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Abstract

Following the Single Market for Green Products, Eieopean Commission released the Product
Environmental Footprint Category Rules for Dairpdicts (PEFCR-D). According to the PEFCR-D,
nitrogen (N) emissions must be calculated as stagethe Intergovernmental Panel on Climate Change
(IPCC) and the European Environmental Agency (ENHEA) methods. However, since the IPCC
method and the EMEP/EEA method follow differentldiifs, the estimated N emissions differ at
common farm stages resulting in incompatibilitieshe reported PEFCR-D emissions from a mass
balance perspective. This work proposes a compsélenpproach to calculate N emissions to satisfy t
PEFCR-D guideline in a N balanced farm system. @roposed approach coordinates and balances the N
flows at each stage in order to estimate the Ngoms from the dairy system. In this regard, eroissi
such as MO, NHz, NO,, N, and NQ'" are estimated following the IPCC and EMEP/EEA rodthfrom a
single N flow in the system. The N losses in th@ltdairy farm are estimated to increase 4.41% as a
result of the implementing the PEFCR-D in a N bedghsystem instead of a non-balanced one.
Consequently, an increase in environmental impafatse farm such as Global Warming Potential
(6.68%), Marine Eutrophication (4.91%) and Teriab&Eutrophication (4.26%) were also measured.
Moreover, the proposed approach to implement tHed®ED enabled the redistribution of emissions
between farm stages; particularly relocating N sioiss and environmental impacts between manure
management and application. This resulted in aetieent on the manure management stage
environmental impacts such as Global Warming (8% and Photochemical Ozone formation (-
25.49%). On the other hand, at application stexgeements in Global Warming (26.94%), Marine
Eutrophication (8.48%) and Terrestrial Eutrophimat{7.52%) were evidenced when contrasting the

outcomes between the non-balanced and balancedARBFealculation approach.
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POFP Photochemical ozone formation potential
T Livestock subcategory

TAN Total ammoniacal nitrogen
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1 INTRODUCTION

Since the release of the Roadmap to a ResouragdetfiEurope communication (COM(2011) 571) by
the European Commission (EC), as a component dttihepe 2020 Strategy, the main focus has been on
the establishment of sustainable consumption aodigtion of goods and services. The emphasis on
reporting the levels of sustainability (either vaiary or mandatory) by the industry has created the
impetus to develop tools and techniques for meagumnvironmental and sustainable credibility (EC,
2011). Currently, the European Union (EU) regulaiprovide product policies to different stakehodde
(e.g. business, producers and consumers) to supgoekpansion of green markets (e.g. Ecodesign
Directive 2009/125/EC (2009), Labelling Directive1®/30/EU (2010), Green Public Procurement COM
(2008) 400 (2008) and the EU Ecolabel RegulatiorB/2010 (2009)). Moreover, there are
international, national, and corporate product mmmental regulations that belong to the same
framework of the ISO 14020 “Environmental labeld @eclarations” (2000). Consequently, many
choices of methods and initiatives can be foungktwerate credentials for green products, whichusenf

stakeholders (Brécard, 2014; EC, 2013).

To face the uncontrolled proliferation of greendamatials for products, in 2013 the EC released the
Communication “Building the Single Market for GreRroducts” (EC, 2013), which encourages the
application of the Product Environmental Footp(PEF) and Organization Environmental Footprint
(OEF) methods (EU, 2013). The PEF Guide (Manfrédl.e 2012) provides a general framework for
measuring the environmental performance of a priooluservice through its lifetime based on the Life
Cycle Assessment (LCA). The PEF primary goal isaomonise the existing LCA methods and to
provide objective criteria for comparing the envingental performance of products. It defines
requirements for some of the methodological asmeadsprovides guidelines for conducting the
environmental assessment. However, each of thérexigroups of products in the market requires a
specific assessment method to reach the PEF ¢gtese, the Product Environmental Footprint Category

Rules (PEFCRs) were issued with the aim to progigeoduct category specific guidance when



developing a PEF study to increase reproducibitibysistency and comparability (EU, 2017). In this
context, a three-year environmental footprint pilbase took place between 2013 and 2018 resulting i

the development of validated PEFCR methodologi€s @b18).

Milk has a significant role in the dairy and foodlustry. Milk production has increased during tt |
decade, and it is expected to reach 1077 millionés by 2050 to satisfy the growing demand forydair
products (Alexandratos and Bruinsma, 2012). Livelsgupply chains are responsible for 14.5% of the
total anthropogenic greenhouse gas (GHG) emissibwhich 19.7% are specifically generated by dairy
cattle (Gerber et al., 2013). Consequently, dubeanvironmental relevance of the dairy sectoritnd
products (e.g. milk, cheese and yogurt), the ProBoeironmental Footprint Category Rules for Dairy
Products (PEFCR-D) was developed during the phaisp and officially released by the European Dairy

Association (EDA, 2018).

The study of the environmental impacts (El) gereatdty the dairy industry has gained momentum in
recent years and LCA has been one of the most yigedd assessment methods. For example, dairy
products, such as processed milk (Noya et al., R@b&ese (Gonzéalez-Garcia et al., 2013), and ybghu
(Vasilaki et al., 2016) have applied LCA to meaghe=environmental performance of the industry.iThe
studies concluded that raw milk production at thEydfarm is the major source of the emissions
affecting the environmental performance of theydpioducts. Moreover, some authors have determined
key activities in the dairy farm during raw milkgoluction (i.e. livestock feed production, enteric
fermentation, and the manure management/storag®)vihich the majority of the GHG and other
pollutants arise (Meul et al., 2014). Enteric fenma¢ion of livestock mostly generates methane JCH
while production of animal feed, excretion of mamon pastures, manure management/storage at the

farm and manure application to soil is related wlifferent types of nitrogen (N) emissions.

The estimation of N emissions, such as nitrousedO), ammonia (NK) and nitrogen oxide (N
influences the environmental assessment of daimsand their products due to their relevanceén th

calculation of El such as climate change (globaimiag potential), photochemical ozone formation and
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terrestrial and marine eutrophication. Most LCAdiS use commercial databases with emissions derive
from a wide range of production systems. Thrednefrhost used LCA databases are Ecoinvent v3.4
(Weidema et al., 2013), Agri-foodprint v3.0 (Dudier et al., 2017)and Agribalyse v1.3 (Koch and
Salou, 2016)The datasets included in these databases comavismitk production emissions; including
N emissions generated in the dairy farm by thestivek. Table 1 presents the methodologies useley t
commercial databases to estimate N emissions fnerdairy farm and their compliance with the
requirements of the PEFCR-D. According to the ditere (summarised in Table 1), there is consensus
about the methodologies used to determine diréius oxide (D-MO) and indirect nitrous oxide
emissions due to leachingN,O) during the dairy farm activities. Agri-foodpriahd Agribalyse use the
Intergovernmental Panel on Climate Change (IPCE€j) Zimethodology with country-specific data
(Nederland and France respectively) to calculaaelti\,O during manure storage/management. All
three databases, as stated in the PEFCR-D, u$eGia:to calculate indirect nitrous oxide (K@)

emissions due to volatilisation of Nldnd NQ. However, Agri-foodprint only considers Nlgmissions.

For the determination of the Nidr NQ, emissions, neither Ecoinvent nor Agri-foodprintfarm to the
PEFCR-D; while, Agribalyse partially complies tolcoinvent uses Agrammon (Kupper and Menzi,
2013) and Asman (2012) to estimate MNd the methodology suggested by Nemecek and &ehnne
(2011) to quantify NQ while Agri-foodprint uses IPCC to determine Nemmissions but does not
consider NQ emissions. On the other hand, Agribalyse use3itrel EMEP/EEA (European
Monitoring and Evaluation Programmed and the Eumodenvironmental Agency) methodology to
determine NQand the EMEP/COORDINAIR (2006), former EMEP/EE®& chlculate NH from the

application of N fertilisers.

Regarding nitrate (N§ emissions, only Agribalyse and Agri-foodprint fialy meet the PEFCR-D
requirements. Agribalyse calculates Nftbm the direct excretion of manure on pasturesuggested by
Basset-Mens et al. (2007), and only uses IPCC wiBsassing tropical crops in the remaining farm

activities. Agri-foodprint uses IPCC-Tierl but catess all the leached N as NQwhile Ecoinvent uses



the SALCA-NG model (Richner et al., 2014). In summary, nonthefassessed databases (Ecoinvent
v3.4, Agri-foodprint v3.0 and Agribalyse v1.3) fulhchieve the PEFCR-D requirements to calculate the

N emissions in the dairy farm.

There is a clear need of an approach to link le@ad and EMEP/EEA methodologies in order to obtain
credible N balanced results and comply with the @R requirements. In this regard, the IPCC (20064,
2006b) proposes the development of Mdiduntry-specific emission factors (EF) and suggts use of
the EMEP/EEA mass balance/mass flow methodologgtimate NH and NQ; including di-nitrogen

(N,) emissions at manure management before the apptida soil. On the other hand, the EMEP/EEA
(2016b) states that its mass-flow approach ensmesistency with the N species estimated with the
IPCC. However, apart from these acknowledgemeritgdes the methodologies, neither the PEFCR-D,
IPCC nor EMEP/EEA state how the outcomes from thiB/EEA should be integrated into the IPCC
and vice versa from a mass balance perspectivthdfarore, the documentation of the analysed
commercial databases does not clearly explain hevinteraction between the outcomes of these and
other methodologies, to calculate N emissionseisdpmanaged to obtain a balanced farm system.
Section 2.1 of this paper discusses and providestgr detail regarding the source of the mass balan

gaps between the IPCC and EMEP/EEA when appli¢ateifPEFCR-D framework.

The assurance of a balanced N flow system whenltsimaously applying the IPCC and the EMEP/EEA
is necessary for validating the process definitiod associated data, to check the quality of datinge,
2002; 1ISO 14041 standards, 1998) and to ensureocthearability between different dairy products and
systems in accordance to PEF aims. The environineerfarmance of the systems under comparison are
evaluated and interpreted following the 1SO1404fdard (2006) for LCA. Therefore, solving the N
mass balance in the system is an imperative regaimeto ensure the system’s data quality, obtain
reliable input for the calculation of the systeratmissions and compare the environmental performance

of different dairy farms in the PEFCR-D framework.



The goal of this work is to propose a comprehenapgroach to calculate N emissions from a daimnfar
balanced system based on the IPCC and EMEP/EEAochdthgies to comply with the PEFCR-D
requirements. This proposed approach is espec&byant to achieve a N-balanced system throughout
the different farm stages ensuring (i) properaatmn of N-emission between farming stages and (ii
reliable input for the calculation of El categorggh as Climate Change, Terrestrial & Marine
Eutrophication or Acidification. To our knowledgdaijs is the first attempt to provide a coherent and

balanced N emission calculation approach to be wheth performing PEF studies

2 Materialsand Methods

The following section (2.1) provides greater detagarding the origin of the gaps between the IRGE
EMEP/EEA, from a mass balance perspective, wheirieabjn the PEFCR-D framework, and then
(Section 2.2), a clear calculation approach toay®e these gaps and obtain a common N balanaed far
system in agreement with the PEFCR-D is presemtetbol to calculate the individual IPCC and
EMEP/EEA methodologies as well as the PEFCRyDand the PEFCR-fg approaches can be

downloaded from http://www.betatechcenter.com.

2.1 |1PCC and EMEP/EEA methodologies.

To calculate N emissions during the livestock hogsholding areas and manure storage the PEFCR-D
requires the use of IPCC Chapter 10 (2006a) andZMIEA Section 3.B (2016a) , while to quantify
emissions from the application of manure or fexits to soil the IPCC Chapter 11 (2006b) and
EMEP/EEA Section 3.D (2016b) must be used. The ouetlogies provide equations, EF and default
values to determine N emissions generated in thg fdam from different N sources (e.g. managed
manure, inorganic and organic fertilisers). Themdifferences and limitations of both methodologies
per dairy farm stage are summarised in Table ZhBrmore, a summary of the different N emissions

calculated at each stage following the two methagiek is presented in Table 3.



As shown, both methodologies imply different mettlodical approaches to calculate N emissions at
similar farm stages (i.e. livestock housing anddimg, manure management/storage and application of
manure that has been managed or directly excrgtéuedivestock during grazing). The unrelated N
emissions obtained from the IPCC and EMEP/EEA atafrthe dairy farm stages result in different and
incoherent N flow inputs for the subsequent stdB@gire 1). Despite the incoherent N flows betwten
IPCC and EMEP/EEA, the PEFCR-D directly reportsrtbalculated emissions without any further
considerations. Hence, the outcomes reported by ERCR-D cannot be considered reliable due to the
discrepancies of the N-mass balance in the syge&RCR-D\g)). Figure 1 represents the N flow

diagram of a dairy system, and the related emissieported by the PEFCRqg), per dairy farm stage.

2.2 Harmonisation of the |[PCC and EM EP/EEA within PEFCR-D

The harmonisation of EMEP/EEA and IPCC is presetiiealigh four iterations exclusively to facilitate
the understanding of the proposed approach. Téigtiration obtains the N emission from the
independent application of the methodologies; thased on those results, each of the following
iterations balance the N flows of an specific fatage. By the fourth iteration, all N flows in thgstem

are adjusted to obtain a common and balanced Mmyfstr the quantification of the N emissions.

This new calculation approach includes additionaloNrces (e.g. cheese whey or wastewater) and
outputs (e.g. compost sold at third parties) thatt stated in the PEFCR-D but exist in a coriveat
dairy farm system; these and all the additionaliis@nd outputs are allocated to each livestock
subcategory (T) in the farm (e.g. high or low proidg mature cows, non-productive cows or calves).
The complete equations used to harmonise the IRAEMEP/EEA methodologies are presented and
discussed in detail in the supplementary matefigl §1 to S50). This section only describes thet mos
relevant aspects of each iteration for determitiiregN flows throughout the different system stages:
livestock housing and holding at farm (H&H), manoranagement/storage at farm (MM) and application
of manure that has been managed @ppr directly excreted by the livestock during gnag

(AppPcrazing- Figure 2 illustrates the common and balancetbiN tliagram that the proposed approach



(PEFCR-0y)) follows to determine N emissions. As presentefiention 2.1, the dairy farm system
emissions reported by the PEFCRdpcome from two unrelated and non-balanced N fldwgure 1).
Therefore, the proposed method aims to harmoneséarth methodologies (IPCC and EMEP/EEA)
allowing them to work together in a N balanced eystvhere the same N inputs and outputs are obtained

at each farming stage (Figure 2), overcoming therisistencies between their N flows.

The harmonised approach starts with the calculatighe excreted nitrogen of the livestock suboaiteg
(Nex) applying the IPCC (2006a) Tier 2 methodology; atthis also the starting point of both IPCC and
EMEP/EEA. Additionally, EMEP/EEA requires the cdbtion of the excreted Total Ammoniacal
Nitrogen (TAN), which is calculated as a proport{0r6) of N. . Hence, the reported emissions
correspond to the assesses livestock subcategtrg oairy farm. The total farm emission is the safm

all the livestock subcategory emissions.

Thefirst iteration applies both IPCC and EMEP/EEA methodologies ierdéepntly (Section 2.1). The
emissions obtained from their particular N flowsainon-N balanced system (Figure 1) can be directly
reported as outcomes of applying the PEFGRg@pproach. In this first iteration, extra N sour(iés
applicable), different from the {Nr such as wastewater and waste whey are also taleeadoount as

new N inputs to the farm system. It is consideted these allocated extra N sources are mixedthéth
animal manure in a slurry tank, which is a liquidmare management system, hence they contribut® to i
specific emissions (Figure 2.B). The remaining nmmamaanagement systems (MMS, e.g. solid manure)

do not consider any additional N sources (Eq. HqoS17).

The harmonisation between IPCC and EMEP/EEA stdhtessecond iteration (Eq. S18 to Eq. S19) after
obtaining the PEFCR-R) results from Iteration 1. This second iteratioousses on balancing N outputs
from the H&H stage (Figure 2.A) and on the caldolabf the H&H indirect nitrous oxide emissions due
to N volatilisation ({-N,O). The volatilized N emissions determined by tihWEP/EEA (NH;, NO, and

N,) are used by the IPCC to achieve a consistentilegilen of ,-N,O emissions through the dairy farm

system. At H&H (yards and buildings), the indepartdspplication of the EMEP/EEA determines NH
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emissions while the IPPC neither determines Bidissions nor its concomitagtiN,O emissions
(Figure 1.A). Hence, this iteration allows the PE-Dg, approach to determing-N,O emissions from
the NH; volatilisation at H&H and balances the N outputsyf H&H entering the different types of

MMS at the MM stage (Figure 2.A).

Once the N flows leaving H&H stage have been badr{tteration 2), théhird iteration aims to

balance the nitrogen output from the MM stagehla stage, Nkl NO, and N emissions are calculated
using the EMEP/EEA methodology; then, they are dioated with the IPCC to calculatgeN,O
emissions (Figure 2.B). The MM D2 emissions reported by the IPPC differ from thesoreported by
EMEP/EEA, therefore the variation of the direct ssions (N-NOgyep- N-N2Ojpcc) has been

reallocated into the N remaining in the manure isjrithuting it among the different existing N framts

in the MM stage (e.g. solid manure, liquid manwaste water, waste whey, etc.) (Eq. S20 to Eq..S34)

The latter results in a balanced N output from MM.

The PEFCR-Ig)approach does not use the IPCC coordination stse(ithed in Table 2) between MM
and application because all the upstream dairy farftows (NHs, NO,, D-N,O and N) are how
correctly balanced between stages which meansalitgioss N leaving MM can be applied to the soil
without any other considerations. However, in s@ames, a fraction of it can be valorised as organic
fertiliser and sold before application (e.g. contEmdd), or manure sourced from other farms can be
applied on the fam’s land. Since these additionaiguts and outputs modify the final available M fo

application (Figure 2.C), they are considered spghesented approach as well.

Thefourth iteration focuses on calculating N emissions at the apjphicatage (i) from N flows coming
from MM (Appwm), (i) from N directly excreted by grazing anim&fpperazing, (iii) from external
organic sources (e.g. compost produced outsidfath® and (iv) from synthetic N fertilisers (Figure
2.C). NH; and NQ emissions are determined with the EMEP/EEA, anth@nbasis,-N,O application
emissions are calculated while D@Dland NQ application emissions have been calculated with th

IPCC. Finally, the -N,O emissions due to application are determined ftmrIPCC NQ emissions,
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(Eg. S35 and Eq. S48). At the fourth iterationtladl N flows within the dairy farm stages are baéah

and the outcomes are reported as part of the PHRGR-

2.3 Casestudy

To demonstrate the proposed approach a case saglgomducted in a conventional dairy farm in the
Northwest of Spain, where the N emissions relatdudgh-production mature cows (45 heads) were
assessed. The farm’s livestock was also integiatetn-productive cows (31 heads) and calves (14
heads). The average weight of the high-productiaturne cows is 600 kg/head, and the daily milk
production is 22.19 kg/head- dawith an average fat and protein content of 3%. [estock feeds in a
stable (housing) facility 87% of the year and 13%natural pastures while grazing. Therefore, 13% of
the manure is excreted while the livestock is grgzl he remaining manure is excreted in a stabletwh
is collected and treated as solid manure (29%)igod manure (58%). All the stored manure is agqbli
to soil after manure management. Following the IF@E 2 requirements, the total N excreted by this
livestock subcategory (high-production mature cow)730.40 kg/y. The other farm N sources (i.e.
wastewater, waste whey and animal bedding) thaespond to the assessed livestock subcategory are

given in Table 4.

3 Resultsand discussion
The following subsections present and discuss éselts of implementing the PEFCRgP and the
PEFCR-D\g) calculation approaches (i) from a N flow perspextand (ii) from an emission and El

perspective.

3.1 NFlowsinthedairy farm system
The N inputs and outputs of the dairy farm stagesevquantified and assessed by the mutual applicati
of the IPCC and EMEP/EEA methodologies on one hand PEFCR-R,and PEFCR-Rg, calculation

approaches on the other.
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Table 5 shows the results from quantificationhaf N emissions related to the IPCC and EMEP/EEA N
flows (IPCG sow and EMEP/EEA . respectively. There is a significant difference (44.1%) in thtat

N emissions mostly, but not only, due to the latN@; emissions when applying the EMEP/EEA
methodology. Another reason of discrepancies betwee IPCC and the EMEP/EEA N flows is the

IPCC coordination step; it reduces 130 kg N from PCG, 10w between MM and Apg, without

imputing this N difference to any IPCC-MM emissi@ue to the inconsistent N flows and emissions, the

total N retained in the soil obtained by the EMBEPAES 1055.8 kg higher than the by the IPCC.

Since the PEFCR-}, directly reports the IPCC and EMEP/EEA emissioitbout any further
considerations, Table 5 also shows the incoherieetveeen the emissions reported by the PEFQB-D
and the N flows (IPC(now OF EMEP/EEA 110w) from which they arise; spotting the necessitablying
the proposed PEFCRyapproach. A clear example is during Appvhere the reported PEFCRxB)
N-N,O and N-NQ emissions (25.8 and 773.9 kg respectively) areutatied from the total IPGGow
entering this stage (2579.7 kg N), while the N-NiHd N-NQ emissions (956.9 kg) are calculated from
the total EMEP/EEAR,w entering the same stage (3018.4 kg N). Sinceeiherred PEFCR-[Rg)
emissions are not coherent, it is not possiblesterthine the available N in the stages of the daimy.
The PEFCR-Ig, approach solves the problem and uses a commondeald flow from MM (3025.6

kg) to determine the Apg, N emissions. Through all the dairy farm systere, REFCR-[x), approach
applies both IPCC and EMEP/EEA methodologies towtate N emissions based on an equal quantity of
N coming from the respective upstream farm stagere&ult, 4.41% more total N emissions are

determined by the PEFCRdpthan by the PEFCR-).

3.2 Emissions and environmental impacts
N emissions together with the characterisatiorofacstated in the PEFCR-D are used to estimatégarm
El (i.e. global warming, particulate matter fornoati photochemical ozone formation and terrestaiadi

marine eutrophication ). Since the N emissionsaarasis for the El assessment of the whole dainy fa
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system and its individual stages, the El resuffedivhen using the PEFCR{g) or PEFCR-[,

calculation approaches (Table 6).

At H&H, the PEFCR-[Qg and PEFCR-[, report same amount of Ni#missions (589.68 kg).
However, the PEFCR+R) does not consider |-/ emissions at H&H and therefore it is unable fwore
El categories as global warming (GWP) and photodét&nzone formation (POFP). Due to the
separation of the volatilized N emissions betweé&ttand MM (Table 6), the PEFCR£) enables the
calculation of I-NO emissions at H&H (7.6 kg I-/®). In the other EI categories, the PEFCRsP
reports 0.10% less particulate matter (PMFP) a##l%98.less terrestrial eutrophication (T-EP) than the
PEFCR-D); while for the marine eutrophication (M-EP) botBFCR-D approaches report the same

value (485.9 mol W).

The PEFCR-I, reports fewer emissions at MM in comparison witth PEFCR-[Q). Despite that both
consider the same volatilized N emissions (e.gs, N, and N), the PEFCR-[g, I-N,O emissions are
55.49% higher than the PEFCRs[XTable 6). This is because the Jcalculations in PEFCRk, are
based on the MM volatilized N emissions from th€@R 5o (1515.3 kg N) which are higher than the
common N flow used by the PEFCRg(674.4 kg N) as shown in Table 5. Furthermore REECR-

D) reports 11.80% lower DJ® emissions at MM because they arise from the batahl flow entering
MM (3645.7 kg N), which is lower than the IPCfe entering MM (4131.2 kg N) used by the PEFCR-
De) to calculate D-DNO emissions. The PEFCRdpreports significantly lower overall El (e.g. 41988

and 25.49% for GWP and POFP) at MM compared toRE&CR-[\g).

During the Appm Stage, the D-pD, I-N;O, NOs, NH; and NQ emissions calculated with PEFCRgP
show higher emissions 17.29%, 49.64%, 17.29%, 0.888d.24% respectively in contrast to the
PEFCR-D\g) (Table 6). The incoherent N flows between the PEfBCapproaches at App (discussed

in Section 3.1) and the redistribution of N emiasibetween MM and this stage are the main souoces f
the differences. The increment on the PEFGRD,0 and NO; emissions particularly affected GWP, T-

EP and M-EP; these EI categories increased by 28.92 and 8.48 % respectively.
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Finally, I-D,O emissions show a reduction of 23.53% when asgptse emissions from the Aging
stage with the PEFCR<) approach instead of PEFCRgB). Since the PEFCR+E) and PEFCR-Rg, do
not differ in the calculation of the volatilizedémissions and NQemissions , the expected KN
emissions of this stage should be consistent (T@bldowever, this is not observed because the REFC
Dne) uses a total of 307.5 kg of volatilised and leadNgd23 kg N + 184.5 kg N) from the IPGge., tO
determine I-NO, while the PEFCR-[g) uses a balanced N flow giving 246.0 kg of totdhtiised and

leached N (61.5 kg N + 184.5 kg N) resultingdawér I1-N,O emissions.

As shown, the use of the PEFCRg@r PEFCR-[\g, directly influences the El assessment of the dairy
farm. Depending on the selected PEFCR-D approbketenivironmental profile and the conclusions
might change when assessing the whole systemgiesstages. The application of the PEFCR-D
approach, results in an overall increase, in agarfi@.18 to 6.68%, of the analysed impacts; whHek&¥/P
(6.68%), M-EP (4.91%) and T-EP (4.26%) reportedhigiaer increments. More significant differences
among the El were evidenced when individually asiegshe dairy farm stages. Moreover, because of
the harmonised N balanced flows used by PEF@R-Ihe El were redistributed in the entire system;

especially relocating EI from MM to Apg. This resulted into lower EI at MM and higher ERgpwm

Depending on where the boundaries of the dairy &rstem are defined, the relocation of emissiouls an
El achieved by the PEFCRdpcan even increase the influence on the envirormhpetformance and
competitivity of the dairy farm. In this case stutlye system boundaries are located at the ertkof t
application stage meaning that all the N leavirghtM stage is applied in the farm’s land togethig w
the total N that was directly excreted on the lauhile grazing. Therefore, all the emissions an@fEl
application (Appmt AppPsrazing are reported as part of the assessed dairy fgstera. However, in cases
where the total manure from MM is sold and apptiethewhere, the different emissions derived y\pp
should be allocated accordingly. In this scenaviten comparing the results obtained from the PEFCR-
D) and the PEFCR-R), the PEFCR-R) approach results in 13.48% less GWP and 4.86%Pes

than the respective outcomes from the PEFGR;Rpproach evidencing the importance of the
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redistributed emissions between manure managemdrdagplication stages when evaluating these

impact categories.

The N emissions and El results variation%o) obtained in this case study should not be sicamtly
different when assessing other farming scenariossiyhificant differences regarding N emissions are
expected because of the nature of the IPCC and EsEPmethodologies (linear equations); and also,
because both calculation approaches (the PEFgfiidl PEFCR-[g) maintain and use the same IPCC
and EMEP/EEA EF. On the other hand, no significhffiérences regarding the El results are expected
since the PEFCR-D specifically defines the charaeztton factors to be used when determining the
farm’s environmental profile (EDA, 2018). The N essibns and El variations could only differ among
farming scenarios the quantities of N inputs and outputs, apart fiduxr), change (i.e. waste whey,

wastewater, bedding or chemical fertilisers).

4 Conclusions

This paper analyses the IPCC and the EMEP/EEA rdethgies and their reported emissions from a
mass balance perspective, focusing on the N fldwasdairy farm system. The PEFCR-D approach
without any mass balance considerations (PEF@RB)Deports merely the outcomes from the IPCC and
EMEP/EEA emission results. The straightforward egapion of the IPCC and EMEP/EEA
methodologies resulted in inconsistent N flows whiesulted in significantly different emissions.eTh
latter affects the assessment of the environmeetérmance of the dairy products, and the relitgtlf

the emissions and El reported by the PEFGR;DIn this regard, an approach to harmonise the IPCC
and the EMEP/EEA N flows within the PEFCR-D framekvbas been proposed (PEFCR;Pand
demonstrated in a typical dairy farm case studg fiain outcome of the proposed approach is the
generation of a consistent N flow mass balancherdairy farm from which N emissions can be
calculated, as well as enhancing the data qualitytiae reliability of environmental performance
assessment. This approach enables PEFCR-D ugemsddhe N flows that enter and leave each sthge o

the dairy farm chain, which is not possible withmass balance considerations. Furthermore, it
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determines the exact share of the different N @arisgNH;, NO, and N) that cause the IPCC indirect

N,O emissions at each dairy farm stage.

The analysis of the case study evidenced the imeabhe between N flows and emissions within the
different farm stages when applying the IPCC and2PYEEA methodologies. Moreover, the
harmonisation of the IPCC and EMEP/EEA N flowsfiaslamental part of the proposed PEFCRB-D

approach, has enabled the redistribution of N dorissand their respective El in the dairy farm sgst

The assessed El increased between a range of 8.2%0 when analysing the whole system, showing
major increments in GWP and M-EP. Moreover, théviddal El assessment of the dairy farm stages
evidenced that the PEFCRgPapproach has redistributed the emissions betwedrstdge and the

Appum Stage accordingly; which resulted in a trade-6#missions between them. The latter enables the
proper identification of the environmental hotspiatthe system and provides useful informatiorhi t
dairy producers to improve the environmental penfamce of the system. The future versions of the
PEFCR-D should provide more guidance regarding fuoassess the challenges spotted in this research.
If a suitable solution to achieve the basic conoépt balanced mass system is not explicitly statdbe
PEFCR-D, its interpretation will be open and thtsrmiain objective, the comparability of the results

between dairy products, would not be achieved.

5 FutureChallenges

The quantification of N emissions at the differstatges of dairy farming using the PEFCR-D should be
improved. There are still gaps in the guidelinggmrding the quantification of N emissions. Thesasga
could jeopardise the final goal of having a vehf@universal “Ecolabel” to report the environménta
performance of the dairy products to the differakeholders and enhance the development of an EU

green market.

The mantra “Comparability over flexibility” prevaiin the PEF methodology thus, this it can be pasil

adopted by many companies. However, in the longitwan discourage the continuous improvement of
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the farming systems because the current modelsatilbe able to reflect technological or management
improvements of the farming systems. For exampiésgion models at MM do not include relevant MM
technologies, such as nitrification/denitrificationmembrane technologies among others widely egpli
as manure/slurry treatments. Moreover, differembageament strategies of conventional technologies,
such as composting or anaerobic digestion shoulddheded. At application stage, the models do not
consider neither different managed manure apptinatiethods such as broadcast spreading, band
spreading or soil injection nor soil propertiectimate conditions which are known as relevant
parameters that affect the global emissions. Ailginothe PEFCR-D states that alternative estimation
methods based on country-specific methodologiedeapplied, these alternative methods must be
clearly defined to ensure and maintain product arapility. If these issues cannot be reflectedhn t
“Ecolabel” of dairy products, dairy companies witit be able to inform the consumers about the real

environmental performance of the product, thusigpginvironmental credibility.
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List of Figures:

» Figure 1: Flow diagram followed by the non-balanB&FCR-D (PEFCR-[g)) calculation
approach: IPCC and EMEP/EEA nitrogen emissionsraiéted from their particular N flows in
a dairy farm during A) housing and holding areasrBnure management C) application to soil.
Continuous arrows refer to the organic N flow (IP@@d broken arrows to the TAN flow

(EMEP/EEA).

» Figure 2: Flow diagram followed by the balanced ERFD (PEFCR-[,)) calculation approach:
IPCC and EMEP/EEA final harmonised N flow from wiiemissions in a dairy farm arise
during A) housing and holding areas B) manure mamegt C) application to soil. Continuous

arrows refer to the organic N flow (IPCC) and bnolkerows to the TAN flow (EMEP/EEA).

» Figure 3: IPCC, EMEP/EEA, PEFCRqg and PEFCR-[3, Total N emissions
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Table 1: Methodologies used by commercial datab@sdstermine N emissions at the dairy farm and®BECR-D requirements

Emission Farm Activities PEFCR-D Ecoinvent v3.4 Agri-foodprint v3.0 Agribalyse v1.3
(EDA, 2018) (Weidema et al., 2013) (Durlinger et al., 2017) (Koch and Salou, 2016)
Nitrogen excreted (N) Excretion by dairy livestock  IPCC, Tierl IPCC 2006 Tier2 IPCC 2006 Tier2 CORPESRY
Manure storage/management IPCC, Tierl IPCC 200@Tie IPCC 2006 Tier2 IPCC 2006 Tier2
Excretion on pastur IPCC, Tier: IPCC 2006 Tier IPCC 2006 Tier IPCC 2006 Tier
Direct nitrous oxide Manu_rg applicati_on _ IPCC, T_ierl IPCC 2006 T_ierl IPZID6 Tigrl IPCC 2006 Tigrl
(N,O) N fertilizers application IPCC, Tierl IPCC 2006 fie IPCC 2006 Tierl IPCC 2006 Tierl
2 Crop residues IPCC, Tierl IPCC 2006 Tierl IPCC Z0ie6l IPCC 2006 Tierl
Organic soils IPCC, Tierl IPCC 2006 Tierl IPCC 200&1 IPCC 2006 Tierl
Mineral solis IPCC, Tierl IPCC 2006 Tierl IPCC 2006ér1 IPCC 2006 Tierl

Ammonia (NH)

EMEP/EEA, Tier2
EMEP/EEA, Tier2
EMEP/EEA, Tier2
EMEP/EEA, Tier.

Manure storage/management
Excretion on pastures
Manure application

N fertilizers applicatio

Agramier8®
Agrammon Jfer
Agrammon Ti&r3
Asman 199:°

IPCC 2006 Tier2
IPCC 2006 Tierl
IPCC 2006 Tierl
IPCC 2006 Tier

EMEP/EEA 2009, Tier2

EMEP/EEA 2009, Tier2

EMEP/EEA 20009, Tier 2
EMEP/CORDINAIR 2006, Tier

Nitrogen Oxide (NQ)

EMEP/EEA, Tier2
EMEP/EEA, Tier.
EMEP/EEA, Tier.

EMEP/EEA, Tier2

Manure storage/management
Excretion on pastur

Manure applicatio

N fertilizers application

Nemeokk 2
Nemecek 201°¢
Nemecek 201°

Nemecekia ©

EMEP/EEA 2009, Tier 1
EMEP/EEA 2009, Tier
EMEP/EEA 2009, Tier
EMEP/EEA 2009, Tier 1

Indirect nitrous oxide
(N,O) due to
volatilization of NH;
and NG,

IPCC 2006 Tier
IPCC 2006 Tierl
IPCC 2006 Tierl

IPCC 2006 Tier

IPCC 2006 Tier2

PCC 2006 Tierl *
IPEID6 Tierl *

IPCC 2006 Tierl

IPCC 2006 Tier
IPCC 2006 Tierl
IPCC 2006 Tierl

IPCC 2006 Tier

Nitrate (NQ)

SALCA-NO3**

SALCA-NO3**
SALCA-NO3** f

SALCA-NO3k+

IPCC 2006 Tierl
IPCC 2006 Tierl
IPCC 2006 Tier

IPCC 2006 Tierl

Basset-Mens et al (2097)
IPCC 2006 Tierl**
IPCC 200€Tier1**
IPCC 2006 Tierl**

Indirect nitrous oxide

(N,O) due to N leaching N fertilizers application

Manure storage/managem IPCC, Tier!
Excretion on pastures IPCC, Tierl
Manure application IPCC, Tierl
N fertilizers applicatio IPCC, Tier!
Excretion on pastures IPCC, Tierl
Manure application IPCC, Tierl
N fertilizers applicatio IPCC, Tier!
Crop residues IPCC, Tierl
Excretion on pastur IPCC, Tier!
Manure applicatio IPCC, Tier!
IPCC, Tierl
Crop residues IPCC, Tierl

IPCC 2006 Tier

IPCC 2001 Tierl
IPCC 2006 fie
IPCC 2006 Tierl

IPCC 2006 Tier

IPCC 2006 Tier

IPCC 2006 Tierl
IPCC 20ie6l

IPCC 2006 Tier

IPCC 2006 Tier
IPCC 2006 Tierl

IPCC 2006 Tierl

*Does not considers NQ**For European countries, *** Onlfy for tropicataps,? (CORPEN, 1990Y, (Kupper and Menzi, 2013)(Asman, 2012)°
1

(EMEP/CORINAIR, 2006); (Nemecek and Schnetzer, 201

Richner et al., 2014Y,(Basset-Mens et al., 2007)
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Table 2: Differences between the IPCC and EMEP/Et&thodologies through the different farm stages.

Farm Stage

IPCC

EMEP/EEA

N source

Based on the Nitrogen excreted.{N

-Based on Total Ammoniacal Nitrogen (TAN) excreted

Livestock housing
and holding areas,
H&H

-Does not report direct or indirect N emissionsthey are included in the manure
management stage

-Reports NH emissions from the TAN deposited in buildings gadls.
-Considers that a fraction of the solid manure TiAd$ been immobilised
in organic matter while it was transferred fromlBings to the storage

(Figure 1A) facilities.
-The nitrogen from the animal bedding is addedh&ogolid manure
nitrogen that leaves the buildings.
Manure -Provides emission factors (EF) for D-N20 and I-N&®@issions for different - Provides EF to calculate D,®, NH;, NO, and N from only two types
management/storage,manure management systems (MMS). of manure management: solid and liquid (slurry)
MM -The produced fraction of gaseous and leached Ns&mis at each MMS is required -Emissions from slurry storage are calculated feomodified quantity of
(Figure 1.B) for the calculation of the I-p)O stored slurry TAN. Which considers the fractionT@fN that has been

-Provides produced fractions of gaseous N emidsiogeveral MMS; nevertheless
due to the lack of data on leaching and runoff $6&s from MMS are not given an
are not considered in the IPCC Tier 1 approach.

-From the given fractions of gaseous N emissidris,possible to infer the total NH
and NQ emissions from each MMS. However, it is not pdssib determine the
corresponding amount of each gas or the amounttetsponds to H&H

mineralised from the quantity of N stored as slurry
d- Acknowledges the existence of soluble N emissfooms the storage of
solid manure and encourages their inclusion. Howedse are not given

Coordination step

- Calculates the remaining nierogvailable for the application to soilsyii_avb)
by Applying a fraction of total N losses from thévW\® whichincludes N losses fron
H&H and MM. The proposed fraction incorporates &ssi form of NH, NO,, N,
and contains leaching and runoff losses from silidage and dry lots. Hence the
amount of each source of N loss cannot be known.

- The remaining N that exits the MM stage will et equal to Nvs_av, due to
incongruence between fractions of gaseous N emissid total N losses at MMS.
- Before application, the lMs_av, can be used for feed, fuel and construction. Th
only the remaining fraction could be finally appli@-igure 1.C). The N in animal
manure fraction is part of the organic nitrogenligoipfraction to soil which might
include other organic N sources.

- No coordination steps.
n -This methodology is based on a N and TAN flowsdgh the dairy farm
system. Therefore, a balanced system can be obitaine

Application of
managed manure,

AppMm
(Figure 1.C)

- Calculates D-BO and I-NO emissions frorthe application of organic and other
sources such as synthetic fertilisers, crop residuéneral soils and organic soils.
- I-N,O emissions from organic sources due to leachinl{D) are calculated fron
a fraction of N leached as NO

- I-N,O emissions due to volatilisation, {N,O) from organic sources and syntheti
N fertilisers are calculated from their respecfraetions of volatilized N.

-it is feasible to estimate N@missions to water and a total N volatilized
(NH3;+NO,) emission to air

N- NH; emissions are calculated from the quantity of Tlaftlin the solid
manure and slurry that leaves MM.
- NO, emissions are calculated from the applied N froamune.
- NOs;” emissions from manure to water are not quantifteel methodology
c focuses on gaseous emissions.
- NH3 and NQ emissions from the application of synthetic Nifisdrs are
calculated from their N quantity.

Manure directly
applied while the
livestock is grazing,

AppGrazing

-Calculates the grazing-N,O, l-N,O and D-NO emissions.

(Figure 1.C)

Betermines NHemissions from the applied TAN during grazing veeer
the NQ, emissions are calculated from the applied N.
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Table 3: Nitrogen emissions estimated by the IP@CEMEP/EEA from manure in the dairy farnv’*  “ = esion considered
in the methodology;-“ = N emission not considered in the methodology)

Stage Flow IPCC? EMEP/EEA®
Housing and Holding (H&H) Areas NH - v

N,O v v

*

Manure management (MM) mgi ; . ‘;

N, - v
Coordination of emissions betwestage v No neede(

_— . N,O v -

Application to soil of managed manure NH v v
(Appum) and excreted manure during livestock N 03 v "
grazing (Ap%razina- NO:- v _

*NH ; and NQ emissions are calculated as a single total vatug0O , emissions are calculated from N
applied,? Estimates the emissions from the total N excrétegtimates the emissions from the Total
ammoniacal Nitrogen excreted (TAN)ls a N-flow approach.
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Table 4: Quantity and sources of the dairy farmiesysN inputs for the IPCC and EMEP/EEA methodolsgie

N quantity corresponding

N sour ce (kg N/year) to high-production cows
IPCC EMEP/EEA
Total N excreted 4730.40
N excreted during grazing 614.95
N excreted at buildings and yards 4115.45
N from wastewater added to the slurry tank 15.74
N from Bedding materials* 91.35 50.90
N from waste whey directly applied to the soil 9.61

*IPCC for manure that is managed as solid: 7 kgeldétlyear. EMEP/EEA: 4 g N/kg straw.



Table 5: N flows and emissions at each dairy falage determined by the IPCC and EMEP/EEA methodedoand by implementing the PEFCR-D calculatiorraagh in a

balanced system (PEFCRg]) and in a non-balanced system (PEFCRsR

Stage N flows? and emissions® (K g N/ year) IPCC  EMEP/EEA A (IPCC/EMEP) PEFCR-Dps PEFCR-D A PEFCR-D g

I N excreted 41155 41155 0.0% 41155 41155 0.0%

H&H E N-NH; - 485.6 - 485.6 485.6 0.0%

E Indirect N-NO * - - - - 4.86 -

O N excreted 41155 3629.8 13.4% S 3629.8 -

I N excreted 41155 3629.8 13.4% S 3629.8 -

I Wastewater and whey N 15.7 15.7 0.0% 15.7 15.7 0.0%

I  TotalN 4131.2 3645.6 13.3% 3645.6 3645.6 0.0%

MM E N-NH;, N-NO, and M-N, 1515.: 674.¢ 124.7% 674.¢ 674.¢ 0.0%

E Indirect N-NO * 15.2 - - 15.2 6.7 -55.5%

E Direct N-NO 6.9 13.2 -48.2% 6.9 6.1 -11.8%

I Animal bedding N 914 50.9 79.5% S 50.9 -

O N exiting MM 2700.4 3008.8 -10.3% S 3016.0 -

I Nfrom MM 2570.1 3008.8 -14.6% S 3016.0 -

I WheyN 9.6 9.6 0.0% 9.6 9.6 0.0%

| Total N 2579.7 3018.4 -14.5% Sl 3025.6 -
APPum E N-NH; and N-NQ 515.9 956.9 -46.1% 956.9 959.9 0.3%

E Indirect N-NO * 11.0 - - 11.0 16.4 49.7%

E N-NG; 773.9 - - 773.9 907.7 17.3%

E Direct N-NO 25.8 - - 25.8 30.3 17.3%

O N retained in the soil 1264.0 2061.6 -38.7% S 1127.8 -

I N excreted during grazil 615.( 615.( 0.0% 615.( 615.( 0.0%

E N-NHz;and N-NQ 123.0 61.5 100.0% 61.5 61.5 0.0%
ApPPGrazing E Indirect N-NO * 2.6 - - 2.6 2.0 -23.8%

E N-NO;y 184.5 - - 184.5 184.5 0.0%

E Direct N-NO 12.3 - - 12.3 12.3 0.0%

O N retained in the soil 295.2 553.5 -46.7% S 356.7 -

I Total excreted N 4730.4 4730.4 0.0% 4730.4 4730.4 0.0%
Total | TotalN 4847.1 4806.7 0.8% ok 4806.7 -
fDa";‘;;y E  Total N 3157.6 2191.6 44.1% 3181.7 3322.2 4.4%
system O TotalN 4847.1 4806.7 0.8% S 4806.7 -

O Total N retained in the soil 1559.2 2615.0 -40.4% -xE 1484.5 -

N flows that get in (I) and out (O) each dairy fasgstem or stage P N emissions (E) from the dairy farm system or stage

* Emissions derived from NEINO, and N emissions,
**\/alues not reported because the PEFCRsapproach directly reports the IPCC and EMEP/EE#ssions that arise from their respective N flomse TPCC and EMEP/EEA N flows are

different among common farm stages making not féashe estimation of the PEFCRxB N flow values.

H&H=livestock housing and holding, MM= manure maeagnt/storage, Ap@= application of manure that has been managedc&pg Manure directly applied while the livestock is

grazing



Table 6: N emissions and environmental impactsltiasgufrom implementing the PEFCR-D in a balancgstem (PEFCR-)) and in a non-balanced system (PEFCRsfpat
the dairy farm and its stages.

Dairy farm stages Total Dairy Farm

Emissions / Impacts (/year} H&H 5 MM 5 APPum 5 APPorazing 5 5

NB B A% NB B A% NB B A% NB B A% NB B A%

(B/NB) (B/NB) (B/NB) (B/NB) (B/NB)

D-N,O (ko) - - - 10.8 9.51 -11.8 40.5 47.6 17.3 19.3 19.3 0.0 70.6 76.4 8.1
I-N,O (kg) - 7.6 100 23.8 10.6 -55.5 17.2 25.8 49.6 4.1 31 -23.5 45.2 47.2 44
NOs (kg) - - - 0 0 - 3427.3 4019.8 17.3 817.0 817.0 0.0 4244.3 4836.8 14.0
NH; (kg) 589.7 589.7 0.C 564.2 564.2 0.C 1015. 1018.¢ 0.2 44.¢ 44.¢ 0.C 2214.( 22170 01
NOy (kg) - - - 22.2 22.2 0.0 396.7 397.7 0.2 80.8 0.88 0.0 499.8 500.7 0.2
N, (kg) - - - 405.9 405.9 0.0 0 0 - 0 0 - 405.9 054 0.0
GWP (kg CQg) - 2022.3 100 9166.4 5327.6 -41.9 15308.1 19431. 26.9 6210.0 5953.9 -4.1 30684.5 32735.6 6.7
PMFF (DI, xlO'z) 1.2¢ 1.2¢ 01 1.1¢ 1.1¢ -02 2.2C 2.21 043 0.11 0.11 -0.1 4.7t 4.7¢ 0.2
POFP (kg NMVOG,) - 7.63 100 56.82 42.33 -25.5 454.48 470.98 3.6 104.3 103.3 -0.9 615.6 624.2 1.4
T-EP (mol N) 7943.1 7975.6 0.4 7842.4 7780.7 -0.8 26444.1 432% 7.5 3629.8 3625.7 -0.1 45859.3 478134 4.3
M-EP (mol Ny) 485.9 485.9 0.0 464.93 464.93 0.0 1611.2 1747.88.5 221.56 221.56 0.0 2783.6 2920.2 4.9

NB= PEFCR-D calculation approach in a non-balancetesy$PEFCR-Rg)) , B= PEFCR-D calculation approach in a balanced sy§rifrCR-0y))

H&H=livestock housing and holding, MM= manure maeagnt/storageippun= application of manure that has been managed s &pg Manure directly applied while the livestock isging
DI= Disease Incidence§WP=Global Warming Potential, PMFP=Particulate tefaFormation Potential, POFP= Photochemical OZmvenation Potential, T-EP=Terrestrial EutrophicatRotential,
M-EP=Marin¢ Eutrophication Potenti
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Total N emissions (kgivear)
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A)

Housing and
Holding Areas

)

Manure
Management

C)

- NO3
Application

To Soil

Total N

P

N

\\/ - (D+)-N20
Grazing (NH3 + NOy)

DHMNO  — - NO3

(NH3 + NOy)

%S IPCC Emissions

Buildings

excreted

(D+IV)-N20 *
(NHz+ NOy) *

A

IN Manure Storag

A

D-N2O
NH3
NOy

[ TAN Manure Storage and treatment | N2

y

N Available for application I

N

%% EMEP/EEAA Emissions
I: Indirect emission due to volatilization (IV) and leaching (IL)

[ TAN Available for application |

N Fertilisers

1
1
1
1
'
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Organic soils

[ TAN Applied to soil |

\/ Legend ...............................................................................................................

/'Nflow ,- TAN flow D: Direct emission
* Housing and holding areas included ** Emissiosn from N fertilizers only




]

A)

Housing and
Holding Areas

NS

B)

Manure
Management

Application
To Soil

Total N
excreted

Animal bedding :
41 Waste whey to slurry tank |
-] Wastewater to slurry tank |

|TAN Manure Storage and Treatment |<

Fertilisers

Mineral soils
Organic soils

IV-N20

N Applied to soil ]

W IPCC Emissions

Y4 EMEP/EEAA Emissions —— OrganicNflow ---- TANflow (O Iteration number for coordination

* Housing and holding areas included ** Emissiosn from N fertilizers only  1V: Indirect emission due to volatilization IL: Indirect emissiosn due to leaching




