Ammonia Emissons Inventory (Pain et d., 1997).
The Inventory is updated annudly. However, the information is only desegregated between England
and Wales and Scotland.

Nitrous oxide

A nationd Inventory of UK NO emissonsis currently being compiled (Jarvis pers comm). Edimates
may aso be made using the default IPPC Methodology (IPPC/OECD, 1997) for which data are
avalable.

Nitric oxide

Theseis no esimate of NO emissons from UK agriculture, though a smple method has been pro-
posed (Webb et d., 1998), based on the review of NO emissons by Skiba et d. (1997).
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9.6 Updating

9.6.1 Nitrogen inputs

The UK MAFF islikely to continue to meke available annud datigtics on crop areas and crop yidds,
Data on N depostion, both wet and dry is avalable on the NETCEN webste
(http://ww.aegt.co.uk/netcen/agarchive/archome.html).

9.6.2 Nitrogen outputs

Projects are currently funded to update estimates of N |osses as nitrate, ammoniaand nitrous oxide.
The UK Ammonia Emissons Inventory is updated annudly. Thisisaso likely to be the case with the
N,O emissons Inventory. A Project has just begun to make preiminary estimates of NO emissons
from UK agriculture.

9.7 Approximationsfor missng data

9.7.1 Nitrogen inputs

Fertiliser-nitrogen

Fertiliser-N inputs may be gpproximated by andogy with data from countries of amilar dimate and
agriculture where fertiliser useis recorded.

Manurenitrogen

Thismay aso be gpproximated by andogy with data from countries of smilar dimete and agriculture.
However, given the uncertanties of esimating N inputs from manures, thiswill give rise to sgnificant
errors.

N deposition

Thisdatais published for Europe, (eg. Van Pul et d., 1995). However, the scaeislarge, and will
only give a crude gpproximeation.

9.7.2 Nitrogen outputs

Crop nitrogen offtake
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Yields may be approximated by reference to countries of amilar climate and agriculture. Standard
N concentrations may be applied to derive N offtake.
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Environmental |osses

Where N inputs are known, losses may be approximated using standard models or spreadshests.
For gaseous losses the methodology is available in the EMEP/CORINAIR Atmospheric Emissions
Inventory Guidebook (EEA, 1996). The methodology used to estimate NH; emissonsis based on
the MARACCAS mode (Cowell and ApSimon, 1998).

9.8 Uncertainties

Fertilizer-N 0.5-5.0% (Burnhill et a., 1996)
Manure gpplications c. 100%

Wet N deposition C. £ 20% (UKRGIAN 1994)
Dry N deposition c. £ 50% (UKRGIAN 1994)
Nitrate Leaching + 10%

Ammoniaemissons + 30%

Nitrous oxide x9 (Bouwman 1996)
Nitric oxide x10
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10. Methods to estimate potential N emissions related to
crop production

F. Brentrup and J. Kusters
Abstract

Nitrogen emissons mainly arise from the gpplication of N containing organic and minerd fertilisers
The most important of these N emissions are ammonia (NHs), nitrous oxide (N,O) and nitrate
(NOg3). These emissons are srongly influenced by soil type, climatic conditions, and agricultura
practice and therefore they can vary condderably. Since actud measurements of emissons are naither
practical nor gppropriate for LCA purposes, structured methods are required to derive estimates of
average emisson rates. An dternative could be the use of vaues derived from the literature which
would, however, require consderable effort compared to structured methods, especidly because the
vaues might be only vaid for the particular sysem under investigation.

Methods to determine estimates for NH;, N,O and NO3 emissons were selected from alit-
erature review. Different procedures were chosen for the determination of estimates of NH;
emissions from organic (Horlacher and Marschner, 1990) and minerd fertilisers (ECETOC 1994).
To edimate the N,O emissons a function derived by Bouwman (1995) was selected. A method de-
veloped by the German Soil Science Association (DBG, 1992) was proposed to determine
approximate NO; emissons. An example is given to illudrate the different procedures.

10.1 Introduction

Three relevant nitrogen emissions are released into the environment due to agricultura production:
ammonia (NHz) and nitrous oxide (NO) as gas emissions and nitrate (NOs) leached into the
groundwater. Other N emisson pathways such as surface water runoff or soil eroson are compara-
bly of lessimportance (ECETOC, 1988). Figure 10.1 shows asmplified nitrogen cycle focusing on
the most important nitrogen in- and outputs.

Agriculture, including both crop and animad production contributes considerably to the NHs,
NO; and N,O emissons. Especidly for anmonia, agriculture is by far the main source of emissons.
Table 10.1 givesinformetion about the share of agriculturd production on the different nitrogen emis-
sons a different spatid scaes.
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Figure10.1 The nitrogen cycleon afarm
Source: ECETOC, 1988 (modified).

Table10.1 Theshare of agriculture on total global, European and German N emissions

Gobe Europe Germany
NO; a) a) 50% b)
NH, 87% ) 97% d) 96% €)
N,O 47%f) 48% d) 33%¢€)

a) Noinformation; b) Stanners, 1995; c) Isermann, 1990; d) Jol and Kielland, 1997; €) Enquete-K ommission 'Schutz
der Erdatmosphére’, 1994; f) Kroeze, 1994.

Another important background informetion in this context is the contribution of the N emissons
to environmenta effects (table 10.2). The share of each emission to a potentid environmental effect
on agloba scaewas cdculated usng LCA normdisation data of Guinée (1993). Ammonia contrib-
utes to about 20% to the total globa acidification potential. Furthermore, NH; is responsible for
gpproximatdy 14% of the eutrophication potentia. Nitrate contributes to about 65% to the eutrophi-
cation potentia, while its contribution to the tota global human toxicity potentia is very low. Nitrous
oxide belongs to the greenhouse gases and contributes to about 5% to the total globa warming po-
tentid.
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Table10.2  Shareof N emissionsin global environmental effect

NO; NH; N,O
Acidification 20%
Eutrophication 65% 14%
Globa warming 5%
Human toxicity 0.0001%

Source: Guinée, 1993.

In the fallowing, the nitrogen emissons are further investigated concerning the main parameters
influencing the emission rates. Easy to perform estimation methods will be presented in order to pro-
videtools to caculate potentia emissonsrelevant in aLife Cycle Assessment (LCA) of agricultura
products of processes.

An example will follow every step to illustrate the proposed procedures. An LCA case study
of awinter whest production system was chosen as an example (Klsters and Jenssen 1998). God
of the study was to evauate the environmenta impact associated to the production of one tonne of
winter wheet grain. The system is located on afarm in northern Germany and the yield is 8.5 tonnes
per hectare. The parameter values used in the caculations are mentioned in the context of these cdl-
culations. All information related to the test case will be written in italic letters.

10.2 Ammonia volatilisation

Nearly 90% of the globd emissions of the volatile gas ammonia (NHs) are related to agriculture (see
table 10.1). Within agriculture, anima husbandry has by far the grestest share on the ammonia re-
leased to the environment (Isermann, 1990; ECETOC, 1994). Ammonia volatilisation occurs during
and after production, storage and application of organic (see chapter 10.2.1) and to alower extent
of minerd fertilisers (see chapter 10.2.2). The ammonialost through volatilisation comes from NH,
and urea containing fertilisers. Urea decomposes in soil according to equation (1):

CO(NH,), + 2 H;O ------ e ___-> (NH4),COs
(NH4),CO3 + 2 HY <emmmmmmmmmeee > CO, + H,0 + 2 NH," 1)
2 NH," <---m-mmmmeeeee- >2NHz+2H'

Unfortunately no estimation method is available that covers the NH; losses due to both organic
and minerd fertilisation. For this reason, two different estimation methods were selected to assess
the ammonia emissons caused by fertiliser use. The parameters considered in the respective method
and their relationships are described in the context of the methods.
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Ammonialosses due to production and storage of organic fertilisers, such as manure and durry
are out of scope of this paper, because up to now it is not clear within Life Cycle Assessment,
whether these emissions are to be alocated to animal husbandry or crop production.

10.2.1 Ammoniavolatilisation due to organic fertiliser gpplication

According to Isermann (1990) the ammonia losses during and after gpplication of organic fertilisers
ranges from 1 to 100% of the gpplied NHyN. Thisclearly indicates a need to esimate the NH; emis-
sons Ste specific and dependent on agriculturd practices.

In the following, an easy to perform procedure to assess the ammonia emissons due to organic
fertiliser gpplication is presented. It is according to a method proposed by Horlacher and Marschner
(1990). In this method, four important and easy to get parameters are chosen to assess the anmonia
losses.

The parameters considered in the NH; voldilisation estimation method for organic fertilisers

- average air temperature;

- infiltration rate;

- time between gpplication and incorporation or ranfal;
- precipitation or incorporation after gpplication.

Theair temperatureinfluences the anmonia volailision in different ways Firdly, the solubil-
ity of NH; and NH, decreases with increasing temperatures (ECETOC, 1994). Secondly, the higher
the temperature is, the more the equilibrium of NH; and NH," is moved to NH; (ECETOC 1994).
Findly, increasing temperatures lead to increasing concentrations of the NHy/NH," solution due to
drying (Horlacher and Marschner 1990). All these relationships result in increasng NH; emissons
with increasing temperatures. The infiltration rate describes the capability of the soil to take up the
NHs/NH,". Within the soil, the NHy/NH," either gaysin solution and is plant available, is biological
oxidised (nitrification), or is adsorbed by clays and organic matter (ECETOC, 1994). Therefore, the
infiltration of NHy/NH," into the soil reduces the voldtilisation rate. The amount of volatilised ammonia
of course depends on the timethe NH; is present a soil surface. Thus the time between the applica-
tion and the disappearance of the NH:/NH," degper into the soil profile hasto be considered in the
esimation (Horlacher and Marschner 1990). Rainfall reduces the volatilisation of NH; considerably
due to increased solution of NHa/NH," and incressed infiltration into the soil. The amount of thisre-
duction depends on the amount of precipitation (Horlacher and Marschner, 1990). Incorporation
of the organic fertilisers dso reduces the NH; losses, as the NHs/NH," gets deeper into the il
(Sommer, 1992).

In the following estimation method, the NH; losses are calculated in percentage of the total
NH,-N gpplied in form of organic fertilisers. Thus, the NH,-N content of the applied organic fertiliser
should be known. Some figuresin this respect are given in table 10.3. The origind method of Hor-
lacher and Marschner (1990) is cdibrated only for the gpplication of cattle durry. The trander of this
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method to other forms and origins of organic fertilisers (see table 10.3) has not been tested and
should be vaidated.
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Example: 80 kg N per hectarein form of cattle durrywere applied. Cattle durry contains 55%
NH4-N. Thus 44 kg NH,-N per hectare were applied in the example.

Table10.3 N and NH,-N content of different organic fertilisers

Fertiliser type Dry matter (%) N (kg/t) NH4,-N (kg/t) NH4-N (% of N,
rounded)
Cattle manure a) 25 5.0 05 10
Cattle slurry b) 8 40 22 55
Cattle liquid manure b) 2 40 35 85
Calf durry b) 3 36 20 55
Pig manure a) 23 6.0 0.6 10
Pig slurry b) 6 51 36 70
Pig liquid manure b) 2 5.0 45 0
Sow slurry b) 5 41 29 70
Chicken slurry b) 14 8.7 6.0 70

a) Enquete-Kommission 'Schutz der Erdatmosphére’, 1994; b) Hydro Agri, 1993.

10.2.1.1 Temperature

Air temperature is akey parameter for the NH; volatilisation rate. Therefore, the influence of the
other parameters on the NH; volatilisation rate is assessed at different temperature levels. In thefol-
lowing four classes of temperature are distinguished: 0-5, 5-10, 10-15 and 15-20 °C.

Example: temperature during and after application of the cattle slurry was 10-15°C.
10.2.1.2 Infiltration rate

Theinfiltration ratecan be evauated according to figure 10.2. If two evauation criteriawere met,
which leed to different infiltration rates, the lower infiltration rate should be chosen, i.e. if for indance
liquid manure was applied on a heavily compacted oil, the infiltration rate should be regarded as low.

Example: cattle slurry with medium dry matter content was applied on non compacted soil,
therefore the infiltration rate was medium.

The maximum potentid ammonialossin percentage of the gpplied NH4-N is shown for differ-

ent infiltration rates and temperatures in table 10.4. The maximum potentid ammonia loss is the
ammonialoss that occurs, if no incorporation or rainfal after gpplication took place.
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Infiltration rate Example
YaYVaYaYaYaYaYaYVaYaYaYaYaYaYVaYVaYaYaYaYaYaYVaYoYaYaYaYaYVaYVa VoY YaYaYaVaYaYaYaYaYaYVaYaYaYaYa
Low application on cereal/corn stubble

application of slurry with high dry matter content

application of solid manure

application on heavily compacted, water saturated soil

Medium application on non compacted soil
application of slurry with medium dry matter content
High application on prepared soil with alot of macropores, e.g. ploughed soil

application on loose soil
application of slurry with low dry matter content
application of liquid manure

Figure10.2 Evaluation of theinfiltration rate
Source: Horlacher and Marschner, 1990 (modified).

Table10.4 Maximum potential ammonia lossin % of the applied NH,-N dependent on temperature and infil-
tration rate into the soil

°C NH; losses (%)
YaYaYa Y YaYaYaYVaYa Y YaYaYaYVa VoYY Yo YVaYVa VoYY YaYaYVa VoYY YaYaYVaVaVa
low infiltration medium infiltration high infiltration
0-5 30 2 15
5-10 45 35 25
10-15 70 55 40
15-20 0 I&) 55

Source: Horlacher and Marschner, 1990 (modified).

Example: the maximum potential ammonia loss is 55% of the applied NH4-N.
10.2.1.3 Time

Incorporation of the organic fertiliser into the soil or rainfdl after gpplication lead to a reduction of
ammonialosses. The longer the time period between the application of an organic fertiliser and its
incorporation or rainfdl the higher isthe anmonialoss Thisis congdered by multiplying the maximum
potential NH; loss (see table 10.4) by atime factor (table 10.5), which is derived from field experi-
ments (Horlacher and Marschner, 1990).

Example: precipitation took place one day after application of the organic fertiliser. Thusthe

maximum potential ammonia loss of 55% is multiplied by a time factor of 0.73, i.e. during the
day without rainfall (or without incorporation) 73% of the maximum possible NH; emission
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was lost. 55% multiplied by 0.73 gives 40%, i.e. 40% of the applied NH,-N (17.6 kg NHs-N per
hectare) was lost between application and precipitation.
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Table10.5 Timefactorsfor different temperature classes

Temp. Time between application and precipitation/incorporation
YaYaYaYYaYaYaYVaYa Y Y YaYaYaYVa YoV YaYaYVaYVa VoYY YaYaYVa VoYY YaYaYVaYa Yo YaYaYa
°C 1h 2h 4h 8h 12h 1d 2d d 4 6d &d 12d

0-5 0.04 007 010 015 0.19 0.25 0.35 045 04 0.60 080 1.00
5-10 006 010 014 0.20 0.25 0.35 0.50 0.65 0.73 0.85 1.00
10-15 015 025 035 050 0.60 0.73 0.83 0.92 1.00

15-20 020 030 045 0.65 0.75 0.85 0.95 1.00

Source: Horlacher and Marschner, 1990 (modified).

10.2.1.4 Precipitation

The NH; voldtilisation rate depends dso on the amount of rainfall after application of the organic
fertiliser. Thisistaken into account by introducing arain factor (table 10.6), which is based on fied
experiments (Horlacher and Marschner 1990).

Table10.6  Rain factorsfor different temperature classes (rainfall after application and before completevola-
tilisation in mm)

Temperature Precipitation
YaYaYoYaYaYaYaYaYa Y YaYaYaYVa VoY YaYaYaYa VoYY YaYaYaYaYaYaYa
°C 0-2mm 2-5mm 5-10mm > 10mm
05 0.30 0.15 0.05 0
510 040 0.20 0.10 0
105 0.60 040 0.20 0
1520 0.80 0.50 0.30 0

Source: Horlacher and Marschner, 1990 (modified).

Example: One day after application of the cattle durry: 8mmrainfall, temperature 10 to 15°C.
Forty percent of the maximum potential ammonia loss (55%) is already lost (see chapter
10.2.1.3), i.e. 15% potential loss remained. Due to rainfall of 8mm and temperature of 10-
15°C thisremaining 15% potential lossis multiplied by a rain factor of 0.2. Thisresultsin 3%
ammonia loss (15%*0.2 = 3%). That means 3% (1.3 kg NHz-N per hectare) of the applied
NH,4-N was lost since the beginning of precipitation.

®  ammonia emission due to application of organic fertilisers:
17.6 kg NHz-N per hectare + 1.3 kg NHz-N per hectare = 18.9 kg NH3-N per hectare= 22.95
kg NHj; per hectare
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2.7 kg NH; per tonne of wheat grain (yield: 8.5 tonne per hectare)

155



10.2.1.5 Other factors

Incorporation of durry or manure into the soil reduces the ammonialossesto very low rates depend-
ent on the depth of incorporation (Sommer, 1992; Horlacher and Marschner, 1990). Therefore, if
the organic fertiliser was incorporated, 2% of the NH,-N remained in the soil & the time of incorpo-
ration should be consdered asloss (Sommer, 1992). The caculation is Smilar to the calculation for
precipitation.

Other dimatic factors influencing the NH; volatilisation rate are radiation and wind speed. High
radiation aswdl as high wind speed lead to increase in anmmonialosses. These factors are ether well
enough reflected by dready integrated parameters (radiation by temperature) or very difficult to de-
rive (wind speed) (Horlacher and Marschner, 1990). Neverthdess, epecidly wind speed may have
agresat influence on volatilisation rate and therefore it would be desirable to take account of this factor
(Erisman, 1999).

Soil related parameters such as buffer capacity, pH and cation exchange capacity have an €f-
fect on anmoniavolatilisation (ECETOC, 1994).

- high pH (>8) -> high NH; volatilisation rete;
- high buffer capacity -> high NH; volatilisation rate;
- low cation exchange capacity -> high NH; volatilisation rete.

However, as there is no estimation framework available consdering the above factors, they
are not integrated. Thisis supported by Horlacher and Marschner (1990). According to their find-
ings, infiltration is the main soil related factor.

10.2.2 Ammoniavolatilisation due to minerd fertiliser gpplication

The ammonia emissons due to the gpplication of minerd fertilisers are usudly lower than from durry
and manure gpplication (Isermann, 1990). However, consderable ammonia volatilisation can dso
take place when gpplying minerd fertilisers, dependent on the ammonium and urea content of the
fertiliser, the weather conditions, and soil properties. The ECETOC (1994) proposed an estimation
method to evauate these emissions taking into account the different soil properties throughout Europe
and the different NH; volatilisation risks dependent on the fertiliser type.

Group Countries Calcarous soil (CaCOs) pH Sensitivity

YaYaYaYYaYaYaYVa VoYY YaYVaYVaYVa VoYY Yo YaYVa VoYY YaYaYVaYVa VoYY YaYaYa VoYY YaYaYaYVaYaYaYa

I Greece, Spain common mostly >7 high

I Italy, France, UK, Eire, Portugal, partly existent ><7 medium
Belgium, Netherlands, Luxemburg

" Norway, Sweden, Finland, Denmark, rare mostly <7 low
Germany, Switzerland, Austria

Figure 10.3 European countries grouped according to their NH; volatilisation sensitivity
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As mentioned above, soil rdated parameters influence the risk of ammonia volailisation. With
increasing pH the eqilibrium of NH," and NH; moves to ammonia, i.e. the risk of ammonia losses
increases. Another soil related parameter influencing the ammoniavolatilisation isthe buffer capacity
of asoil. High CaCO; contents counteract acidification and can therefore result in increased NH;
losses. These parameters were considered by ECETOC (1994) to define three classes of different
regiona sengtivity to NH; volatilisation (figure 10.3).

Example: the wheat production systemis located in Germany and is therefore allocated to
group I11.

ECETOC (1994) defined NH; emission factors for the following minerd fertilisers

- urea;

- ammonium nitrate (AN), calcium ammonium nitrate (CAN), compound fertiliser (NP-N, NK-
N, NPK-N), dl with the same emission factor;

- ammonium phosphate;

- ammonium sulphate;

- other N fertilisers, with different emisson factors.

Table10.7 Emission factors (% NHs-N loss of total applied mineral N) for different mineral fertilisersin

Europe
Fertiliser type European countries grouped according to figure 10.4
YaYaYoYYaYaYaYVaYa VY YaYaYaYVa VoY YaYaYVaYVaYaYaYaYaYaYa
group | group |1 group I11
Urea 20 15 15
Ammonium nitrate 3 2 1
Ammonium phosphate 5 5 5
Ammonium sulphate 15 10 5
Anhydrous ammonia a) a) 4
Nitrogen solution 8 8 8

a) Fertiliser not common in this group of countries.
Source: ECETOC, 1994 (modified).

The emission factors were derived by reviewing the literature (Asman, 1992; Buijsman et dl.,
1986; Whitehead and Raistrich, 1990; Isermann, 1990; SCB, 1991; dl in ECETOC 1994) and tak-
ing into account the regiond differencesin NHvolatilization sengtivity related to the fertiliser type
(table 10.7).

Example: in the case study 130 kg N per hectare ammonium nitrate was applied to the winter
wheat. According to table 10.12 the NHs-N loss of total applied mineral N is 1%. One percent
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NHa-N loss of 130 kg N per hectare gives 1.3 kg NHs-N per hectare, i.e. 1.6 kg NH; per hec-
tare.

®  ammonia emission due to application of mineral fertilisers:

1.6 kg NH; per hectare

0.19 kg NHj; per tonne of wheat grain (yield: 8.5 tonne per hectare)

An incorporation of minerd fertiliser into the soil should be conddered. In thiscasg, it ispro-
posed to take the ammonialoss rdated to the application of ammonium nitrate, i.e. 1-3% of the totd
amount of nitrogen applied.

10.2.3 Resllt of the example

®  ammonia emissions due to application of organic and mineral fertilisers:

22.95 kg NH; per hectare + 1.6 kg NH; per hectare = 24.55 kg NH; per hectare

2.7 kg NHs per tonne of grain + 0.19 kg NH; per tonne of grain = 2.89 kg NH; per tonne of
grain

10.3 Nitrousoxide emissions

Nitrous oxide (N,0) is one of the greenhouse gases, smilar to CO, and water vapour, which are
responsible for the absorption of about 95% of the longwave radiant energy in the amosphere. The
benefit of these gases is their "potentia to make our planet habitable, as the temperature on the
earth's surface would be more than 30°C colder, if these gases were absent (Bouwman, 1995).
However, increasing concentrations of greenhouse gases in the atmosphere are supposed to lead to
increasing globa temperatures, which for ingtance may result in risng sealevels

Agriculture has a consderable share in the anthropogenic N,O emissions (33-48%, seetable
10.1), whereas N,O itsdf contributesto ardatively smdl extent to the total globa warming potentia
(5%, seetable 10.2).

Nearly 80% of the N,O emissons due to agriculture are rdaed to the use of minerd and or-
ganic fetilisars. Biomass burning (e.g. shifting cultivation, deforestation) is responsible for about 20%
(Kroeze, 1994). Two microbid processes are responsible for the most of the N,O emissonsin agri-
culture: denitrification (NO3 -> NO, -> NO -> N,O- -> N~ ) and nitrification (NH, -> (N,O- )->
N Oz -> N 03)

Denitrification isthe microbid reduction of NO3 to N,O and N,. Denitrification occurs under
anaerobic conditions, when specid microorganisms (e.g. Pseudomonas denitrificans, Thiobacillus
denitrificans) use NO3z and NO," as a subdtitute for the absent oxygen. Under completely anaerobic
conditions N, isthe main product, whereas |low oxygen concentrations lead to a higher N,O/N; ratio
(Granli and Backman, 1994).

Nitrification isthe microbia oxidation of ammonium to nitrate. N O emissions can occur un+
der aerobic conditions during oxidation of ammonium to nitrite. However, under anaerobic
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conditions, ammonium oxidisng microorganiams, eg. Nitrosomonas are aso capable to reduce
NO; to N,O smilar to denitrification (Granli and Backman 1994).

Hence, anaerobic conditions are a prerequisite for N,O emissons due to denitrification. But
a0 the available amount of nitrogen isadecigve factor for the rate of N,O released. As denitrify-
ing microorganisms need organic carbon as an energy source, the avallability of degradable organic
matter isafurther limiting factor for N,O formetion.

Many complex interactions between soil and climate related factors on the one hand and pa-
rameters determined by agriculturd management on the other hand influence the N,O emissions.
Figure 10.4 summarises the findings of Granli and Backman (1994) concerning these factors.

Parameter Effect on N,O emissions
VoYaY1YYaYaYaYaYVaYaYaYaYaYaYaYaYVaYaYaYVaYaYVaYaYaYVaYaYaYaYaYVaYaYVaYaYa Y2V YaYaYaYaYVaYaYaYaYa
Soil aeration Intermediate aeration -> highest N,O production

Low aeration -> high denitrification rate, but mainly N,

production
Soil water content Increasing soil water content -> increasing N,O emissions, but

Under very wet conditions -> decline
Changing conditions (dry/wet) -> highest N,O production

Nitrogen availability Increasing NOs/NH, concentrations -> increasing N,O emissions
Soil texture From sand to clay -> increasing N,O emissions
Tillage practice Ploughing -> lower N,O emissions
No/low-tillage -> higher N,O emissions
Compaction Increasing compaction -> increasing N,O emissions
Soil pH Where denitrification is main source of N,O emission: increasing pH

results in decreasing N,O emissions
Where nitrification is main source of N,O emission: increasing pH
resultsin increasing N,O emissions

Organic material Increasing organic carbon content -> increasing N,O emission

Crops and vegetation Plants, but especially their residues and remaining roots after
harvest increase N,O emission

Temperature Increasing temperature -> increasing N,O emission

Season Wet summer -> highest N,O production

Spring thaw -> high N,O production
Winter -> lowest N,O emission

Figure 10.4 Key parametersinfluencing N,O emissions from agricultural soils

Dependent on these parameters and their interactions, measurements of N,O emisson from
different types of agricultura land show grest variaions. Nearly half of 36 andysed sets of messure-
ments showed emissions rates above 3 kg N.O-N per ha* year with avariation mainly from 3to 10
kg N2O-N per ha*year. But aso N,O emission rates up to 42 kg N per ha*year on an irrigated,
heavily fertilised soil and 165 kg N per ha*year on a peat soil were measured. The other hdf of the
messurement sets gave N,O fluxes at or below 2.5 kg N;O-N per ha*year (Bouwman 1990, in
Granli and Backman 1994).
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Thisdearly indicates aneed for congdering this variability of NO fluxes when edimating N,O
emissonsin agriculturd Life Cycde Assessment. Unfortunately, the complexity of the interactions be-
tween the various parametersis up to now not well enough understood to propose an estimation or
even caculation method for NO emissions (Enquete-Kommission 'Schutz der Erdatmosphére
1994). Despite this, Bouwman (1995) proposed an emission factor for N,O emissonsfrom minerd
and organic fertilisers. From fied experiments, he derived the following emission factor:

N,O emission (kg N;O-N per ha) = 0.0125* N application * (kg N per ha) 2

This emission factor of 0.0125 kg N>O-N per hectare per kilogram N input is aso used as
default vaue for ,,estimating direct nitrous oxide emissions excluding cultivation of hisosols by the
IPCC (1997). The soil order of histosols is characterised by organic matter contents of more than
30% (on sandy soils > 20%; Scheffer, 1989). For these histosols, the IPCC (1997) proposed area
based default vaues of 5 kg N.O-N per ha* year for temperate and 10 kg N>O-N per ha* year for
tropica dimates. However, by far most of the agriculturd soils do not belong to the soil order of his-
tosols.

Example: the N application was 130 kg N per hectare mineral fertiliser and 80 kg N per hec-
tare cattle slurry. The ammonia losses wer e estimated to be 20.2 kg NHz-N per hectare (see
chapter 10.2). Thisgives a NHz-corrected N application of 189.8 kg N per hectare. According
to equation (2) this means:

®  nitrous oxide emissions due to fertiliser use:
0.0125 * 189.8 kg N per hectare = 2.4 kg N,O-N per hectare = 3.8 kg N,O per hectare
For theyield of 8.5t wheat grain per hectare this resultsin 0.45 kg N,O per tonne of wheat.

Thisemission factor is commonly used, becauseit isnot yet possible to consder the other pa-
rameters (see table 10.4) gppropriately. It is therefore suggested to take this gpproach for estimating
the nitrous oxide emissions caused by agriculturd practice.

10.4 Nitrateleaching

The minerd nitrogen in the soil ismainly nitrate (NOs) and to alower extent ammonium (NH4). As
nitrate is hardly adsorbed by soil particles, it can be easly leached into the groundweter. During the
vegetation period, the risk of NO; leaching islow because the plants take up large amounts of nitrate.
Within the plants, nitrate is reduced to ammonia and incorporated into organic structures. Further-
more, dmogt no downward water movement occurs during the vegetation period mainly due to high
evapotranspiration rates.

! The applied N rate should be corrected for NH; emissions, as these predominantly occur earlier than the N,O
emissions (Kroeze 1994).
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During the vegetation free period from late autumn to early spring, precipitation often exceeds
evapotranspiration so that the mobile NO; anion can be leached downwards in the soil.

For LCA purposes, it isimportant to be able to predict the potentid NO; leaching rate related
to an agricultura product or production process as part of the life cycle inventory. As aready stated
the level of nitrate leaching depends strongly on different parameters.

The most important parameters determining the nitrate leaching rete are:

- soil related: field capacity in the effective rooting zone (FCrze) (Mmm);
- climate related: drainage water rate (Warin) (Mm/year);
- agriculture related: nitrogen balance (kg N per ha*year).

Nitrate leaching depends on the amount of water that drains through the soil profile. This
drainage water moves the nitrate from the soil to the groundwater. The quantity of water in the soil
ismainly determined by the water input through precipitation and the water output through evapo-
transpiration of plants and soil surface. To what extent and how fast this water drains through the
profile is dependent on the capacity of the soil to adsorb the water in the soil. Thefield capacity is
amessure for this property. The field capacity in the effective rooting zone takes additiondly into
account to what depth plants are able to extract water from the soil. A measure for the rate of drain-
age water that leaves the effective rooting zone within one year is the exchange frequency of
drainage water. This measure expresses how often the whole drainage water rate of the effective
rooting zone has been exchanged within one year. How much and in what concentration nitrate is
emitted into the groundwater certainly depends aso on the amount of nitrate in the soil. The nitrogen
balance can be used to quantify the amount of NO; in the soll.

In the following, an estimation method for the prediction of nitrate emissons due to leaching
from agricultural soils will be presented (DBG 1992). The parameters needed for this calculation
should be ether readily available or can be estimated.

10.4.1 <oil related parameters

Thefield capacity in the effective rooting zone (FCrze) can be cdculated by multiplying the
available field capacity (FCa) by the effective rooting zone (RZe).

FCrze (Mm) = FCa (mm*dm*) * RZe (dm) (3)
The avallable field capacity as well as the effective rooting zone strongly depends on the soil

texture. The German Soil Science Association proposed six classes of available field capacity and
five classes of effective rooting zone (DBG 1992) as described in table 10.8 and 10.9.
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Table10.8  Assignment of soil texturesto 6 classes of available field capacity (FCa), medium soil density

Class (evaluation) Soil texture a) Available field capacity (FCa)(mm*dm®)
YaYaYaYYaYaYaYVaYaYaYaYaYaYaYaYaYa
range average

1 (verylow) S1 <10 8

2 (low) IT 1014 12

3 (medium) IS, tS, <L, tL, uT, T 14-18 16

4  (high) uS, sU, uL 18-22 20

5 (very high) U, tU, U >22 24

6 (swamp) Hh, Hn 60

a) S=sand; s=sandy; U =silt; u=silty; T =clay; t = clayey; L =loam; | = loamy; H = swamp; h = swampy; n =
half-swampy.
Source: DBG, 1992.

Table10.9  Assignment of soil texturesto 5 classes of effective rooting zone (RZe), medium soil density

Class (evaluation) Soil texture @) Effective rooting zone (RZe€) (dm)
YaYoYYaYaYaYaYaYaYaYaYaVaYa
range average

1 (verylow) Hh <3 2

2 (low) S Hn 3-5 4

3 (medium) I'S, usS 5-7 6

4 (high) tS, IS 7-9 8

5 (very high) uU,suy,Iu, tU, s, UL, tL, T, T >9 10

a) S=sand; s=sandy; U =silt; u=silty; T =clay; t = clayey; L =loam; | = loamy; H = swamp; h = swampy; n=
half-swampy.
Source: DBG, 1992.

Hence, to caculate the field capacity in the effective rooting zone (FCrze) only information
about the soil texture is needed.

Example: the soil textureisaloamy st (IU), i.e. FCais 24 mm*dm-1 and RZeis 10 dm. This
resultsin a FCgze Of 240 mm.

10.4.2 Climaterelated parameters

Therate of drainage water (Warin) is mainly determined by the precipitation rate (Wyedp) and the
evapotranspiration rate (Wg). The drainage water rate can either be measured or be estimated ac-
cording to the climatic water baance (CWB), i.e. the cdculaion of the difference between
precipitation (Wiyedip) and potential evapotranspiration (PWe) per year.
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Worain (Mmiyear) = Wiyedp (Mmiyear)-pWe (mmyear) 4)

The parameters precipitation and potential evapotranspiration should normdly be available
(e.g. for Germany: Deutscher Wetterdienst) or, in case of pWeg, can be calculated, eg. usng a
method according to Haude (DVWK 1995).

Example: Wyreip = 747 mmiyear, pWe = 538 mmvyear, i.e Wyrain = 747-538 = 209 mnv year.

The nitrate leeching rate is mainly dependent on the quantity of water that percolates through
the soil profileinto the groundwater. A measure for this quantity isthe exchange frequency of the
drainage water. This can be caculated using FCrze (3) and Wiin (4) asinput parameters.

Wdrain (mwya)
(5) exchangefrequency (@) =  ------m-m-mmmmmmmmmmnee

Example: exchange frequency = 209 mm*a-1/240 mm = 0.87 *a™

Thewhole amount of NOs; present in the soil & the beginning of the leaching period in autumn
is supposed to be available for leaching due to its high mobility in the soil. The exchange frequency
of the drainage water therefore directly reflects the share of nitrate lost vialeaching. If the exchange
frequency per year isequd or higher than 1, the whole amount of nitrate is supposed to be leached.
Therefore, the maximum value for the exchange frequency per year used in (6) is 1.

(6) leached NOs-N (kg N per ha*year) = NOs-N (kg N per ha) * exchange frequency (a*)

Example: This calculation will be performed at the end of section 10.4.3, because the amount
of NOs-N (kg N per hectare) available for leaching is not yet known.

10.4.3 Agriculture related parameters

As ameasure for the amount of nitrate in the soil after the vegetation period a nitrogen baance can
be used. The N balance can be calculated as described in figure 10.5.

The nitrogen fertiliser input and the nitrogen outputs should be known within an LCA, asthey
are part of the defined system under investigation (fertiliser rate, crop removal) or are dready esti-
mated (NHs-N, N>O-N). If fertiliser rates or crop removas are unknown, typica figures for the
different crops and agricultura production systems should be available a least for European countries
(for Germany: e.g. Hydro Agri 1993). Regarding the biological N fixation, among others Loges et
a. (1999) have presented a modd for the quantification of N, fixation of legumes
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N input (kg N per ha) N output (kg N per ha)
YaYVaYaYaYaYaYaYVaYaYaYaYaYaYVaYVaYaYaYaYaYaYVaYoYaYaYaYaYVaYVa VoY YaYaYaVaYaYaYaYaYaYVaYaYaYaYa

+ Minerd fertilizer - Removal with harvested crops

+ Organicfertilizer - NHs-N emissions (volatilization, see section 10.2)

+ Biological N fixation - N,O-N/N,-N @) emissions (denitrification, see section 10.3)
YaYVaYoYaYaYaYaYVaYVaYaYaYaYaYVaYVaYaYaYaYaYaYVaYoYVaYaYaYaYVaYVa VoY YaYaYaYVaYaYaYaYaYaYaYaVaYaYa
a input a output

VoY1 YaYaYaYaYaYaYaYaYaYaYVaYaYa VoY Y0 YVaYa Y0V s Y0 Vs YaYaYa Y0V Y0 Y0 YaYaYa Y0V YaYVaYa Y4V

N-balance = & input-& output

Figure10.5 Calculation of the nitrogen balance (DBG 1992, modified)
a) N,-N emissions are not considered as no method to estimate N, emissions is available.

Some other agricultural aspects can influence the nitrogen balance considerably:

- a reasonable nitrogen ba ance depends on the assumption that the nitrogen in- and outputs are
relatively constant over long term, i.e. more than one crop rotation. However, short term
changes may have a strong influence on the nitrogen baance, such as grasdand ploughing thet
usualy will lead to high nitrogen minerdisation rates;

- intercropping as wel as underseeding may reduce the nitrogen surplusin autumn by more
than 40% (Scheffer and Ortseifen 1996);

- due to the grazing and digesting animals (N out- and input) the nitrogen balance of pasturesis
very difficult to caculate and therefore highly uncertain.

Example: N inputs:
mineral fertiliser: 130 kg N per hectare
organic fertiliser: 80 kg N per hectare
biological N fixation: none
N outputs:
removal: 153 kg N per hectare
NHs-N emissions: 20.2 kg N per hectare
N.O-N emissions: 2.4 kg N per hectare
-> nitrogen balance: 130 + 80-153-20.2-2.4 = 34.4 (kg N per hectare)
no intercropping or underseeding

Nitrate emission into water via leaching, using results of the nitrogen balance and ex-
change frequency (see section 10.4.2):
34.4 kg NOs-N per ha* 0.87*a™ = 29.9 kg NOs-N per ha*year
For the yield of 8.5 tonne wheat grain per hectare: 3.52 kg NOs-N per tonne of wheat and
year.
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10.5 Conclusions

Thefirg gep in aLife Cyde Assessment isto make an inventory of al rdevant environmentd inter-
ventions caused by the system under investigation. For agricultural LCAs usudly the emissons of
ammonia, nitrous oxide, and nitrate are important and need to be consdered.

Three ways to take these nitrogen emissions into account are possible:
- to measure actud emission rates caused by the system under consideration;
- to use values derived from literature in a case by case procedure;
- to estimate potentia emission rates using structured estimation methods as they are presented

in this paper.

To measure actual N emission rates is money and time consuming and therefore often not
feesblein Life Cycle Assessments. Furthermore, actud measurements of N emissions often show
great variations (e.g. Isermann 1990, for NHs) and reflect a sngpshot of the specific conditions of the
moment when measured. For LCA purposes, average emissions adjusted to the conditions typica
for the system under examination are therefore more appropriate than actua emission rates.

Values derived from the literature reflect an average emisson, which is assumed representa:
tive for the syslem examined in the LCA. This means to review the literature in order to look for
emission rates obtained under conditions smilar to those of the systlem under investigation. A disad-
vantage of this procedure is that for each new study a new literature review might be necessary to
obtain new goppropriate values. Furthermore, it is difficult to evauate the qudity of the derived figures
as this strongly depends on the quality of the literature source.

An dternative procedure is to use structured methods for the estimation of average emisson
rates. Conditions, which influence the nitrogen emissions, are reflected by certain parameters (soil,
cimate, agriculturd practice). These parameters should be available and used asinput for the esima-
tion methods. Advantages of such procedures are their easy performance, less effort compared to
measurements or vaues derived from the literature, and the comparability of the results. The estima-
tion methods smplify the complex conditions responsble for the formetion and amount of emissons,
taking into account only afew well know factors, assuming that these are the most important ones.
However, the presented procedures could provide useful tools to obtain reasonable nitrogen emisson
datafor d life cycle inventory. Of course checking the data derived from such estimation methods
for ingance againgt officid regiona datistics (Haberg 1999) may be required.
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11. Scaling up of milk production data from field plot
to regional farm level

R. Loges, M. Wachendorf and F. Taube *
Abstract

Dairy farming in northern Germany as e sawhere in Western Europe is generdly intensve with high
production per anima and acreage. Due to high nitrogen inputs through purchased concentrates and
nitrogen fertiliser accompanied by low nitrogen outputs through milk and mest production, these
farms show on average a high nitrogen surplus, which especidly on sandy soils threatens groundweter
quality through nitrogen leaching. To reduce this surplusit is important to develop drategies to im-
prove nitrogen utilisation in the barn and on the fidd. Under northern German conditions areasonable
experimental basisfor thisis missng. Based on an interdisciplinary research project, the agricultura
faculty of the Universty of Kid investigatesin asysem-andyticd way nitrogen fluxes on dairy fams
The am with this project is to develop management drategies to increase the nitrogen use efficiency
to reduce nitrogen surpluses on dairy farms. Through for example variaions of fertiliser input, botani-
cad compostion of the sward and the form of grasdand use nitrogen surpluses can beinfluenced. To
show interactions between anima and forage production as well as economica and ecologica as-
pects modeswill be used after calibration with collected experimenta data. A westher based crop
growth modd dreedy is able to smulate growth and qudity of forage for awide range of different
soil and climatic conditions and different management drategies. Since it is dways difficult to scae
up findings from smdl experimentd plotsto farm leve, chosen management Strategies are andysed
pardle on smdl plots and on large scde fidds of the experimentd farm, aswell as on farmsin other
regions, to find eg. factors for forage losses while using farm machinery, with which plot data can be
corrected so thet it is possible to give advice that is more acceptable to farmers than small plot data

11.1 Introduction

Milk production in northern Germany usualy takes place on specidised dairy farms. According to
the 1998 report of the agricultural advisory service (Landwirtschaftskammer Schieswig-Holstein
1998) these specidised farms keegp on average 65 dairy cows on 85 hafam land with amilk yidd
of 6,820 kg/cowl/year. Because of high nitrogen inputs through purchased concentrates and nitrogen
fertiliser accompanied by low nitrogen outputs through milk and mesat production, these farms show
on average a quite high nitrogen surplus of 170 kg N/halyear. Especidly on sandy soils where spe-
cidised dairy farms are the main farmtype, such a nitrogen surplus threatens groundwater quality

through nitrogen leaching.

! Department of grass and Forage Science, Christian-Albrechts-University of Kiel, Holzkoppelweg 2, D-24118
Kiel, Germany, E-mail: rloges@email.uni-kiel.de
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To reduce thissurplusit isimportant to develop Strategies to improve nitrogen utilisation in the
barn and on the field. Generaly, areasonable experimenta basisfor thisis missng. Under German
conditions, single srategies have been investigated, but modtly in different experiments. Systemana:
Iytical studies of the process of milk production, which consider interactions between anima, forage
production, as well as economica and ecologica aspects, do not exist for northern Germany.

Also for the andyss of environmenta effects of milk production, the availability of data for
Germany islimited. The common main data source for agriculture in Germany the 'Stati stisches Jatr-
buch Uber Erndhrung, Landwirtschaft und Forsten’ (Bundesminigterium fir Ernéhrung, Landwirtschaft
und Forgten 1998), an annudly published report on German agriculture satitics, dlows just indirect
caculations of the environmenta aspect of dairy farming via average input and output data. More
detalled information is sometimes avallable on aregiond levd, but not for dl regionsin Germany. A
good example for adetalled andysis of the economic Stuation and ecologicd effects of dairy farming
is given by the annua report 'Rinder-Report’ published by the agricultura advisory service (Land-
wirtschaftskammer Schleswig-Holgtein, 1998), where dso information on nutrient surpluses in
different dairy farm types are given. Measured datafor N losses vialeaching, anmonia volailisation,
and denitrification for German dairy farms epecidly in rdation to farm productivity are hardly avail-
able.

On thisbasis, an interdisciplinary research project with the topic 'Nitrogen fluxes on specidised
dary farms was established at the agricultura faculty of the University of Kid (figurell.1).

The ams of this on-going project are:

- quantification of the pecific nitrogen use efficdiency in the different gagesin the process of milk
production;

- modeling N fluxes with respect to different environmenta conditions and management Srate-
gies

- vaidation of moddled data aganst farm levd data;

- transfer and validation of results to other farm types;

- optimising nitrogen use efficiency in the process of milk production;

- reducing nitrogen losses on dairy farms.

11.2 Material and methods

Theinvedigation indudesfidd plot tralls aswel asinvestigations on fam levd and regiond farm leve
data. The project period isfrom 1997 to 2003. Experimenta bassisfidd plot trails on the dairy re-
search farm Karkendam belonging to the agriculturd faculty of the Universty of Kid. Different
management srategies to incresse the nitrogen use efficiency are tested in these multifactorid field
experiment, through investigations of crop yield, forage qudity, soil nitrogen baance, and ground
water quality.

For sysem anaysis (figure 11.1) and to scae up the findings, two main farm intengties are
chosen and compared with each other on farm leve. For this part of the invedtigation the experimenta
farm Karkendamm has been divided and two main farming sysems which differ in their N input es-
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tablished; each with 55 dairy cows and 70 hafarmland. System 1 represents the average intengty
of typicd northern German dairy farms. System 2 represents alow-N-input system close to organic
farming with nitrogen fixation by clovers as the main nitrogen source. Due to Satistics and to man-
agement aspects adivison into smaler herds and further farm partitions was not possible.

Comparing data from fidd plots with farm level data from the experimentd farm, regiond farm
level data (which will be gathered on chosen pilot-farms in the second project phase from the year
2000 to 2003), and data published annudly by the agriculturd advisory service (Landwirtschaft-
skammer Schieswig-Holstein, 1998), should make it eesier to trandfer findings from field experiments
to advisors and farmers in the northern part of Germany.

Nitrogen Fluxes on Spezialised Dairy Farms
Interdisciplinary Research Project Karkendamm

Economical Effects N Use Efficiency of Animals in the Barn

) k Modeling of N Fluxes
of a Differentiated Intensity (Department of Animal Breeding and Husbandry) (2" Stage of Project)
of Production

( : (Department of Crop Science
Department o N %

and Plant Breeding)

Agricultural Economics) T
mg " - O

N Use Efficiency of Animals on the Pasture
(Department of Animal Nutrition, Physiology and Metabolism)

Use Efficiency of
Mineral N by Plants
(Department of Crop Science

and Plant Breeding)

Use Efficiency of
Excrement and
Slurry N by Plants

and Plant Breeding

e i o =
[T

' ‘LPattefns of N Dynamics in the soil'
(Department of Soil Science)

4
N Contamination i Loaq ENE COmEEnTEeT Microbial Composition of the
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(Department of Water Resources (Dep:rr]tdmﬁgcno r;(;%ingl)ence (Department of Microbiology)
and Landscape Ecology) f
(Wachendorf and Taube, 1998)

Figure11.1 Subprojectsand participants of the interdisciplinary research project

Dueto thefact that adary farm congsts of different components, and milk productionisare-
ault of different processes that interact and depend on each other, it is difficult to experimentaly
evduate different management factors on the dairy farm system as awhole. The use of moddls may
overcome some of these problems. Therefore it is the intention to use existing models or to develop
own modds which are easy to handle and will need only easlly avalable input parameters, like
westher data, amount of used fertiliser or clover content.
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Until now smple regresson models for nitrogen fixation have been developed (Hagh-Jensen
et a., 1998; Loges, 1998), which use clover content or clover yield as input variables. The depart-
ments own crop growth model FOPROQ (Kornher and Nyman, 1992), which smulates weather
based yield and qudity changesin the herbage, has been parameterised.

The large and detailed dataset obtained in the presented project conssts of:

- yield formation studies based on weekly gathered plant samples,

- examinaion of N,-fixation and nitrogen use efficiency by >N-techniques;

- soil-water samples gathered each week using more than a thousand porous ceramic cups, and
- measured changesin the mineral and organic N poal in the soil.

It isthe main intention to use this dataset to calibrate and validate some of the existing
models and estimation methods, since there already exist good models for the simulation of
nitrate leaching (Addiscott and Whitmore, 1987 and 1991; Scholefield et al., 1991; Hutchings
and Kristensen, 1995 and Hansen et al., 1990 and 1991), simulation models of ammonium
volatilisation (Hutchings et al., 1996 or Elzing and Monteny 1997) and an estimation method
by Horlacher and Marschner (1990), and farm level models like the 'Integrated Economic and
Environmental Farm Smulation Model (FASSET) by Jacobsen et al., (1998), which includes
besides an economic analysis on farmlevel also the simulation of nitrate leaching and denitri-
fication.

Also models describing the relationship between the fodder inputs and the nitrogen use fi-
ciency of the animd can be cdibrated with the data gained during the experiment.

The data provided by the modds will be used in dairy farm smulation moddls in order to
evauate the overd| impact of crop management decision and to compare these with effect of meas-
ures in other components of the milk production system.

11.3 Results

In the following, the firgt results of the ongoing project are presented. Figure 11.2 shows the impact
of management on nitrate leaching under grasdand. A decrease of minerd nitrogen fertilisation re-
ducesleaching of nitrate. Grazing causes higher nitrate leaching than cutting. At Karkendamm, grazing
caused aready without nitrogen fertilisation high nitrate concentrations in the leakage weter, whilst
asaresult of cutting, high nitrate concentrations (above the EU-limit for drinking water of 50 mg I
were observed only after a nitrogen application of over 300 kg N ha. Grazed white clover/grass
with a calculated N,-fixation of 120 kgN ha™* showed higher nitrate leaching then grass swards with
anitrogen fertilisation of 120 kg N ha™.

To demondrate that modelling is a useful tool for showing the consequences of management
decisions, figure 11.3 shows the first results of the use of the westher based crop growth model
FOPROQ (Kornher and Nyman 1992), which isamodd for the prediction of growth and quality
change of grass swards. Here, the modd was cdibrated for the yield of different managed swards
of red clover, Itdian ryegrass, and red clover/grass mixtures from different years and different sites
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in northern Germany. Linear regressons are shown for the dry métter yield as ameasure of the com+
patibility of the mode values with the observed data As additional F-tests for intercepts and dopes
of the regresson lines did not show any dgnificant deviaion from the line that represents equivadence
between observed and calculated data, yields of different swards can be smulated for awide range
of different combinations of soil and climetic datafor different management srategies (Wachendorf
et al., 1996).

Nitrate leaching [kg NO5-N/ha]

120
® Cut Grass Sward 7Y
Y White Clover /Grass 0 kg N/ha
100 (Calculated Amount of Nitrogen fixed by Clover 120 kg/ha)
€ Grazed Grass Sward *
80 1
60 -
4
40 Ao - - -
_-" EU-Limit
20 . _ - P (50 mg NO; I
-
e _~-
0 d—r r r r r
0 120 240 360 480

N-fertilisation [kg N/ha]

after Benke et al. (1992)

Figure11.2 Relationship between nitrogen fertilisation and nitrate leaching as affected by the form of grass-
land use (Karkendamm 1989-91)

The named mode is dready used by the advisory service to predict the point of time for the
first dlage cut in North Germany, based on soil conditions, meteorologica conditionsin spring, and
the westher forecast.

For the caculation of N balances in legume based forage production, it is necessary to know
the input of nitrogen through N,-fixation by clovers. As the measurement of N-fixation islaborious
and expensive, on-farm measurement is not possible. It is therefore necessary to find Smple methods
based on eadly available parameters to predict No-fixation. Hagh-Jensen et a. (1998) and Loges
(1998) showed strong correlation's between clover yield and N-fixation (figure 11.4), which was
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much more strongly correlated than the correlation between clover content and N,-fixation thet is
typicaly used.
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Figure11.3 Relationship between observed experimental data and cal culated results of the prediction model
for growth and quality change of grass swards FOPROQ
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Figure 11.4. Effect of clover content and clover yield on N,-fixation by red clover/grassin thefirst production
year measured with the N-dilution method (Loges 1998)
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Based on data from Denmark and Northern Germany, Hagh-Jensen et d. (1998) created the
following empirica mode for quantification of N,-fixation of legumes

I\Ifix = DMIegume* N% * I:)fix
I:)fix = I:)'shoot * (1 + Proot+stubb|e+ Ptrans-soil + Ptrans-animal + I:)immobil)
with:

DMiggume = harvested drymatter yield of the legume;

N% N-concentration in legume- drymaiter;
Prix = percentage of fixed N in thetotal N of the legume;

Pshoot = percentage of fixed N in the legume shoat;

Proot+stunble = percentage of fixed N in the legume root and stubble;

Pirans soil = percentage of fixed N transferred through soil to the companion
grass,

Prasaima = percentage of fixed N transferred through the anima to the companion
grass,

Pimmobil = percentage of fixed N which isimmobilised in the sol.

After parameterisng the modd for red dover with the parametersfrom table 11.1, it ispossble
for farmers and advisors to atain a quite accurate estimate of the amount of fixed nitrogen based on
red clover yied and available deta in the literature for Denmark and northern Germany. Preliminary
parameters for other legumes like pesas, dfdfa and white clover/grass can be found in the paper of
Hogh-Jensen et . (1998).

Table11.1 Parametersfor prediction of N,-fixation of red clover and red clover/grass

N% Pshoot Proot+sxubb| e Plrans soil Ptrans animal Pl mmobil
33 0.75 0.25 0.10 - 0.25
11.4 Validation

A sdection of firg results from the project was presented in figures 11.2, 11.3 and 11.4. The am of
the project is now to vdidate the findings of the project on alarger scae so thet it is possible to use
them, for example by advisors.

Asafirg step towards a proper scae up, these results and model based predictions derived
from amdl plots have to be compared with measurements from the farm scale at Karkendamm. Each
plot experiment integrates plots managed in the same way as whole fields or pastures on the farm.
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By comparing the datafrom these plots with the large scale fidds it is possble to find factors for for-
age losses, eg. while usng farm machinery, with which plot data can be corrected, so that it is
possible to give advice that is more acceptable to farmers than smdl plot data.

The next vaidation step has to consder regiond variation in soil and dimate. In the second
project phase from the year 2000 to 2003, chosen appropriate management strategies are to be
tested on various farms throughout North Germany and compared with the results from Karken-
damm. With thisinformetion it is possble to trangfer the findings to other regions in North Germany
more accurately then if the transfer was carried out directly from the small plot experiments, which
isthe normal procedure.

The agriculturd advisory service (Landwirtschaftskammer Schleswig-Holstein 1998) publishes
annudly high qudity data about productivity and nutrient use efficiency of different faam typesona
regiond level. Therefore, new management strategies, which are based on pardld plot experiments
and on-farm-research, can be better integrated into recommendations to farmers by the advisory
sarvice than data from only smal plot experiments.
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12. Interrelationships between nitrogen balances and
technical and structural characteristics of dairy farmsin
Northern Italy

Kees de Roest *
Abstract

In this paper, the interrdationships are explored between the nitrogen surplus and technicd and
sructurd variables measured in dairy farms in the northern Itdian region of EmiliaRomagna. Ac-
countancy data and farm survey data have been used to caculate nitrogen balances. Multiple
regression analyses applied to factor scores derived from principle component anayss was used to
identify independent factors explaning the variance in the farm nitrogen surplus.

The high variahility in nitrogen surplus among farms indicates that many farms have large mar-
ginsfor improvement of their nitrogen bdance. In particular, dairy famswhich rely for their roughege
production on dfafa have sgnificant better environmenta performances than faams usng maize slege.
Moreover, herdswith high milk yidds are less efficient in their nitrogen use than less productive herds,
and nitrogen efficiency is higher in smal herds than in large herds.

12.1 General outline of the nitrogen problem in Italy

Itdian agriculture is highly differentiated with very large differencesin intengty of farming sysems and
its development is severdy hampered by the natura handicaps. Almost 70% of the Utilised Agricu-
turd Area (UAA) isdassfied as hillsde or mountain farming, where extensive forms of agriculture
preval. The plains have the highest production potentid for agriculture and here the far most mgjority
of agriculturd production takes place. Because of the natural handicaps and the very rapid increase
of food demand in the lagt decades, Italy is not sdfsufficient with many agricultural products. In order
to reduce dependency from imports intengity of agriculture in the plains has been raised consderably.

Livestock production finds most favourable climatic and infrastructural conditionsin the north
of the country where mogt of anima production is concentrated. The Po valey representing dtogether
only 18% of the utilised agriculturd area of the country accounts for 49% of cettle, 62% of pigs and
63% of poultry population of Italy. The high intendty of land use by animd production farms com+
bined with the high vulnerability for nitrogen leaching has created nitrogen pollution problemsin the
ground- and surface water.

The livestock sector has undergone an extensive reorganisation process characterised by in-
creesing farm specidisation associated with an increasing concentration of durry production.

! C.R.P.A. SpA Corso Garibaldi 42, 42100 Reggio Emilia, Italy.
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According to the 'Report on the State of the Environment' (Italian Minidry of the Environment.
1997), nitrate is the most widespread pollutant in groundwater. Vaues exceeding 50mg nitrate per
litre can be found in Campania plain, in the regions of Pugliaand Marche.

Groundwater exceeds the level of 50 mg nitrate per litre (up to 150 mg/l) dso in some areas
of the Po Vdley, dueto heavy fertilisation with minerd fertilisers anima manure, but aso to leeking
from sawers.

The most recent SINA report on surface water conditions shows that 58% of the data on ni-
trate in surface water are in the range 1 to 10 mg nitrate per litre (water qudity class 3, bad,
according to Itdian Water Research Indtitute (IRSA) ranking), and 26% is exceeding 10 mg nitrate
per litre (water quality class 4, very bad).

Sgnificant ingtances of eutrophication were recorded in recent years, mainly in the Adriatic sea,
due to nutrient transport by the rivers and, possibly, to the unbaanced ratio of nitrogen and phos-
phorus.

Ammonia emissions are mainly related to livestock production. According to CORINAIR,
1990 inventory for Itay, 91% of totd NH; emissions are assigned to agriculture. Ammonia pollution
originates from anima sheds, manure and durry storage, and manure and durry gpplication. As pas-
turing of shegp and cowsiin Itdy occurs only in mountain areas with low anima dengties, this source
of ammoniaemission is not relevant. Ammonia emissions from storage tanks are to be considered
high, as these are seldom covered. A recent nationa inventory on some atmospheric pollutants
(ENEA, 1997, Hill not published) gives an etimation for 1994 ammonia emissons from anima hus-
bandry equal to 331 10° kg NHa/year, of which 33% attributed to anima housing, 25% to manure
gores, 38% to manure gpplication and 4% to pasture. Ammonia emissions come mainly from caitle
(62%0), followed by pigs (17%), poultry (14%) and ovine (5%). Other anima categories are dmost
negligible

In this study, the total nitrogen surplus of dairy farmsin EmiliasRomagna has been estimated.
The methodology used arrives at an estimate of the total emissons of dairy farms, but is not able to
distinguish between the different types of emissons. CRPA modd studies based on experimentd data
are underway to estimate ammonia emissions from stables and manure sorage in order to determine
emission factors gppropriate for the livestock production in the Po Valey (Bonazz, et d.,1996 and
1997).

12.2 Introduction to the nitrogen balance study

In the region EmiliasRomagna, two dairy farm types dominate the sector. Farms which destine milk
to the production of Parmigiano-Reggiano cheese (PR), and farms which detine the milk to industrid
processing. Thefirg type of dary farm hasto follow strict production regulations thet raise their pro-
duction costs (De Roest et d., 1994). As the PR cheese is made out of raw milk and knows a
meaturing period of a least 18 months dairy farms which deliver milk have to respect a code of prac-
tice, which defines the way milk has to be produced and processed. On dairy farms, which deliver
milk to PR processing plants, it is forbidden to feed sllage or industrid by products to the cows. Fur-
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thermore, alist of feed components has been set up, which is not to be used in compound feeds des-
tined to cows of the PR system. The production of PR cheeseis highly relevant for the Itdian dairy
gystem, asit interests about 15% of Italian milk production.

In this study, we will go into the details of the nitrogen balance of PR dairy farms with respect
to farmsthat destine milk to indudtrid processing. At firg, the question posed here is to which extent
the PR dairy system is able to produce in a more ecocompatible way than the indudtrid dairy farm:
ers? Secondly, we will ask oursaves which factors influence the nitrogen baance of these farmers
independently of the destination of the milk.

After abrief description of the methodology used in the implementation of environmenta audit-
ing techniques, the economic and Structurd characterigtics of the farms under sudy will be illusirated.
The findings of the research into nitrogen balances will then be andysed and the importance of the
dtitude level, milk destination, milk yield and herd sze will be assessed. The multivariaie analys's,
basad on aprincipd component analys's, followed by a multiple regresson andyss, will seek to de-
termine which factor has the greatest bearing on the crestion of nitrogen surplusesin dairy farms.

12.3 Methodology

In the adoption of the methodology required to assess afarm minera baance, account was taken of

the techniques dready used in previous published research in thisarea (CLM et d., 1992; Brouwer

et d.1994; Schleef and Kleinhanss, 1993). Consgtently with principles enunciated in these earlier

Sudies, amethodology was devel oped which takes account of the specific nature of farming in Emilia

Romagna (De Roest and Fornacari, 1995). The data used are drawn from three distinct sources.

- accountancy data drawn from the Regional Accountancy Network of the Region Emilia-
Romagna;

- technica data collected through a questionnaire;

- various sources from literature. These sources have been usad primarily to asss in the cregtion
of parameters on which the anaytica estimates have then been based.

The farm questionnaire provided the source of dataidentifying the use of chemica and arganic
fertilisers on the farms.

The group of farms surveyed was made up of 179 specidised dairy farms. Table 12.1 shows
the detailed digribution of the farms in accordance with the end use for the milk produced and in re-
lation to the dtitude level in which they are located.

The specidised nature of the dairy farms shown in table 12.2 istypicd of the areaunder con-
Sderaion: mediumsized livestock and forage producing farms. The percentage of cultivated land
devoted to the forage cropsis never less than 75% and in the most extreme casesiit is up to 95%.
The herd sze of the farms varies between 18 and 26 cows in the A ppennine Mountains and between
41 and 72 cows on the plain. The intengity of the land use, measured in heads of cattle per hectare
of forage crops, rangesfrom 1.1 to 2.2 cows per hectare in the Parmigiano Reggiano group and from
1 to 2.4 cows per hectare in the indudtrid dairy farms. The annua milk yield per cow ranges between
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4,800 and 6,100 kg in the Parmigiano Reggiano group and between 3,700 and 6,200 kg for the in-
dudtrid dairy farms.
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Table12.1

The farm sample

Destination of milk Mountains Hills Pain Sample
YaYa¥¥YaYa YaYaY¥aYaYa YaY¥%¥aYaYa YaYaYa¥%¥aYa
farms % farms % farms % fams %

Parmigiano Reggiano %! 85.7 12 80.8 55 85.9 151 84.4

Industrial milk 9 143 10 192 9 141 28 156

Total sample 63 100 52 100 64 100 179 100

Source: Own calculations.

Table12.2

Characteristics of the farm sample

Parmigiano Reggiano farms
VoYY YYaYaYaYaYaYaYaYaVaYa

Industrial dairy farms

VoY YaYaYaYaYaYaYVaYaYaYaYa

mount. hills plain mount. hills plain
54 cases 42 cases 55cases  9cases 10cases 9cases
1- Division of crops
Cultivated land area (in ha) 278 30.2 237 29.3 30.3 36.1
% forage crops 95.2 879 85.7 83.2 76.7 823
2-Herd Size and Working Force
Number of milking cows 26.0 316 418 184 33.17 715
Cows per haof forage area 11 13 22 10 16 24
Hours per cow per year 192 173 145 180 149 R
3-Efficiency and intensity
Kg milk per forage ha 5,352 6,970 13373 3,952 7811 15,168
Forage Maize Yields (tons/ha) 374 16.90 28,61 13.60 19.67 55.09
Alfalfayields (tons/ha) 5.70 722 10.86 6.04 7.60 9.33
Milk yields per cow (kg/cow) 4,800 5,130 6,130 3,730 4210 6,200
kg milk per kg feed 225 244 2.56 383 3.16 301
4- milk cost and management results (millions1TL)
Gross Margin/Annual Work Unit 279 348 480 20.2 39.2 55.0
Net income per family worker 205 24.2 382 10.2 455 63.7

In making the caculations required to assess the nitrogen baance, the flow diagram (figure
12.1) shows 13 input headings and 7 output heedings. The difference between input and output rep-
resents the nitrogen baance.
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Input 1-Cattle farming: Input 2-Crop farming: Input 3-Other inputs:
1 Compound feed 1. Organic fertiliser 1. N-fixation
2. Pu_rchased roughage - manure - dfdfa |
3. Milk powder - dudge . - other leguminosae
4. Protein integrator and vitamins | |> Mineral fertiliser - Deposition
5. Litter
> Cattlefarming

Crop farming <

vl ]

Output 1-Cattle farming:
1. Manure
2. Milk

3. Meat
4, Calvessold

C MNevnic onld

Output 2 -Crop farming:

N-remova by crops

Figure12.1 Diagram of nitrogen inputs and outputs for dairy farms
Source: CLM et al. (1992).

12.4 Farm nitrogen balance and intensity of land use

The grestest problem arising from intensve farming techniquesiis the breeking of the minerd cycle
on the farm. The continuous increase in the animd to hectare ratio, caused by the increase in the price
of land, has created an increase in minerd input flows. The loss of nitrogen in the form of ammonia,
N,O and nitrates are aresult of this development in livestock farming. It is thus evident thet there is
a close relaionship between the totd nitrogen surplus of the farm and the stocking rate, measured
by the number heads of cattle per hectare. The nitrogen surplus derived from the nitrogen baance
caculations represents the farm's total nitrogen losses irrespective of the form they may take.

The following graph indicates the rdationship between the nitrogen surplus per hectare and the
number of cows per hectare of cultivated land. The linear regression coefficients are Satisticaly Sg-
nificant (P <0.05)-proof of the dose link between the two varidbles. Interesting is the variance around
the regression line, which indicates that the same stocking rate may il present Sgnificant differences
in the nitrogen baance.
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Figure12.2 Nitrogen surplus per hectare according to cow density and milk destination - plain farms -

12.5 Farm nitrogen balance, altitude, and milk destination

A second andlyss of differencesin the farm nitrogen bal ances was designed to identify theimportance
of the topologica location of the farm and the end use of the milk (for Parmigiano Reggiano cheese
or indugtrid milk).

There is a marked difference in the nitrogen surpluses produced by farms on the plain and
mountain farms (table 12.3). The nitrogen surpluses produced by mountain farms varies between 48
and 122 kg of nitrogen per hectare. In contrast, on the plain the surplus ranges between about 230
kg and 309 kg per hectare. These differences in nitrogen surpluses can be explained by the higher
gocking rate and the increased dairy cow productivity on the plain farms compared with the mountain
farms. It isnot surprising to find that farms on the plain exercise gregter pressure on their environment
than those in the mountains.

It isinteresting to compare farms working within the Parmigiano Reggiano sysem and indudtrid
dairy farms (table 12.3 and 12.4). This comparison has been done only for the farms on the plain,
to iminate the effect of the dtitude zone. Thus, the Parmigiano Reggiano farms on the plain show
atotal nitrogen loss of 239 kg of nitrogen per hectare. This figure compares with the 309 kg per
hectare for the indudtrid dairy farms. The differenceisin the order of dmost 30%. A subgantid part
of the difference in nitrogen surpluses has to be &tributed to the different farming sysem, consdering
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that the number of cows per hectare for the industrid dairy farmsis only 10% greater than the Par-
migiano Reggiano farms, and that milk yields per cow are dmogt identica between the two groups.

If the composition of the nitrogen balance is examined in greater detail, one notices that the
indugtrid farms use more purchased feeds and minerd fertilisers per hectare. Thisindeed, reflects the
crucid difference existing between the two farming types in rdation to the different cattle feeding re-
gimes. A further factor marking the differences between the two farming typesisin the nutrient ratios
for the different crops. The fertilisers coming into the farm (whether organic or chemica in nature)
represent 18% of the total nitrogen input in the Parmigiano Reggiano baance, compared with 23%
for the other farm group. This can be explained by the fact that the first group's requirement for ni-
trogenous substances is reduced because of the use of N-fixing dfafain the cropping paitern. The
second group of farms concentrates more on the growing of graminaceous and maize cropsfor Slage,
which require the application of minerd fertilisers

Table12.3  Inputsand outputs of nitrogen in dairy. Parmigiano-Reggiano dairy farms

Mountains Hills Pain
54 cases 42 cases 55 cases
YoYaYaYa¥aYaYa YaYaYaYaYaYaYa Ya¥aY2YaYaYaYa
kg/ha % kg/ha % kg/ha %

Purchased feed 66.65 43.6 8154 405 131.60 40.7
Purchased roughage 2712 17.7 40.86 203 85.20 26.3
Purchase of organic fertiliser 6.04 39 12,79 6.3 2217 6.8
Chemical fertiliser 9.12 6.0 21.89 109 35.72 110
Atmospheric deposition 18.30 120 18.30 91 1763 54
Purchase of young beef stock 126 0.8 034 0.2 0.72 0.2
Purchase of milk powder 120 0.8 0.77 04 116 04
Litter 252 16 339 17 6.99 22
N-fixing by leguminouscropsa) 20.80 136 2159 10.7 2248 6.9
Total inputs 153.02 100 201.45 100 323.68 100
Sales of organic manure 119 39 392 78 857 10.2
Milk sold 2377 771 32.66 64.6 54.33 64.6
Cowssold 344 112 478 95 7.22 8.6
Calvessold 051 17 094 19 120 14
Meat Sold 395 128 572 113 841 10.0
N-removal by non legum. crops 191 6.2 823 16.3 12.77 152
Total outputs 30.83 100 50.53 100 84.08 100
Nitrogen balance 122.19 150.92 239.60

a) N-Fixation, net of removal.

Thus, the Parmigiano Reggiano dairy farms can, on average, be said to use nitrogen with
greater efficiency than those unrestricted by the Parmigiano Reggiano production regulations. figure
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12.2 shows aso clear evidence of this tatement. At increasing stocking rates, the industrid dairy
farms face a more rapid deterioration of the nitrogen surplus per hectare than the dairy farms that
deliver milk for the production of Parmigiano-Reggiano cheese.

Table12.4 Inputsand outputs of nitrogeninindustrial dairy farms

Mountains Hills Plains
9 cases 10 cases 9 cases
YaYaYYaYaYaYa YaYaY¥¥aYaYa YaYaYa¥¥a¥aYa
kg/ha % kg/ha % kg/ha %

Purchased feed 1956 278 70.39 441 189.88 471
Purchased roughage 6.00 85 16.89 106 8245 204
Purchase of organic fertiliser 165 23 301 19 0.00 0.0
Chemical fertiliser 5.90 84 3750 235 93.09 231
Atmospheric deposition 18.30 26.0 18.30 115 18.30 45
Purchase of young beef stock 022 03 0.04 0.0 0.62 02
Purchase of milk powder 059 0.8 0.74 05 178 04
Litter 0.75 11 108 0.7 245 0.6
N-fixing by leguminouscropsa)  17.32 24.6 11.80 74 14.68 36
Total inputs 70.29 100 159.76 100 403.25 100
Sales of organic manure 0.00 0.0 0.00 0.0 0.00 0.0
Milk sold 12.89 58.1 2701 59.6 62.33 66.3
Cowssold 134 83 333 73 8.06 86
Calves sold 044 20 0.87 19 154 16
Meat Sold 2.28 103 4.20 9.3 9.60 10.2
N-removal by non legum. crops 7.00 316 14.10 311 2211 235
Total outputs 22.17 100 45.31 100 94.04 100
Nitrogen balance 48.12 114.44 309.20

a) N-Fixation, net of removal.
Source: Own calculations.

12.6 Nitrogen balance and intensity of milk production

Table 12.5 sets out details of the nitrogen balances for different groups of farms classified in accor-
dance with their productivity levels. It can be seen that the nitrogen surpluses show a progressive
increase over the firg three yield categories while flattening out in the last. Taking the average pro-
ductivity figure of up to 4,000 kg per cow as a sarting point, nitrogen surplus per hectare is 188 kg,
while the maximum surplus of 292 kg of nitrogen per hectare is generated by the group of farms with
yields between 5,000 and 6,000 kg per cows. The increase of nitrogen inputs in the form of feed
concentrates and forage cropsis not correlated to herd productivity. Thisis probably because the
number of cows per hectare for the high production farms isless than for farms whose herds give a
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sndler yidd. Thetotd input of nitrogen per hectare, in the form of feed, is 160 kg for the less pro-
ductive group, while the equivaent figure for the two centra categoriesis 260-270 kg. The same
figure for the farms with the highest unit productivity is 247 kg. The proportion of total inputs repre-
sented by feed is hence much the same between the various productivity categories, and is never less
than 40% in any case.

40

EHinput
% 1 oOutput
[}
20 Surplus
25 1
x
‘€ 20 -
©
S 151
z
o 10 1
¥
5 A
o -
up to 4 {on 4 -5 tgn 5-6tdgn over 6 tpn
5 —
-10

Milk yield per cow

Figure12.3 Nitrogen balance per ton of milk according to milk intensity levels per cow - Plain -

From the pogitive correlation between the average cow productivity and the size of the nitrogen
aurplus, the condusion can be drawn that those faams with higher milk yidds are more likdy to expe-
rience environmenta problems. The farms with higher unit yieds are less efficient in their use of
nitrogen.

Anacther indication of this relationship is obtained through the ratio of nitrogen surplus per ton
of milk produced. Figure 12.3 shows that the inputs and outputs per ton of milk increase with in-
creased unit yields, but at the balance, no sgnificant differences between the milk yield groups are
to be noticed.

In the next section, the impact of the milk yield on the nitrogen surplus, independently of other
factors, will be assessed.
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Table12.5 Inputsand outputs of nitrogen by classes of milk production per cow - plain

Milk production per cow
YVaYaYYaYaYaYVaYaYaYaYaYaYVaYVaYVaYaYaYaYaYVaYaYaYaYaYaYVaYaYaYaYaYaVaVa

up to 4,000 kg 4,000-5,000 kg 5,000 - 6,000 kg over 6,000 kg
23farms 13farms 7fams 21 fams
YoYaYaYa¥YaYa Y2 ¥2YaYaYaYa YoYaYaYa¥aYa Ya¥aYaYaYa
kg/ha % ka/ha % kg/ha % kg/ha %
Purchased feed 117.44 431 151.26 413  164.73 444 14886 400
Purchased roughage 51.88 191 117.49 321 96.07 259 9%.90 261
Purchase of manure 18.17 6.7 7.98 22 1811 49 2120 73
Chemical fertiliser 36.70 135 42.58 116 4041 109 5344 144
Atmospheric deposition 18.30 6.7 16.89 46 15.69 42 1830 49
Purchase young beef stock  0.63 0.2 0.87 0.2 130 04 049 01
Purchase of milk powder 115 04 0.88 0.2 196 05 134 04
Litter 5.88 22 6.24 17 911 25 601 16
Leguminous N-fixing 2207 81 22.31 6.1 2352 6.3 1935 52
Total inputs 272.22 100.0 366.50 100.0 370.90 100.0 371.89 100.0
Sales of organic manure 1118 133 189 19 0.47 0.6 889 110
Milk sold 48.77 579 7131 720 54.70 69.4 5320 66.0
Cows sold 6.63 79 8.39 85 7.65 9.7 736 91
Calvessold 105 12 163 16 127 16 121 15
Meat Sold 7.68 91 10.01 101 892 113 857 106
N-removal by crops 16.65 198 1581 16.0 14.77 187 997 124
Total outputs 84.27 100.0 99.03 100.0 78.85 100.0 80.63 100.0
Nitrogen balance 187.95 267.47 292.05 291.26

Source: Own calculation.

12.7 Interrelations between technical efficiency, farm structure and nitrogen balance

A principa component andysswas carried out on indicators chosen as being the most representetive
of dl those available Thiswas donein order to highlight relations between nitrogen surplus generation
and the Structure, technica characterigtics and income generating capacity of the farms concerned.
Inthisanalyss, it was necessary to neutralise variations due to the dtitude of the farms and the end
use for the milk which have dready be andysed in the previous paragraphs. Consequently, the andy-
gswas carried out usng only data from 55 farms based on the plain whose milk goesto Parmigiano
Reggiano production.

Of the most representative varigbles, 13 were chosen. It was then confirmed that the datawere
suitable for usein the analys's (the O-hypothesis of even digtribution could not be rgjected). A factor
analysis was then carried out based on a methodology based on the extraction of the principa com-
ponents.
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Four factors were obtained in thisway, which together explain 82% of the variance in the vari-
ables. All vaues|ess than the threshold vaue of 0.5 were deleted to provide an easer reading of the
results obtained in the rotated factoria weight matrix (usng Varimax rotetion criteria).

Theweight of the respective factors, as set out intable 12.7, gives aclear picture of the rlative
sgnificance of the four factors obtained.

Table12.7 Matrix of rotated factors-Plain

Description of variables Variable Factor 1 Factor 2 Factor 3 Factor 4
STRUTT INTLAT SPECIAL INTFOR

Utilised Agricultural Area(UAA) SAUC 0,84564

Number of cows VACTR 0,83065

Hours worked per cow ORESVAC -0,86396

Cows per Working Unit VACULS 0,84011

Averageyields per cow RESUTR 0,85493

kg of milk per kg concentrate LATMANC -0,84956

Cost of concentrates per cow CMANVAC 0,95802

Forage % of UAA INCFOR 0,90935

Alfalfa% of UAA INCMED 091674

Gross value of beef cattlein % SPECPLV 0,71548

Kg. of Milk per forage Hectare LATFOR 0,80406

Cows per forage hectare VACFOR 0,90594

Cost of forage per cow CFORVAC 0,69881

% Variation explained 26,9 243 181 128

Source: Own calculations.

Thefirg factor contains dl the main size variables introduced & the beginning. The variation
explained by this factor is 27.9% of the total. The main corrlated variables are: average herd sze
(VACTR), labour productivity (ORESVAC, VACLYS), and farm size (SAUC). For this reason, the
factor can be defined as Sze (STRUTT).

The second factor, accounting for 24.3% of the variation, is an amagamation of al indicators
used to measure the production intensity of the farm. The following variables are of particular rele-
vance in this regard: average productivity of the cows (RESUTR), the production of milk per unit of
feed purchased (LATMANC), and another variable closely linked to herd productivity the cost of
feed per cow (CMANVAC). This second factor has thus been called Milk production Intensity
(INTLAT).

The third factor encompasses dl those characteristics, which could be said to be typica of
specidised dairy farm production. It accounts for 18.1% of the totdl variaion. Within this factor the
following variables are of particular importance: the proportion of cultivated land devoted to forage
crops (INCFOR) and dfadfa (INCMED), together with the economic index of milk specidisation
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(SPECLPV). It was thus decided that the most gppropriate name for this factor was Milk Speciali-
sation (SPECIAL).

The fourth factor accounts for 12.8% of the total variation. Thisincludes dl three indicators
concerned with land use intengity: the retio of cattle population numbers to land under forage crops
(LATFOR), milk production per hectare of forage crops (latfor), and, findly, the cost per cow of
forage not produced on farm. The name given to this factor was Land Use Intensity (INTFOR).

On the basis of the above cdculations, the second stage of this andysis was to use the factors
obtained asindependent variables to calculate, through multiple regresson, the reaionswith the de-
pendent variable of surplus nitrogen per hectare. The multiple regression calculations were carried
out usng the Stepwise method.

The main result to come out of this andysis was that al four factors were included in the re-
gresson equation. They were ordered within the model in accordance with their degree of
correlation, whether ample or partid, with the dependent varigble. The resultant ranking of the factors
was asfollows: Land Use Intensity; Milk Production Intensity; Size, and lagily Milk Specidisation.
It can be seen that the value of R? changes from 0.42 to 0.51 and 0.57 for the third factor. Its find
vaueis 0.63 when dl four factors are included in the modd. This meansthat 63% of the variation
in the surplus nitrogen per hectare is thus explained by the modd.

The formulation of the surplus nitrogen per hectare of cultivated land leads to the following
equiation:

(F3) (F2) (F4) (F1)
BILAN_ N = 239,6 + 0,245STRUTT + 0,291INTLAT + 0,244SPECIAL +0,649INTFOR
(2,830)* (3,356)* (2,815)* (7,493)*

R? = 0,62503*
* T vaues of Student reliable to 99%

42% of the variation in the dependent variablesin the modd is thus to be accounted for by the
fourth factor. Land use intengity representsthe crucia variable when seeking to understand the prob-
lem of nitrogen within gpecidist dairy farms.

Anincreasein soil useintensity may arise from increased pressure by the farm to exploit its
land resources. This brings with it increased problems linked to the production of nitrogen surpluses.
These problems may become evident both from the growth in nitrogen inputs and in relation to the
output levels.

Concerning the inputs, the increase in surpluses due to the increased intensity of the farming
techniques may take the form of:

- agregter increase in forage purchased from outside the farm where requirements exceed inter-
nal supply;

- agrester input of chemicd fertilisers where the farmer decides to force forage crop growth in
order to increase sdf sufficiency in forage production.
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Concerning outputs, increases due to greater intendty in farming techniques may be manifested
in the reduction of available land per head of cattle for durry spreading, leading to problems of efflu-
ent disposal.

Of greater interest is the influence of the other three factors in the modd. Thisis because they
areincluded in the modd, independently of the land use intengity factor. In the firgt place, those fams
putting the greatest emphasis on herd productivity (the INTLAT factor) generate grester nitrogen
loses than less intendve farms. While this relationship has dready been identified in the findings of
the bivariate andyss carried out in the previous paragraph, here it has been ‘purified' of the effects
exerted by the other factors. Asthe cow milk yield rises, the uncontrollable nitrogen loss factor in-
creases and hence the efficiency of nitrogen use declines.

Thelarge dairy faamstoo, are less efficient in their use of the minerd nitrogen. This may be a-
tributed to reduced precison in the on farm utilisation of feed and fertilisers. It is reasonable to
assume that asthe sze of the farm grows there is a corresponding reduction in the attention given to
the use of resources.

FHndly, the findings show that those farms with grester specidisation in dairy production gener-
ate gregter nitrogen imbal ances as compared with less specidised farms. This may be dueto a greater
efficiency in nitrogen use for crop production compared to livestock production. There are alarge
number of opportunities for wagting nitrogen in livesock farms. Examples, which can be dited, indude
the concentration of ammonia in the cowsheds and during manure spreading activities. Nitrogen
losses areless in crop production.

12.8 Conclusons

Edimates of the totd nitrogen surplus of farms are obtainable by means of accountancy and farm sur-
vey data. Accountancy data aone are insufficient to generate a complete overview of the nitrogen
cycle on the farm, snce quantitative data are often lacking. Farm surveys have to be carried out to
integrate the accountancy datasets.

In this study, both data sources have been used to caculate nitrogen balances of dairy farms
in Itay. Nitrogen pollution in Itay is particularly felt in the more intensve livestock producing areas
of the country and cettle farms contribute sgnificantly to the totd nitrogen emissons of the Itdian live-
stock sector. Over 60% of ammonia emissions of the livestock sector can be attributed to caitle
faming.

Thelarge vaidhility in the farm nitrogen surplus can be consdered an indicator of the possibility
for many dairy farmsto reduce thair pressure on the environment. High intengty levels of milk pro-
duction and land use are positively corrdated with the nitrogen surplus. Nitrogen efficiency decreases
with increesng intensity levels of the farm. Dairy farmers with high yielding herds require higher kills
to control the nitrogen management of the farm. Minera bal ance bookkeeping systems may induce
intendve livestock farms to adjust their farm practices towards a closure of the farm nitrogen cycle
and often these adjustments may go to the benefit of the economic baance of the farm.
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13. N losses in Swedish agriculture and examples from milk
production

Christel Cederberg*
Abstract

The target of reducing the nitrogen load to coastal waters by 50% in Sweden between 1985 and
1995 has not been reached. Due to the important environmenta impacts of N losses from agriculture,
the nitrogen problem is under continuous discusson and investigation. Relidble modds are available
for assessaing N leaching from arable land in which dimeate, crop, production levd, and fertiligng drat-
egy are consdered. There are dso good data available for assessng anmonia emissons from
farmyard manure. One problem is, however, to ascertain dl the variables, e.g. weather conditions,
feeding intengty, technique for gpplication and storing, which have crucid impacts on the Sze of the
NHs-N losses. An LCA study on milk showsthat N losses are vitd for the important effect catego-
ries. eutrophication, acidification, and globa warming. It is therefore important to have correct deta
on emissions, and the nutrient balance seems to be a useful tool when assessing nutrient losses.

13.1 Introduction

Losses of nitrogen compounds to water and air are important environmental problems related to the
agriculture sector in Sweden. Eight percent of the land area (i.e. 2.7 10° has) is arable land and the
production is mainly for domestic use since Sweden is not a mgor food exporting country. Similar
to dl developed countries, there has been a sharp increase in fertiliser nitrogen use since the 1950s,
culminating in 1985 and dowly dedining to the present total use in Sweden of approximately 190 10°
kg N, corresponding to 75 kg N per hectare. Thisis, however, an average figure and in southern
Sweden where there is an intense production of grain, potatoes, and sugar beets, average fertiliser
use per hectare is often consderably higher.

The politica target for nitrogen discharges was to reduce the nitrogen load on the coastdl wa-
ters by 50% between 1985 and 1995. This target was based on internationa agreements: the North
Sea Conference in 1987, and for the Bdtic Sea, Helcom in 1988. With the exception of the Bdtic
dates, where the agriculturd sector has become substantially smaler during the 1990s, none of the
countries surrounding the Baltic Sea and the North Sea have succeeded in reaching the target of a
50% reduction of nitrogen losses to the sea (Naturvardsverket 19973). The effects of the Swedish
measures to reduce nitrogen losses have been caculated by the Swedish EPA and Nationa Board
of Agriculture. The average nitrate-N leaching from arable land in Sweden is estimated to have de-
creased by approximately 25% (from 77 10° kg N to 55 10° kg N) between 1985 and 1994. This

! Ingtitute for Applied Environmental Science, Géteborg University, ¢/o SIK, Box 5401, SE-402 29 Goteborg, Swe-
den, e-mail: christel.cederberg@n.Irf.se
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reduction is explained by an dteration of crops, less grain being grown due to different set aside pro-
grams, and improved N-efficiency (Johnsson and Hoffman 1996). The ammoniaN emissions from
agriculture have shown asmal increase during the 1990s, from 43 10° kg N in 1990 to 46 10° kg
N in 1995. The cause for this increase is explained by an increase in the production of pigs and a
higher use of protein feed; an example of thisis the subgtantidly larger import of soymed to Sweden
since 1992 (Jordbruksverket 1997).

13.2 Nitrogen surplus

The nutrient baance is a useful tool when quantifying the flows of nutrients and emissonsto air and
water. Thisis abudget gpproach that can be used, sinceit islikely that most of today's agricultural
soils will not accumulate further amounts of N under present cultivation practices. Intable 13.1, a
nutrient baance for the Swedish agriculture is shown. In the cdculations used, dl the inputs and out-
puts of nitrogen to the agriculture system are consdered. Products that are circulating within the
agricultura system are not included, which means that fodder such as sllage, hay, grain, and manure,
are not seen in the calculations.

Table13.1  Input and output of nitrogen in Swedish agriculturein 1995 (Naturvar dsverket 1997b)

Input 10°kg Output 10° kg

Fertilisers 188.3 V egetable products 54.7
Imported feed 534 Animal products 428
Sewage sludge 43 N surplus 1909
N-fixation 274 Total 2884
N-deposition 150 a) N efficiency, % 34
Total 2884 N surplus, kg per ha 69

a) AmmoniaN from domestic emissionsis not included.

Bonde (1994) presents dataon N surplus from ten North European countries where the Neth-
erlands, Denmark, and Belgium show an N surplus of more than 150 kg N per hectare. Intensive
anima production is characteridtic for these countries. Such areas and farms can aso be found in the
south of Sweden, where a large share of the country's anima production takes place. Table 13.2
shows a nutrient balance for the municipa district of Halmstad, Stuated by the coast in Southwest
Sweden. The arable land in this didtrict, 23,038 ha, has an animd density which is 30% higher than
Swedish average, hence the higher N surplus.
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Table13.2 Input and output of nitrogen in the agriculture system of the district of Halmstad (23 038 ha) in
the south of Sweden (Cederberg 1997)

Input 1,000 kg Output 1,000 kg
Fertilisers 1810 V egetable products 476

Imported feed 831 Animal products 514

Sewage sludge 13 N surplus 2,302

N fixation 348 Total 3,292

N deposition 230 a)

Imp manure, seeds 60 N efficiency, % 30

Total 3,292 N surplus, kg per ha 100

a) All ammoniaN included.

13.3 Data on nitrogen losses

Feld trids for measuring nitrate leeching from agricultural soils started in the 1970's, and today there
isfarly extensve datamaterid for this nitrogen compound. Ammonia emissions have been measured
in stables and during different field conditions. The variation of methods for manure handling is how-
ever ggnificant, which seemsto make it harder to correctly assess this nitrogen compound compared
to nitrate N. Nitrous oxide discharges from arable soils have hitherto only been investigated in few
fidd tridsin Sweden.

13.3.1 Nitrate N

A modd for estimating average N leaching from agriculture land was presented by Johnsson and
Hoffman (1996) and it was devised to assess the Swedish god to reduce the nitrogen load to coastd
waters by 50%. It is based on a mathematica model SOIL/SOILN, which describes the dynamics
and movements of N in agriculture soils. Johnsson and Hoffman have divided Sweden into nine re-
gions of leaching which are characterised by dimate, type of production, levd of fertilisng and
production capacity (yieds). For each region, the amounts of leaching have been estimating for typi-
cd stuations for acombination of nine different crops, three soil types, and two fertilisng Strategies
(with and without manure in the crop rotation).

Table 13.3 shows the average leaching from whesat and barley grown in the southernmost re-
gion of Sweden, the west and south coast of the province Skane. This areais characterised by mild
winters, normal precipitation, and an animal dengty higher than the Swedish average.

Data on farmyard manure is based on the region's anima dengity, type of manure, and yearly
datistic interviews with farmers on gpplication rates. It is should be noted that the leaching data do
not concern manure gpplication to the single crop but the use of manure in the entire crop rotation.

195



Table13.3  Present average leaching, kg N per hectare for wheat and barley along the coasts of Skane.
(From Jonsson and Hoffman, table 1:2 and 1:4)

Crop Farmyard manurein crop rotation Sandy soil a) Silt a) Clay @)
Winter wheat No 33 21 1
Winter wheat Yes 74 59 43
Spring barley No 46 4 26
Spring barley Yes 76 62 50

a) Average humus content is 4.5%.

The difference between regions becomes obvious when comparing the same crops grown in
the area south central Sweden, 'Mdardalen,' the plains north and south of Lake Mdaren, west of
Stockholm. This region has colder winters, lower precipitation, and lower anima density than the
south west of Sweden.

Table13.4 Present average leaching, kg N per hectare for wheat and barley in the middle of Sveden (From
Jonsson and Hoffman, table 1:2 and 1:4)

Crop Farmyard manurein crop rotation Sandy soil a) Silt a) Clay a)
Winter wheat No 18 10 4
Winter wheat Yes 36 2 10
Spring barley No 30 21 14
Spring barley Yes 52 40 28

a) Average humus content is 4.5%.

In LCA dudies, environmentd effects are related to the products and not to the hectare. Al-
though the average nitrate leaching is substantidly higher in southern Sweden, the potentid
eutrophication per kilogram wheat varies less between different wheat production regions due to
varying yidds. The wheat yidlds are approximately 15% higher in the province of Skane compared
with the plainsin the south centrd Sweden (Vadimaa and Stadig, 1998).

13.3.2 AmmoniaN
The Swedish National Board of Agriculture has developed the computer program STANK (Manure
and plant nutrientsin recycling) (1996) for caculaing nutrient flows and losses on single farm en-

terprises. The program can be used for calculating nutrient balances, production of manure, and
ammonia emissons from manure, nutrient content in manure, and to make economica andyses for
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changing systems for storing and oreading manure. Thisisavery ussful tool when esimating anmo-
niaemissons, which are important when andysing the production of milk, meet and eggs.

Ammonialossesin sables and manure soring are esimated from animd type (e.g. dairy cow,
cattle, heifers, sows etc.) and kind of manure (e.g. solid, urine, durry, thick bed of straw). For N
losses connected to manure storing, techniques like covering and filling in top or bottom of tank aso
are congdered. During the gpplication of manure, agreat number of combinations can occur thet im+
ply different N losses. Table 13.5 shows the estimated standard N lossesin STANK for afew of
these combinations.

Table13.5 Dataonammonialossesduring application, % lost NHs-N of NH,-N inthe manure (From STANK

2.1)
Solid manure Urine Surry Thick bed straw
Early spring, broad spread 20 40 30 20
Spring, broad spread incorporated 1 h 15 8 10 15
Spring, broad spread incorporated 12 h 50 20 20 50
Spring, band spread, incorporated 1h - 7 5 -

13.3.3 Nitrous oxide

There have been only afew Swedish investigations performed on N,O-losses from arable land. In
the Mélby leaching experiment field in southern Sweden, discharges of nitrous oxides and anmonia
were measured after spreading liquid manure (Wedien et d., 1998). The emissions of N,O-N varied
between 0.17-0.30% of gpplied N (corrected for anmonialosses) for durry gpplication in the spring
and 0.79-0.91% of applied N for durry gpplication in the autumn. One reason for the lower losses
in the spring can be that the field trid and measuring took place during avery dry spring. Additiona
invedtigations, dso examining minerd fertilisers, are now in progress but no results have yet been pub-
lished.

Dueto very little data materid on Swedish conditions, the IPCC methodology for ng
direct N;O-emissons from agricultural soils must be used for the time being, calculating that 1.25%
of gpplied N (synthetic fertiliser, manure, N fixated by fixating crops) islost as N,O-N.

13.4 Nitrogen lossesin milk production
Nutrient balances were used in an LCA study of conventional and organic milk production (Ceder-
berg 1998). Data were collected from two dairy farmsin the west of Sweden. The functiond unit was

1,000 kg milk (ECM) leaving the farm gate. Both farms studied were specialised on milk production
and the only output products were milk and mesat from culled cows and bull caves. Livestock dengity
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(including one heifer per cow) was 1.43 dairy cow per hectare on the conventiona farm and 0.69
dairy cow per hectare on the organic farm. Table 13.6 and b show the cal culated nutrient balances
on the farms.
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Table 13.6a Nutrient balance on the conventional farmin the LCA milk study

Input, kg/ha N P K Output, kg/ha N P K
Feed and seeds 134 198 46 Products a7 95 14
Fertilisers 86

N fixation 15

N deposition 10 Nutrient surplus 198 103 32
Total 245 19.8 46 Total 245 198 46

Table 13.6b Nutrient balance on the organic farmin the LCA milk study

Input, kg/ha N P K Output, kg/ha N P K
Feed and seeds 29 52 9 Products 20 41 6
Fertilisers 0
N fixation 46
N deposition 10 Nutrient surplus 65 11 3
Total 85 5.2 9 Total 85 5.2 9

As seen, the fodder import isimportant for the nutrient input on both farms. The conventiona
farm buys grain from aneighbouring farm, protein feed (containing soymed, rapeseed med, maize
gluten medl, beet pulp, sunflower medl, etc.) and super pressed beet pulp. The organic farm buys
organic grain and peas from a neighbouring farm and only smaler amounts of concentrate feed. The
rulesfor organic farming has alimit of amaxima use of 5% conventionally produced feed in the fod-
der ration in Sweden.

Research in Danmark shows an average N surplus of 240 kg N per hectare on 14 conven
tiona dairy farmsand 124 kg N per hectare on 16 organic dairy farms (Dalgaard et d., 1998). The
Danish rules for organic farming alow a greater use of conventiondly produced fodder than in Snve-
den and hence, livestock density can be higher on Danish organic dairy farms. Van der Werff et d.
(1995) present Dutch data from three organic dairy farms with average surplus of 83 kg N per hec-
tare compared to standard conventional milk production in the Netherlands with N surplus of 390
kg N per hectare. The differencesin N surplus on the farms representing the two different production
gysemsin the LCA milk study can dso be found in other studies.

The methods described in section 3 for assessing N losses during Swedish conditions where
used for caculating the N losses on the farms studied (see table 13.7). Nitrogen losses through deni-
trification are another important output of N from the soil system. Since N, is anatura component
of the amogphere, no environmenta damage results from thisloss. But denitrification can be one ex-
planation of why a smaler part of the N surplus was found as emissons on the conventiona farm
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(48%). Thisfarm has day soilsand larger minerd N flows and it is reasonable that the denitrification
has been as high as 30-50 kg N per hectare. The organic farm in the study has lighter soilsand low
flows of minerd N in the soils, denitrification should not excess 10 kg N per hectare. However, even
when N,-losses of this magnitude are added to the total N emissonsin table 13.7, there is dill a
share of N surplus that is not accounted for; 15-20% on the organic farm and 25-40% on the con-
ventiond farm. Thefixing of N in the soil poodl isyet ancther explanation for the unaccounted N in the
balance.

Table13.7 Data on Nsurplusand N lossesin two production forms of milk in Sveden

Conventional farm Organic farm

N surplus, kg N per ha 198 65
Calculated N losses, kg N per ha

NHz-N 61 24

NO;-N 32 19

N,O-N 31 12
Total estimated N losses 96 44
Share of nitrogen surplus found when calculating N losses 48% 67%
Milk production, kg milk per ha 7,415 3,297
a) N surplus, kg N per 1000 kg milk 228 16.8

a) When allocating 85% to milk and 15% to meat.

Comparing the calculated N lossesin an LCA study with anutrient balance is an appropriate
way to vaidate the data and emissons factor used in the caculations. Concerning N, which is found
inamyriad of formsin soil, ar, and water, it is very difficult to make correct estimations of losses.
For example, of thetotal N surplus of 190 10° kg N in Swedish agriculture, 154 10° kg N is defined
aslosses of nitrate N and ammonia N, denitrification and soil input and this leaves 20% unaccounted
for (Naturvardsverket 1997b). The Swedish mode used to caculate nitrate leaching has been tested
agand leeching data from experimenta fields with continuous regigtration of discharges. The methods
used for caculating ammonialosses gppears to be less exact and there is a greet variety in climate
factors, manure handling etc., that grossy can influence the Sze of emissonsin practice.

It seems that the N losses are underestimated in the conventional system and this especidly
concerns ammonia N. Dutch research shows a very strong connection between feeding intensity and
ammonialosses (Smitset d. 1995). The use of high protein feed is much greater in conventiond milk
production than in organic production in Sweden. The Board of Agriculture aso points out the in-
creasing intendity in dairy cow feeding as one cause of increasing ammonia emissons in Sweden
(Jordbruksverket 1997).

The LCA methodology is product oriented, focusing the output products and their environ-
mentd loading and not the land area were the production takes place. The nutrient balance is area
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basad and when used for cdculating the N surplusin an agriculturd system, it gives an indicator of
the potentia environmenta impact from the agricultural system studied. In table 13.8, the N losses
per hectare have been converted to N losses per 1,000 kg milk. Because of the higher milk produc-
tion per hectare in the conventiona system studied, the difference between the two farmsis much
amdler when the N losses per hectare are converted to N losses per functional unit (1,000 kg milk).

Table13.8 Calculated N losses on the farmsin the LCA study converted to kg N per 1,000 kg milk

Conventional Organic
Ammoniaas NH;-N 6.97 6.13
Nitrate as NOs-N 362 4385
Nitrous oxide as N,O-N 0.36 0.30
Total 10.95 11.28
N surplus according to nutrient balances a) 228 16.8
Share of N surplus found 48% 67%

a) 85% of total N surplus and lossesis allocated to milk.

The nutrient balance shows the flow of nutrients through the entire farm unit. However, it does
not provide the entire lifecyde perspective of the product milk asis done with the LCA methodology.
Since the dairy farms studied as most dairy farmsmport feed, there has been nitrate lossesin the cu-
tivation of the cropsyieding this feed, resulting in N emissons outsde the farm border. There are dso
N,O emissons of importance outside the farm border due to N fertiliser production.

When interpreting the LCA study on milk production, the importance of N losses to mgjor
environmental impact categoriesis obvious Emissons of N,O connected to the nitrogen cycle on the
farms studied (losses from soils) and N,O-emissions from synthetic fertiliser production play alarger
rolein terms of the potentia contribution to globd warming than CO--emissons from the use of fos-
dls. Dueto higher fertiliser rates, the conventiona system here shows larger negative effects.

Approximately 90% of the maxima potential contribution to acidification from milk production
could be derived from ammonia emissonsin both system studied; the conventional system showed
a higher potential impact due to higher NHs-N emissons. The maxima potentid contribution to
eutrophication was dightly higher for the organic aternative due to higher nitrate |osses per ton feed.
However, thisimpact category was dso greetly influenced by discharges of anmonia N and correct
data for this compound seem to be crucid in environmenta analysis of animd products.

13.5 Conclusion

We bdlieve that there are good data available for making fairly correct estimations of nitrate leach-
ing from arable land in Sweden. Most of the present data materia concern conventiona agriculture

201



where both synthetic fertiliser and organic manure are used, but as organic farming isincreasing, fidd
trids on nitrate leaching from this farming system are now underway.

The computer program STANK offersagood tool for caculaing ammonia losses onindivid-
ud farms. The program does not consder different feeding intensity with protein, which is a
deficiency. Smitset d. (1995) show urea content of urine from cows fed with low protein diet to be
42% lower than that for cows fed on high protein diet which resulted in areduction of anmoniaemis-
gons by 39%. Vaiations of this magnitude for thisimportant nitrogen emisson will have abig impact
on the acidification as well as the eutrophication potentia from animd products. Therefore, it seems
to be of vital importance to obtain data on the connection between protein feeding and ammonia
emissons.

For emissonsof nitrous oxide, there are very little datafrom Svedish fidd trids. Thefew data
50 far published seem to show lower N,O-emissons than the IPCC guidelines for assessing this
greenhouse gas.

Comparing the calculated N lossesin an LCA study with anutrient balance is an appropriate
way to vaidate the data and emissons factors used in the cdculations. However, after caculating N
losses, there is often an unexplained part of N surplus and how to ded with this unaccounted part is
not a sraightforward question to answer. When the mode s used for caculating N losses in a Swed-
ish LCA milk sudy are vaidated, the estimations of ammoniaN |osses seem to be the most uncertain
and possibly underestimated.
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14. Conclusions of the working group on the nitrogen cycle

Dirk Ceuterick * and Bo P. Weidema ?

14.1 Nitrogen modelling

Idedly, ahalisic modd would be available, dlowing you to modd dl nitrogen flows & the same time
for a given Stuation, even taking into account the dependency between those N fluxes. However,
since no such modd yet exigts, each flux must be considered in isolation. The following gpproaches
have been extracted from the discussion of the working group:

N fixation

N fixation is ardevant issue, especialy when looking at organic farming systems. It was concluded
that for the time being, a smple Danish empirical mode (Hagh-Jensen et al., 1998) presented by
Logeset d. (thisvolume) might be gpplied. Input data for thismodd are harvested drymatter yield
of leguminosae and information on the production system (partitioning leguminosag/grass, ...).

Ammonia

The British MARRACAS-modd (Cowell and ApSimon 1998) seemsto be best practicable means
for making afirg goproximeation of anmoniaemissonsfor LCA purposes. By means of thismodd,
NH; emissons of different types of animas can be modelled. Basis of the modd is the nitrogen ex-
creted by animds (literature vaues). The modd is currently in usein the UK (vaidation at leve of
UK, no onfarm vdidetion yet) and is Sate-of-the art in Europe. Thismodel covers both organic fer-
tiliser and minerd fertiliser (relevant here is the urea and ammonium content). Input data might be
taken from FADN and study farms.

The following key parameters are taken into account in the MARACCAS-modd:
- temperature (housing of animals and storage of manure);
- gpplication method (surface spreading versus injection);
- type of manure gpplied (N excreted, i.e. N in manure);
- land coverage.

Vlaamse instelling voor technol ogisch onderzoek (VITO), Boeretang 200, B-2400 Mol, Belgium.
? Institute for Product Development, Building 424,1, Technical University of Denmark, 2800 Lyngby, Denmark.
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Parameters which are not dedlt with in the modd, but which are regarded as being important

- wind speed,;

- radiation;

- infiltration rate (soil characterigtics, season);

- precipitation;

- time between gpplication precipitation, or incorporation into the sail;
- soil chemistry (pH, cation exchange capacity, buffer capacity).

A rough attempt was made to assess what effect those parameters might have upon the out-
come of the ammoniamodd. Efforts for improving ammonia moddling should focus those fectors thet
have the largest influence on the outcome of the modd. However, the concluson was that many fac-
tors seem equdly important. Thus, when improving ammoniamoddling, dl the above factors should
be incorporated in amore sophigticated approach. In addition, an attempt should be made to include
possible interrelations between those parameters. One of the problems that arise when attempting
to modd red anmoniaemissonsisthet there are few red time data available (e.g. wind speed, tem:
perature, ranfal, etc.). However, not dl of these data are rlevant for LCA purposes, as LCAs most
often relate to larger geographical and tempord averages.

Nitrate

The British SLIMMER-mode (Anthony et d., 1996) was considered to be best practicable means
for LCA purposes. Thismodd assumes a non-linear relationship between the remaining nitrogen on
the plot (N surplus) and the amount of nitrogen that leaches. Basis for the calculation and key issue
here isthe amount of nitrogen in the soil in autumn. Thismodd is gpplied in the UK. It can be used
both for arable farming and grasdand.

It s;ems not to be fit for use in regions where irrigetion is goplied (Southern Europe) and in
areas with heavy rainfal (effects of by passflows, etc.). Key parametersin nitrate modeling are soil
and climate related parameters (e.g. fidld capacity, drainage water rate). There is aneed for a har-
monisation of caculation procedures at EU levd, especidly with the nitrate Directive in mind.

Nitrous oxide (N,0)

The IPCC-cdculation procedure (Bouwman formula, IPCC 1997) should be gpplied for LCA gppli-
caionssincethisisabroadly accepted gpproach in the area of greenhouse gas emissions. However,
the Bouwmean formula (Bouwman, 1996) amplifies the complex dependencies of the variousimpor-
tant soil, climate, and management related parameters very much. Unfortunately, to dete it is not
possible to take account of dl key parameters influencing the N,O emissions caused by agriculture.

The IPCC gpproach isregularly updated. Thus, the most recent version should always be used
for caculating nitrous oxide emissions.

206



Nitrogen gas (N,)

No good mode s available. There seemsto be aratio between N,/N,O which isinfluenced by the
s0il condition (e.g. on sandy soils dmost no Ny, on clay soils more Ny). It is often assumed that the
deficit in N baanceislost as N,. However, this gpproach islikely to over estimate the N, emission.
It was suggested instead to distribute the deficit over dl the above sources in the proportion to the
amounts resulting from the above caculation procedures. Since N, is not calculated, it will then par-
ticipate in this digribution with the same proportion as the deficit itsdf.

Not covered

Not covered in the modelling approach is NO, sincethis N flux is consdered to be smal compared
to the other N fluxes. Few data are available on this matter, and there is alarge uncertanty in this
area

Also not covered are nitrogen losses by soil and wind erosion. This however ssemsto be only
relevant in cases where minera fertilisers are gpplied.

14.2 Needsfor futureresearch

The members of the work group identified two important needs concerning nitrogen modelling.

a)  Needfor mode improvement and validation

Many of the moddsthat are available a this moment seem to be developed for use under spe-
cific crcumgtances. In addition, many of these have not been vaidated thoroughly what makes their
use and gpplication within the framework of LCA difficult. Modds should be goplicable in different
regions and for different farm types. Furthermore, the development of amore holistic modd thet cov-
ersdl N fluxes a the same time would be desirable.

It was suggested to prepare a note with recommendations towards the EU 5™ framework pro-
gramme, for aclugter of N projects, including issues on quaity assessment and control of models.

b) Daaavailability

Daaavailability isacrucid issue whenmodels and calculation procedures have to be gpplied.
Datafrom the FADN network can be combined with other datafor usein LCA and for performing
sengtivity andyses Theresults from these LCA's can be usad asinput for improving data gethering
within the FADN framework.

c) Experience

Experience has to be gained with the approach that was agreed upon above. It was suggested
to make a case sudy, e.g. on amixed livestock farm.
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