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Abstrakt

Dizerta¢ni prace se zabyva problematikou mikroklimatickych podminek, zejména mo-
nitoringem emisi amoniaku a metanu, v intenzivnich chovech s technologii pfirozené
a nucen¢ ventilace. Jsou diskutovany pfistupy pro odhad emisi amoniaku z intenziv-
nich chovt prasat, které jsou definovany zakonem o integrované prevenci a omezovani
zneCisténi, vychazejici se Zavéri o BAT podle smérnice Evropského parlamentu
arady ¢. 2010/75/EU o prumyslovych emisich. Pro potfeby odhadu emisi amoniaku
z intenzivnich chovl prasat pomoci metody vypoc¢tu mefenim koncentrace amoniaku
a vykonu ventilace byla vytvorena metodika pro provadéni experimentalnich méteni.
Z provedeného monitoringu byla diskutovana problematika poctu a rozlozeni monito-
rovacich dni na pfesnost odhadu emisi amoniaku z vykrmu prasat. Bylo ovéieno, ze
vybrané monitorované kategorie intenzivnich chovi prasat spliiuji limity BREF pro
emise amoniaku. V praci byla diskutovana potieba revize stanovenych emisnich fak-
tord pro odhad emisi amoniaku.

V aktudlnim navrhu revize smérnice Evropského parlamentu a rady
¢. 2010/75/EU o primyslovych emisich je uvedeno, Ze do oblasti piisobnosti budou
spadat vSechny zemé&dé€lské podniky zabyvajici se chovem skotu, prasat a driibeze
s kapacitou vétsi nez 150 dobytcich jednotek, byla prace rozsifena i o problematiku
chovt skotu. Jednalo se zejména o navrh obecné metodiky pro odhad emisi amoniaku
a metanu z intenzivnich chovli skotu pomoci metody vypoctu méfenim koncentrace
amoniaku, metanu a vykonu ventilace. K ndvrhu metodiky bylo pouZito pocitacovych

simulaci a modeld pro urceni parametrd proudéni vzduchu ve stéji.

Kli¢ova slova: emise; amoniak; metan; BREF; BAT; IPPC.



Abstract

The dissertation thesis deals with the issue of microclimatic conditions, especially mo-
nitoring ammonia and methane emissions in intensive farms with natural and forced
ventilation technology. Approaches for estimating ammonia emissions from intensive
pig farms, as defined by the Integrated Pollution Prevention and Control Act, based on
the BAT Conclusions under Directive 2010/75/EU of the European Parliament and the
Council on Industrial Emissions, are discussed. A methodology for carrying out expe-
rimental measurements was developed to estimate ammonia emissions from intensive
pig farms using the calculation method by measuring ammonia concentration and ven-
tilation performance. From the monitoring conducted, the issue of the number and dis-
tribution of monitoring days on the accuracy of estimating ammonia emissions from
fattening pigs was discussed. It was verified that the selected, monitored categories of
intensive pig farms meet the BREF limits for ammonia emissions. The need to revise
the established emission factors for estimating ammonia emissions was discussed.
In the current proposal for revision of Directive 2010/75/EU of the European Parlia-
ment and the Council on industrial emissions, it is stated that all cattle, pig, and poultry
farms with a capacity greater than 150 livestock units will be included in the scope,
the work was extended to include cattle farms. In particular, it involved the proposal
of a general methodology for estimating ammonia and methane emissions from inten-
sive cattle farms using a calculation method measuring ammonia and methane concen-
trations and ventilation performance. Computer simulations and models were used to

design the methodology to determine the airflow parameters in the barn.

Keywords: emissions; ammonia; methane; BREF; BAT; IPPC.



Uvod

Spotteba masa a dalSich zivociSnych produktii zaznamenala v poslednich desetiletich
velky nariist. Snahy zemédélct o uspokojeni trhu zvysuji pozadavky na intenzifikaci zi-
vodisné vyroby. Ta je v Ceské republice (CR) sméfovana zejména do oblasti chovii dri-
beze, prasat a dojnic. Intenzifikace chovi je dale podporovéana diky novym modernim
chovnym technologiim, které vyuzivaji nejnovéjSich poznatkli zejména v oblasti automa-
tizace a fizeni. Intenzifikace vyroby vSak na druhé strané klade také zvySené pozadavky
na fizeni mikroklimatickych podminek uvnitt staje, aby v nich bylo zajisténo vhodné Zi-
votni prostiedi pro chovand zvifata i obsluhu, ktera se v prostorach pohybuje.

Intenzifikace zivo€isné vyroby nutné vede ke zvySeni produkce emisi nejenom uvnitt
chovné haly, ale také v jejim blizkém okoli, kam jsou tyto latky pfirozené uvolovany.
Intenzivni chov hospodarskych zvitat je z pohledu ochrany ovzdusi definovan jako staci-
ondrni antropogenni zdroj emisi, které primarné ovliviiuji prostiedi staje. Témito emisemi
muzou byt napiiklad plynné latky jako je amoniak (NHs), oxid uhli¢ity (CO2), metan
(NHy), ¢i sirovodik (H»S), poptipadé pachové latky jako celek, prachové Castice (zejména
frakce PM2s a PMjo) ¢i hlukové emise. Z legislativniho pohledu jsou monitorovany
zejména emise (NH3z, NHy), které snizuji kvalitu chovnych podminek ¢i jinak ovliviuji
okolni Zivotni prostiedi.

Prakticky veskera snaha k omezeni NH3 a NH4 je sméfovana k uvedenému odvétvi
zemedelské produkce. Stale se vyvijeji a ovétuji nové chovné technologie, které by tyto
emise snizily. Jako klicova se v tomto sméru jevi snaha co nejlépe porozumét jednotlivym
faktorim, které uvoliiovani emisi do prostiedi ovliviiuji. Celkové emise produkované
z intenzivnich chovil hospodaiskych zvifat zadvisi na mnoha faktorech jako konstrukce
budovy, rezim vétrani, mikroklima staje, technologie chovu a vyzivy, klimatické pod-
minky, stafi, pocet a kategorie ustajenych zvirat, vyZiva, etologické projevy a mnoho dal-
Sich.

Evropska komise se snazi pomoci preventivnich opatfeni sniZit produkci emisi a od-
pada zavedenim smérnice Evropského parlamentu a rady €. 2010/75/EU o primyslovych
emisich (integrované prevenci a omezovani zne€isténi) — (dale jen smérnice IED). Tato
smérnice je v CR implementovéana zakonem o integrované prevenci a omezovani zne&is-
téni. V pfiiloze €. 1 zédkona o integrované prevenci jsou vymezeny ¢innosti, na které se
pusobnost zakona vztahuje. Intenzivni chovy dribeze a prasat s prostorem pro vice nez

40 000 kusti dribeze, 2 000 kust prasat na porazku s hmotnosti nad 30 kg, nebo 750 kust
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prasnic jsou zatazeny v kategorii 6.6. Chovatelim provozujici chovy presahujici uvedené
kapacity vznika povinnost splnéni podminek pro vydani integrovaného povoleni.

Evropské komise si vytycila za cil omezit produkci zejména NH3 a NHy, a to v na-
vaznosti na Zelenou dohodu ,,Green Deal*. Evropska komise se snazi postupné¢ zptisio-
vat pozadavky kladené na chovy hospodatskych zvitat, aby mohla tohoto svého cile do-
sahnout. Proto byl dne 5. dubna 2022 ve Strasburku piedlozen névrh revize smérnice IED,
ktery vyrazné upravuje ptedchozi smérnici v ohledu na intenzivni chovy, kdy vyrazné
snizuje prahovou kapacitu pro chovy spadajici do ptisobnosti této smérnice a rozsituje ji
o chovy skotu.

Vyzkum a vyvoj realizovany pro potieby této dizertacni prace vychazi z konkrétnich
zadani funké&nich ukold Ministerstva zemédélstvi CR (MZe CR) dlouhodobé realizova-
nych na Fakulté zemé&d&lské a technologické Jihogeské univerzity v Ceskych Budéjovi-
cich (FZT JU). Cilem téchto aktivit je zajisténi silné pozice CR pii vyjednavani v ramci
Evropské unie (EU) tak, aby byly chranény z4jmy nasich chovatel hospodatskych zvitat.
Dizerta¢ni prace se zabyva monitoringem emisi NH3 z intenzivnich chovil prasat, emisi
NH3 a NHs z intenzivnich chovll dojnic a sledovdnim mikroklimatickych podminek.
V jejim ramci byla formulovana metodika pro stanoveni emisi NH3 v intenzivnich cho-
vech prasat s nucenou ventilaci vzduchu a jeji experimentalni ovéfeni v provoznich pod-
minkach. Dale bylo realizovano porovnani naméfenych emisi se zavaznymi limity vy-
chazejicich ze smémice IED a legislativy CR, a také s emisnimi faktory, které slouzi pro
stanoveni rocni produkce ze zeméd¢€lskych provozi. Jelikoz se v aktualnim navrhu revize
IED uvazuje o roz$ifeni zdjmovych chovil o kategorii skot, prace reflektuje na tuto pro-
blematiku provedenim pilotniho monitoringu emisi NH3 a NH4 v chovech dojnic a jejich

porovnani s aktudlnimi emisnimi faktory, které slouZi pro odhad vyprodukovanych emisi.




1 Prehled publikaci

Autor dizertacni prace se rozhodl prezentovat vysledky vyzkumnych aktivit jako uceleny
prehled publikaci, které jsou uvedeny v této kapitole. Na tyto publikace se bude ve vétsing
ptipadli odkazovat v nize uvedené ¢asti autoreferatu dizertacni prace. Védecké publikace
jsou zvetejnény v periodikach s impakt faktorem a prezentuji aktivity, které vedly ke spl-
néni cilt a ovéfeni stanovenych vyzkumnych hypotéz. Autor se k tomuto feSeni rozhodl
z divodu zptehlednéni uvedené problematiky a ¢asové posloupnosti provadénych veé-
decko-vyzkumnych aktivit. Mimo jiné, kazda ze ¢ty publikaci pro§la recenznim fizenim
(¢lanek oponovali zpravidla 3—4 oponenti), celkem publikace cituji 317 zdrojl, v obdobi
od roku 2021 az 2024 byly 11x citovany podle databaze Web of Science a autor dizertacni
préce je vzdy na prvnim ¢i druhém misté mezi autory publikace.

Nékteré vystupy z védecko-vyzkumnych aktivit byly publikovany také v ramci
funkénich kol pro MZe CR.
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Abstract: Ammonia (NH;3) emissions have a negative impact on the welfare of breeding animals,
human health, and the environment. These influences of modern intensive agriculture have led to
numerous protocols, national regulations, and European Directives. Following previous regulatory
measures, the Commission Implementing Decision European Union (EU) 2017/302 on 15 February
2017 has established best available technique (BAT) conclusions, under Directive 2010/75/EU of the
European Parliament and the Council, for the intensive rearing of poultry and pigs. This applies to
intensive poultry and pig producers with a capacity of over 40,000 poultry, 750 sows, or 2000 fattening
pigs. Due to the application of this directive, air emissions have been reduced by between 40% and
75% over the last 15 years. The integrated permit monitors the entire environmental burden of the
farm on its surroundings (air pollution, water, soil pollution, waste production, energy use). This
review aims to provide a critical overview of how member states (including the United Kingdom)
are approaching the implementation of IPPC (Integrated Pollution Prevention and Control) and the
conclusions of BAT in their legislation and related documents, and how they monitor NH3 emissions
from intensive livestock farming. The data for this review were obtained from 2019 to 2020.

Keywords: air pollution; NH3; BREF; BAT; IPPC

1. Introduction

Intensive livestock production produces nitrogen in various forms. The production
of NH3 emissions results in a deterioration of human health and exposure to health risks,
and impacts the surrounding ecosystems and biodiversity [1-3]. The release of nitrates
into surface waters contributes to their eutrophication, while groundwater contamination
threatens to reduce its quality [4]. According to [5], excess nitrates in the soil could lead to
the production of nitrous oxide emissions.

In the EU, the share of agriculture in NHj3 emissions is about 94% of total anthropogenic
emissions [6], of which 75% of NHj3 emissions come from livestock production [7]. From
all livestock categories, concerning the whole manure handling cycle (housing, storage,
application), cattle are the largest source of NHj3 emissions (53%), followed by pigs (25%),
poultry (15%), and other animal categories (7%) [8].

Therefore, the livestock industry is in a difficult situation, as it should ensure a high
level of production and the improvement of its impact on the environment. Increased
human concern for the sustainable development of agriculture, together with the increase
in the number of animals and the size of farms, has led to the introduction of strict environ-
mental legislation throughout the EU.
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1.1. EU Legislation

In 1991, the EU presented Council Directives concerning the usage of nitrate fertilizers
(91/676/EEC), intending to reduce water pollution by agricultural sources using nitrates.
Therefore, the nitrates” concentration limits in groundwater and surface water were set
to 50 mg-L~! [9,10]. This Directive is one of the most critical European regulations, as it
reduces the effects of careless use of fertilizers on the environment and increases nitrogen
use efficiency. The Directive about nitrates defines “vulnerable zones”, and establishes
spatial and time limits on their application, setting the maximum amount of organic
nitrogen (170 kg-ha~!-year~!) which can be applied to the soil. According to a report from
the European Commission, this Directive has had specific positive effects. In 2012-2015,
13.2% of groundwater monitoring stations exceeded the nitrate concentration limit. This is
a slightly improved result compared to the previous reporting period of 2008-2011, when
14.4% of stations exceeded the same threshold [11].

In 1999, the Gothenburg Protocol of the Convention of Long-Range Transboundary
Air Pollution (CLRTAP) set national emission ceilings for a series of gases, including
nitrogen oxides (NO,) and NHj3, which by 2010 would have resulted in a reduction in
NHj3 emissions of 17% compared to 1990. This was followed in 2001 by implementing the
Gothenburg Protocol in the EU as the National Emission Ceilings Directive 2001/81/EC
(NECD). Each EU country set a maximum level of emissions to be met by 2010. This goal
has been achieved by 23 of the 27 EU countries. For the above reason, EU countries must
report the NHj emissions produced. In 2012, the Gothenburg Protocol was modified and
subsequently predicted a reduction in NH3; emissions of 6% in 2020 compared to 2005 [12].

In 1996, EU member states agreed on the preparation for implementing the best
available techniques (BAT), according to the Council Directive (96/61/EC) concerning
IPPC. A reference document, BREF, was developed [13] and addressed the main issues in
implementing the IPPC Directive. In addition to the NHj issue, the BREF also dealt with
odours, particulate matter, and other gases produced by agriculture and industry. This
document had been amended several times until the Commission Implementing Decision
(EU) 2017 /302 of 15 February 2017 established best available techniques (BAT) conclusions
under Directive 2010/75/EU for the intensive rearing of poultry or pigs. This Directive
established rules for the licensing of industrial activities with the general objective of
environmental protection. One of the defined sectors is intensive livestock farming (farms
with more than 40,000 places for poultry, 2000 for fattening pigs or 750 for sows), in which
producers must have an operating license granted that describes the total environmental
impact of the husbandry. This includes air, water, soil pollution, waste production, and
resource use (water consumption and energy efficiency). An operating license is only
issued if the farmer demonstrates the appropriate use of non-excessive BAT, listed and
described in the official BREF [14-17].

1.2. Emission Estimation Methodologies

The issue of NH3; emissions is complex and depends on many factors (animal cate-
gories, housing technology, climate, and microclimate conditions) [18].

Due to this reason, an effort has been made for the most accurate determination of
the resulting emissions from agricultural holdings. Reliable estimates of NHj3 emissions in
EU countries are essential to identify the effectiveness of mitigation strategies at national
and regional levels. To determine the level of NHj3 emissions from intensive livestock
farming, methodologies have been developed to calculate these emissions based on data
from operating conditions.

Estimation can be performed by using emission factors to calculate NH3 emissions,
such as the number of animals, the occupancy during the year, and the emission factor
for each category. The emission factor is determined based on scientific knowledge and
varies according to the category of animals. The calculations consider each cycle of manure
production and handling (stables, storage, and landspreading). Technologies used to reduce
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NHj; emissions are also considered. The emission factor is derived from measurements
designed and performed according to a national or an international protocol [19,20].

Estimation of NH3 emission is performed by measuring the NHj3 concentration and
the ventilation rate. National or international standards are used as measurement method-
ologies. To estimate annual emissions, six 24 h measurements are required. The annual
average is calculated as a mean over all sampling days. These are spread over the breeding
cycle according to the category of animals:

e  Stable emission production (laying hens)—measurements are recommended once
every two months during one year;

e  Linear emission production (fattening pigs)—three measurements in the first breeding
cycle and three measurements in the second breeding cycle;

e  Exponential emission production (broilers)—one measurement in the first breeding
cycle, two measurements in the second breeding cycle, and three measurements in the
last breeding phase [17].

Another possible approach is an estimation made by using a mass balance based on the
excretion and the total (or ammoniacal) nitrogen present at each manure management stage.
The methodology found in the European Monitoring and Evaluation Programme /European
Environmental Agency (EMEP/EEA) air pollutant emission inventory guidebook 2016 (Part
B: Sectoral guidance chapters 3. Agriculture-3.B Manure management 2016) can be used
and is very widespread in EU countries. This method is especially suitable for countries
with specific emission factors set. For the calculation, the methodology uses different
algorithms. For livestock categories that make a minor contribution to NHj3 emissions,
a Tier 1 algorithm could be used, since it considers the total NH3-N emission factors for
different categories of animals, including the total manure handling process (housing,
storage, and landspreading). For livestock categories where NH3 emission production is an
essential source, the Tier 2 algorithm can be used. Calculation of the total NH3; emissions
is based on total NHj3 nitrogen (TAN). The method includes 15 steps to determine NHjz
emission, and the authors of this work recommend it as the most appropriate method.
The Tier 3 algorithm has been recommended for countries with sufficient data to apply a
specific emission factor. Additionally, it uses emission models to estimate the production of
emissions [21].

The methodologies mentioned above provide approaches for correctly estimating the
emissions produced. However, EU countries also use country-specific methods, and the
final result is more accurate for overall estimated emissions. Annual updates of the NH3
emissions produced should assess compliance with the agreed commitments, identify the
main sources of emissions, and evaluate their impact on the environment.

2. Implementation of IPPC and the Approach to Monitoring NH3 Emissions in EU Countries

The following chapter summarizes the basic information on how member states im-
plement IPPC in their legislation and how they approach the monitoring of NH3 emissions
in intensive farms under IPPC.

2.1. Austria

Competent authorities for environmental protection in Austria are diverse. The state
and provinces have legal and administrative powers. However, the powers of the state
prevail. Some facilities covered by the IPPC, mainly intensive livestock farming, fall under
provincial law-permit issued by the regional administration [22,23].

Permission is granted indefinitely, but compliance is checked regularly [24]. After
ten years, the licensee must check the current status of the BAT and, if needed, take the
necessary measures immediately and notify the competent authorities of the change in the
BAT [25]. Non-compliance with the required conditions may result in the closure of the
farm and the imposition of a sanction up to €2180 [26].
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Austria has tried to implement the IPPC Directive as part of an overall reform to stan-
dardize and centralize the regulatory framework for permits. However, the reform failed to
introduce an environmental law, so Austria continued implementing the IPPC Directive by
amending sector-specific legislation [25]. The primary and most comprehensive framework
for production permits is the Commercial Law. The application of the BAT conclusions is
contained in the Law on Waste Management. The EMEP/EEA Tier 1 methodology is used
to estimate emissions [27,28].

2.2. Belgium

The primary responsibility for environmental policy and legislation in Belgium belongs
to the three autonomous regions: the Flemish region, Brussels, and the Wallonia Region.
This means that implementation of the IPPC Directive is the exclusive competence of
individual regions (without the involvement of the state), but also that this legislation is
different in all three regions. Each region implements the IPPC and provides an operational
licensing agenda [29,30].

I Flemish Region

The IPPC Directive has been implemented by the Regulation (Law on Regional Parlia-
ment) on Environmental Licensing (as amended), supplemented by some administrative
regulations, which state in detail the procedure and conditions for issuing license permits
(Vlarem II, Vlarem III)—in Annex I, the Regulation Vlarem III states a list of the facilities
that must apply for a permit. The list is taken from Directive 2010/75/EU of the European
Parliament and the Council [30-34].

The competent authority issues the permit, in this case, the Flemish government or
municipality. There are three categories of equipment when issuing permits:

e  For installations with low environmental impact, it is sufficient to inform about the
construction in advance;

e  For medium environmental impact installations, the local government issues the
permit (municipality);

e Installations with a significant impact on the environment are issued the permit by the
provincial government [30].

Al IPPC installations are classified in the C category. The competent authority decides
on the duration of the permit.

II.  Wallonia Region

The IPPC Directive has been implemented by the Environmental Licensing (as amended)
and implementing regulations. When issuing integrated permits, installations differ ac-
cording to their environmental impact, as in the event of the Flemish region [30,35]. The
EMEP/EEA Tier 2 methodology is used to estimate emissions [36].

III.  Brussels Region

The IPPC Directive has been implemented by the Environmental Licensing Regulation
(as amended) and its implementing regulations [37].

There is a unique situation in the Brussels region, in which, in the event of refusal
to issue an environmental permit by the government of the Brussels region, an appeal
may be lodged against the so-called “Milieucollege—College de I’environnement”. The
Commission is composed of five independent experts who will review the decision of the
Brussels government and may issue a permit [30].

The Brussels Environment Agency primarily issues the permit. There are four different
categories (IA, IB, I, III) in the Brussels region that are distinguished according to the impact
of their activities on the environment when issuing an integrated permit. Category IA
installations are subject to environmental impact assessment requirements and permits,
category IB is subject to simplified management of environmental impact assessment
and permit requirements, category II is subject to an environmental permit issued by



Atmosphere 2022, 13, 2006

50f22

the competent municipality, and category III installations only have to announce their
activities [30].

2.3. Bulgaria

Bulgaria is implementing the IPPC Directive through the environmental protection
law, which is published in the Official Gazette 91/2002, as last amended by the Official
Gazette 98/2014. At the national level, it implements EU Directive 2010/75/EC, which
came into effect on 7 January 2014 and introduces an integrated permit system. The
integrated permit is issued by the Director of the Executive Environment Agency (Executive
Environment Agency), which must include mandatory environmental protection measures
and be based on the concept of BAT. The EMEP /EEA Tier 1 methodology is used to estimate
emissions [38,39].

The integrated permission is issued for an indefinite period, except in cases where the
environmental regulations set a specific deadline for the facility’s closure. The licensee is
obliged to inform the Ministry of Environmental and Water Protection and the Executive
Environment Agency of any changes in working conditions. In the case of performing
activities without a license, the licensee in question may be fined up to €25,000 [40].

Bulgaria has set up an extensive database of information on emissions from all sources
of pollutants divided into 11 groups according to the emission source. One of these groups is
agriculture and natural resources. Emissions of 14 harmful substances, including NHj, are
monitored. The MOEW (Ministry of the Environment and Water), the Bulgarian branch of
the EEA (European Environment Agency), RIEW (Regional Inspectorates of Environment
and Water), and NSI (National Statistical Institute) are responsible for organizing data
collection [41].

2.4. Croatia

The implementation of the IPPC Directive into the Croatian legal system has been
performed by Regulation NN 114 /2008-Regulation on the procedure for setting integrated
environmental protection requirements [42]. The establishments listed in Annex I must also
apply for an integrated permit for this regulation (parameters are identical to European
Directive 2010/75/EU). The transfer of European legislation 2010/75/EU took place in
the Act on Environmental Protection NN 80/2013 of 21 June 2013. The EMEP/EEA Tier 2
methodology is used to estimate emissions [43,44].

The competent authority issues the permit (Department for Integrated Environmental
Protection of the Ministry of Environmental Protection and Energy). In the event of a
violation of the conditions of the integrated license, the licensee faces a fine of up to
€120,000 [43].

2.5. Czech Republic

In the Czech Republic, intensive poultry and pig farming has been defined by the Law
on Integrated Prevention No. 76/2002 Coll. in Annex No. 1 in category 6.6. This law is
based on Directive 2010/75/EU of the European Parliament and the Council on industrial
emissions. Intensive farm owners whose capacities exceed the above limits must apply for
an integrated permit under the Integrated Prevention Act. It is a demanding administrative
process that requires comprehensive knowledge, especially in legislation and technology.
The Czech Inspectorate issues inspections and permits for Environmental Protection. The
review of integrated permits will, among other things, examine how emissions of pollutants
into the environment are monitored. The BAT conclusions set minimum requirements
for NHj emission limits that institutions must meet. The provider can determine NHj3
emissions either by calculation according to the Methodological Instruction of the Ministry
of the Environment (BAT 25C), or with measurement under BAT 25B, if required by the
situation in operation. However, the permitting authority cannot order the measurement
of NHj3 emissions, as follows from the methodological instruction of the Ministry of the
Environment, which the permitting authorities have used in the review of issued integrated
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permits, in the following four years. In practice, the calculation of NH3 emissions according
to BAT 25C, as stated in the BAT conclusions according to Directive 2010/75/EU of the
European Parliament and the Council for intensive poultry or pig farming, is mainly
used [17,45].

2.6. Denmark

Environmental laws in Denmark are based mainly on EU law and, to some extent,
on international treaties. All EU directives have been transposed and incorporated into
Danish law. The primary document is the Environmental Protection Act (LBK No. 1121 of 9
March 2018) [46]. The Environmental Protection Act contains the 2013 Industrial Emissions
Directive (IED), which implements the IPPC Directive [47,48]. This Directive provides
that all industrial production, agricultural production, and waste treatment processes are
subject to the approval of the competent authority. It introduces a requirement for more
frequent use of BAT techniques and provides for more frequent inspections of licensed
installations. The most common BAT reference document in Denmark is the BREF for pig
and poultry farming—there are approximately 1200 farms in Denmark [48,49].

The Environmental Protection Act is based on the principle of decentralization. This
means that the administration and application of most regulations are in the hands of the
municipalities that issue the permit. An integrated licensing system is enshrined in part of
the Environmental Protection Act. The categories subject to approval are listed in Appendix
1 and 2 of Act No. 1458 of 12 December 2017, namely, 6.6 Livestock [50].

Since 2007, livestock farms have been subject to a comprehensive environmental
permit system, which the Law provides on Livestock No. 1020 of 7 June 2018. The Act
stipulates (Chapter 3, §16a.) that without prior permission, a local council may not have
established livestock operations with an NHj3 emission higher than 3500 kg NHj3-animal
place!-year—!. They use their own emission factors to estimate NHj3 emissions [51].

2.7. Estonia
In Estonia, the European IPPC Directive is being implemented with the help of:

e  The Air Protection Act (RT I, 7 June 2015, 1), valid from 30 September 2004, partially
since 27 November 2004 [52];
e  The Industrial Emissions Act (RT I, 4 July 2017, 1) valid from 1 June 2013 [53].

According to Section 19, paragraph 3, a Government Regulation was issued with a list
of partial activities requiring an integrated permit to operate facilities (RT I, 25 September
2018, 4), valid from 14 June 2013. According to this Regulation, the holdings requiring an
integrated permit correspond exactly to the holdings under Directive 2010/75/EU [54].

The Environment Council issues the permit, issued for an indefinite period. The
application is submitted through the environmental information system and is confirmed
by a digital signature. In the case of non-compliance, the farm may be closed, and a fine of
up to €32,000 may be imposed. The EMEP/EEA Tier 1 and 2 methodologies are used to
estimate emissions. In Estonia, sampling from regional sources and analysis of pollutants
(including NHj3) is performed by the Air Quality Management Department of the Estonian
Center for Environmental Research. The measurement results are further published by the
Environmental Agency of the Republic of Estonia [54-56].

2.8. Finland

Directive 2010/75/EU of the European Parliament and the Government has been
implemented in Finland by the Law on Environmental Protection No. 527/2014 of 27 June
2014 [57]. Annex I of this law lists the installations for which a permit is required. The list
of facilities follows the European directive.

The State Environmental Permit Authority has issued the permit based on an autho-
rization from Decree No. 713/2014. The Center for Trade, Transport, and Environment
monitors compliance with the requirements of the integrated permit. The issued per-
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mit is valid for an indefinite period. Own emission factors are used to estimate NHj
emissions [58].

2.9. France

France implements Directive 2010/75/EU in its legal order by Decree No. 2013-375 of
2 May 2013, modifying the classification tables of installations covered by the integrated
permit from the Environmental Protection Act defined in Article R511-9 of this Act (Annex
3—pig farms are in category No. 2102; poultry farms are in category No. 2111). Intensive
livestock farming was classified in category 3660 and complied with the European IPPC
Directive. Own methods are used to estimate NHj emissions [59,60].

The Directive 2010/75/EU covers approximately 3400 holdings (approximately 50%
of the holdings covered by this Directive). Most of them are located in the Brittany region.
In France, farms produce about 75% of total NH; emission [61].

In the case of non-compliance with emission and air pollution limits, the owner is
threatened with imprisonment for two years and a fine of €75,000 [62].

2.10. Germany

Germany implements and applies the Directive through its Industrial Emissions
Directive Implementation Act and two Decrees of national law from 2 May 2013. The
amendments were first made to the Pollution Control Laws, the Water law, and the Recy-
cling law. These modifications have led to an amendment to the Regulation on equipment
requiring approval [63-67].

Currently, there is a legal framework regulating emissions from livestock production
facilities in general. In addition, there are specific regulations for livestock farming in
critical areas, such as near residential areas. The emission reduction measures to be taken
are particular and may vary according to the location of the building and the size of the
livestock facilities. The choice of equipment or their combination for reducing emissions
then depends only on the owner’s choice, who must meet the limits. Own emission factors
are used to estimate NH3 emissions [68].

Building new facilities or expanding existing facilities over the stated limit (Table 1)
requires only a construction permit or simplified management of the IPPC permit according
to §19, without public participation. If the IPPC farm size values are exceeded, the issue
is addressed through the Emissions Act, and automatically, the approval process must
include public participation. It is controlled by the Technical Instructions on Air Quality
Control (TA-Luft). TA-Luft requires the authorities to confirm that future NH3; emissions
from the planned project will not have negative local effects on the environment. For this
purpose, it specifies minimum distance from vulnerable ecosystem requirements for animal
housing facilities [68].

Table 1. Threshold capacities for integrated permits in Germany [69].

Breeding Size for Simplified  Breeding Size for Full IPPC

Livestock Category IPPC Procedures Procedures

(po) (po)
Fattening pigs (>30 kg) 1500 2000
Sows (mcludlig;g, piglets < 30 560 750
Piglets (10-30 kg) 4500 6000

Laying hens 15,000 40,000

Pullets 30,000 40,000

Broilers 30,000 40,000

Turkeys 15,000 40,000

The legal basis for the control of NH3 emissions from livestock is:
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e Federal Law on Emission Control and its transposed legislation TA-Luft adopted
pursuant to §48 BImSchG;

e  Environmental Impact Assessment Act;

e  Habitats Directive (Council Directive 92/34/EEC) of 21 May 1992 in connection with
the Nature Conservation Act, in particular §34 and §36, which implement the Habitats
Directive in national law [68].

2.11. Great Britain

The implementation of the IPPC Directive into the legal system of the United Kingdom
of Great Britain and Northern Ireland has been effected by the Pollution Prevention and
Control Act of 1999 [70]. The implementation of European Directive 2010/75/EU took
place individually in each country:

L. Scotland
Regulation on the change of pollution prevention and control 2014 [71].

II.  Northern Ireland

Pollution Prevention and Control Regulation for industrial emissions 2013—Industrial
Emissions [72].

III. Britain and Wales
Pollution Prevention and Control Regulation 2019 [73].

2.12. Greece

The implementation of Directive 2010/75/EU in Greece has been effected with the help
of Joint Ministerial Decision 36060/1155/E.103/2013-Official Gazette of the Government
No. 1450/B/14-6-2013 in the Law on Environmental Protection No. 1650/1986. Ministerial
Decision 36060/1155/E.103 /2013 defines the works covered by the integrated permit in
Annex I and amends them following EU legislation. Licenses are allocated according to the
amendments to the law 4014 /2011 (Official Gazette 290/A /2011). The EMEP/EEA Tier 1
methodology is used to estimate emissions. The competent environmental authority issues
the permit. The application shall be submitted together with the EIA documentation. In
the event of non-compliance, the farm may be closed, and the owner may be fined between
€1000 and €60,000 [74-76].

2.13. Hungary

Hungary has incorporated the IPPC Directive into its legal system by Government
Decree No. 193/2001—implementing rules for integrated environmental permitting and
subsequently, No. 314/2015—environmental impact assessment and approval procedure
for integrated environmental permits, according to the law LIII 1995 on general rules
for environmental protection. Government Decree No. 314/2015 in Annex 2, category
11-Intensive livestock production lists the farms that fall under the IPPC Directive and
must apply for an integrated permit. These farms fully comply with European Directive
2010/75/EU. The Environmental Office issues the permit [77-79].

The permit is usually issued for at least ten years. If an installation has previously had
a problem with environmental pollution or was applying for a permit for the first time, the
permit may be issued for a period of five years.

In the event of an installation owner without a valid permit, the competent authorities
may restrict, suspend, or stop the operation of the installation. Simultaneously, a fine
of €140-280 per day is imposed, depending on the degree of environmental risk. The
EMEP /EEA Tier 1 and 2 methodologies are used to estimate emissions [79,80].

2.14. Ireland

The implementation of the IPPC Directive in Ireland has been performed with the
assistance of:
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The Waste Management Act 1996;
The Planning and Development Act 2000;
The Environmental Protection Agency Act 1992 [81-83].

The implementation was effected with the help of the statutory instrument SI. No.
137/2013. Annex I, category 6 of the Environmental Protection Law, which defines the
intensive farms that must apply for an integrated permit following part IV [84].

The Environmental Protection Agency (EPA), which issues integrated permits, is also
responsible for monitoring them. The license can be inspected at any time after issue, but
no later than three years. The license shall be terminated if the breeding has not started
operating within three years of its issuance or if the breeding has ceased in the last three
years [83].

Ireland’s basic approach to establishing intensive farms is to locate them at a sufficient
distance from residential and odour-sensitive areas. These distances are determined based
on an odour dispersion model. The EMEP/EEA Tier 2 methodology is used to estimate
emissions [85].

TEAGASC finances measurement of pollutant emissions from livestock farms in
Ireland; the Irish National Institution for Agriculture and Food Development provides
integrated research, advice, and training services to the agri-food industry and rural
communities. The LowAmmo project was set up for precise measurement and focuses
on critical knowledge gaps in Irish NH;3 emissions. This project (LowAmmo) includes
measuring, modeling, and reducing emissions of NH3 from large livestock farms [82,86,87].

2.15. Italy

The IPPC Directive was introduced into Italian law by Legislative Decree No. 372
of 4 August 1999 on the implementation of Directive 96/61/EC on integrated pollution
prevention and control, and later by the Legislative Decree No. 59 of 18 February 2005. The
legislative decrees have been amended several times, and the most significant change was
Legislative Decree No. 152 of 3 April 2006, which incorporated Directive 2001/80/EC into
its legislation. This Regulation is supplemented by Legislative Regulation No. 46 of 4 March
2014, following European Union Directive 2010/75/EU. Following these amendments,
Annex VIII, Part II of Regulation 152/06 lists the activities that require applying for an
integrated permit. In agriculture, the conditions are identical to those set out in Directive
2010/75/EU. Three authorities issue the permit:

The Ministry of Agriculture;
The Ministry of the Environment;
Local authorities.

It is issued for 5 or 8 years, using values for fulfillment of the criteria [88-91].

Non-compliance with emission and air pollution limits could result in owner suspen-
sion and a fine of between €35,000 and €100,000. Own emission factors are used to estimate
NH3 emissions [89].

2.16. Latvia

The implementation of European Directive 2010/75/EU has been effected by the
amendment of the Pollution Act of 15 March 2001, which set new conditions for the
categories of permits for polluting activities and the implementation of these activities.
Furthermore, the Directive was also incorporated into the Environmental Impact Assess-
ment Act of 14 October 1998. The permit is issued for the entire period of operation of the
installation. The EMEP/EEA Tier 2 methodology is used to estimate emissions [92-94].

2.17. Lithuania

The IPPC Directive has been implemented by the Declaration of the Minister of
Environment No. 80. The amended IPPC Directive 2010/75/EU is written in the Lithuanian
Law on Environmental Protection No. 1-2223 of 30 January 1992. The issuance of an
integrated permit shall take place following Regulation No. D1-528. Annex I to this
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Regulation lists the limit parameters for installations submitted for an integrated permit
(the installation requirements correspond to the European Directive) [95-98].

The Environmental Protection Agency issues the operating permit. Compliance with
the conditions specified in the integrated permit is controlled by the Ministry of Environ-
ment of the Republic of Lithuania. The permit is issued for an indefinite period and may
be revoked for the reasons stated in Regulation No. D1-528, chapter XII. The EMEP/EEA
Tier 1 methodology is used to estimate emissions [97].

2.18. Luxembourg

Luxembourg incorporates Directive 2010/75/EU into its legal system through the
Environment Act. Installations that must apply for an integrated permit are listed in Annex
II of this law. The criteria have not been tightened [99,100].

2.19. Malta

Regulation 5.1..549.77 transposes the European Industrial Emissions Directive 2010/75/EU
into the legal system of Malta, and at the same time implements the framework for the
regulation of industrial emissions 5.L.549.76. Annex I, Regulation S.L.549.77, lists the
installations that must apply for an integrated permit. The Environment and Resource
Authority issues the permit. An owner who violates the provisions of Regulation 5.L.549.77
may be penalized:

e  For a first conviction, a fine of €23,000-233,000 or a maximum term of imprisonment
of 2 years, or both;

e  For the second and subsequent convictions, a fine of €46,000-466,000 or a maximum
term of imprisonment of 2 years, or both [101-105].

2.20. Netherlands

The Netherlands implemented the Industrial Emissions Directive into its legislation
by the Environmental Law-General Provisions of 6 November 2008. The Directive has been
incorporated into the Act through two amending acts: Gazette 2012, 552 and Gazette 2013,
159. The Environmental Act defines the term IPPC installation, which uses a direct reference
to the definitions of industrial emission installations in Annex I, Directive 2010/75/EU.
Own emission factors are used to estimate emissions [106-109].

2.21. Poland

Poland integrates the Industrial Emissions Directive into its Environmental Protection
Act. The Law from Article 236b refers to Annex I of Regulation 166/2006, which lists the
facilities subject to the reporting obligation (category 7). This Annex is identical to Annex I of
European Directive 2010/75/EU. The Ministry of Environment issues the permit [110-112].

The permit may be restricted or revoked if the installation owner violates the permit
conditions, either regarding environmental protection or the endangerment of human
health. In the event of a violation of the conditions of the permit, the facility risks a fine
ranging from €11,000 to 110,000. The EMEP/EEA Tier 2 methodology is used to estimate
emissions [112].

2.22. Portugal

Portugal transposed the IPPC Directive into its legal system by Legislative Decree
No. 194/2000 of 21 August 2000, which was repealed by Legislative Decree No. 173 /2008
of 28 August. Directive 2010/75/EU of the European Parliament and the Council was
transposed into Portuguese legislation by Regulation No. 127/2013 of 30 August 2013.
Installations are subject to an application for an integrated permit, therefore following the
European Directive. In 2015, the Portuguese Government had issued Legislative Decree
No. 75/2015 of 11 May 2015, approving the unified environmental licensing system. The
EMEP /EEA Tier 2 methodology is used to estimate emissions [113-116].
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2.23. Republic of Cyprus

The incorporation of the IPPC Directive into the Republic of Cyprus’s legal order took
place in the Water Pollution Control Act No. 106 (I)/2002. European Directive 2010/75/EU
is integrated into Republic of Cyprus law by the Industrial Emissions Act No. 184 (I)/2013.
This Law was amended in 2016 by Act No. 131 (I)/2016. Installations that must apply
for an integrated permit are listed in Annex I, Act No. 184 (I)/2013, and fully follow the
European Directive [117-119].

In the event of a breach of the terms of the integrated license, the licensee may be
imprisoned for a maximum of three years or fined up to €500,000, or both. The EMEP/EEA
Tier 2 methodology is used to estimate emissions [118,120].

2.24. Romania

The European Industrial Emissions Directive 2010/75/EU in the Romanian legal
system has been implemented by Law No. 278/2013 on industrial emissions. Annex I of
this law lists the facilities obliged to apply for an integrated permit. The equipment list is
identical to the conditions set out in Directive 2010/75/EU [121].

The National Environmental Protection Agency issues the permit. The National Envi-
ronmental Guard monitors compliance with permit conditions. Violation of the conditions
of the integrated permit is punishable according to chapter XV, Article 96, Regulation No.
195/2005 on environmental protection. The EMEP/EEA Tier 2 methodology is used to
estimate emissions [122,123].

2.25. Slovak Republic

The Slovak Republic has implemented the IPPC Directive into its legal system by
Act No. 245/2003 of 19 June on integrated pollution prevention and control. Directive
2010/75/EU has been included in the laws of Slovakia by act No. 39/201379, and the Law
was amended several times during its validity—the last time by act No. 193/2018 Coll., on
13 June. The parameters of the facilities that must apply for an integrated permit (Annex
I, Law No. 39/2013 Coll.) have been taken from the European Directive, and they are
fully compliant with it. The Ministry of Environment of Slovakia issues the permit; the
Slovakia Inspectorate performs administrative supervision for Environmental Protection
and imposes fines. If the conditions specified in the license are violated, the owner may
be fined up to €1,000,000, following Article 37 of Act No. 39/2013. The EMEP/EEA Tier 2
methodology is used to estimate emissions [124,125].

2.26. Slovenia

The transposition of Directive 2010/75/EU of the European Parliament and the Gov-
ernment has been performed according to the Law on Environmental Protection. Installa-
tions required to apply for an integrated permit are defined in Annex I of the Regulation
on the type of activities and installations that may cause large-scale pollution [126,127].

The Environmental Inspectorate performs control of environmental permits. Penalties
related to violation of the conditions for issuing an integrated permit and the conditions
specified therein are defined in chapter VII, Article 27, decrees on the type of activities and
facilities that can cause pollution on a large scale. The EMEP/EEA Tier 2 methodology is
used to estimate emissions [127,128].

2.27. Spain

The Ministry of Agriculture, Fisheries, and Food of Spain have established the ECO-
GAN programme following European Directive 2010/75/EU, through which farmers can
identify:

e  Emissions of NH; and nitrogen oxides from the farm;
e Nitrogen emissions from sludge, manure, etc.

This programme enables farmers to appreciate their farms and introduces them to

new reduction techniques related to pollutant emissions [129].
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The Spanish Emission Records System is responsible for calculating the total emissions
of all these pollutants for each category and activity of livestock following international EU
regulations. The Directorate-General for Livestock Production is responsible for preparing
methodological guidelines for determining emissions from livestock farming [130].

The implementation of Directive 2010/75/EU was effected by Law No. 16/2002 of 1
July on integrated pollution prevention and control, which was later amended by Royal
Decree-Law No. 1 of 16 December 2016, approving the revised text of the Act on Integrated
Pollution Prevention and Control. Livestock holdings covered by the integrated permit are
listed in Annex I, category 9.3. The border capacities of intensive agriculture are within the
lines of the European Directive [131,132].

The integrated permit is issued by the competent body of the autonomous administra-
tion. In the case of a change in breeding parameters with approval, there are two different
situations:

e There is a slight change of breeding parameters, in which the owner notifies the
competent authorities only with appropriate justification. This change is approved by
the authority in an accelerated procedure;

e  There is a significant change in the breeding parameters when assessing the operation
and a new integrated permit is needed.

In the case of a severe breach of the integrated permit, the owner may be subject to
sanctions ranging from €200,000 to €2,000,000; complete, partial, or temporary closure of
the installation; or revocation of the permit.

In the event of a serious offense, there is a risk of sanctions ranging from €20,000 to
€200,000, temporary or partial closure of the facilities for a maximum of two years, closure
for a maximum of one year, or suspension of authorization of the permit for a maximum
of one year. In the case of minor offenses, there is a risk of a fine of up to €20,000. The
EMEP/EEA Tier 2 methodology is used to estimate emissions [132,133].

2.28. Sweden

The implementation of European Directive 2010/75/EU into the Swedish legal system
was effected by Regulation SFS 2013:251, as amended by SFS 2016:1188. Installations for
which a permit is needed are listed in Chapter 2, Section 1, and are within the lines of the
European Directive [134,135].

The permit is issued by the Swedish Environmental Protection Agency based on SFS
Regulation 1998:899, as amended by SFS Regulation 2013:262. The EMEP/EEA Tier 2
methodology is used to estimate emissions [136-138].

3. Summary and Discussion
3.1. Implementation IPPC Directive

All of the member states of the EU have implemented Directive 2010/75/EU of the
European Parliament and of the Council of 24 November 2010 on industrial emissions
(integrated pollution prevention and control) into their national legislation. In particular,
implementation has been carried out in the legislation on environmental and air protec-
tion, industrial emissions, integrated pollution prevention and control, and environmental
impact assessment. Ireland has incorporated it in the Waste Management and Planned
Development Act, Flanders in the Environmental Licensing Regulations. For most coun-
tries, there is a drive to centralize decision-making powers, such as in Austria, where state
powers prevail over the federal state (region, province, etc.). Conversely, a decentralization
approach has been taken in Belgium, where the primary responsibility lies with the au-
tonomous regions (Flanders, Wallonia, and Brussels), and similarly in Great Britain, Spain,
and Denmark (individual municipalities issue permits).

Annex 1 of Directive 2010/75/EU defines the activities covered by the Act. Category
6.6 includes agricultural activities—intensive poultry and pig farms with space for more
than 40,000 poultry, 2000 fattening pigs weighing more than 30 kg, or 750 sows. All EU
countries have adopted these values. Only Germany has tightened these thresholds; see
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Table 1. For the construction of new installations or the extension of existing installations
above the threshold, a simplified IPPC permit procedure must be carried out without public
participation. If the size of the accommodation exceeds the IPPC set size, this is dealt with
through the Emissions Act, and public participation must automatically be part of the
approval process.

For violation of the legislation in effect or for operating without a permit, the operator
is mainly subject to financial penalties ranging from €1000-60,000 (Greece) to €200,000—
€2,000,000 (Spain), but also to revocation (France, Malta, Republic of Cyprus). In most
countries, licenses are issued for an indefinite period, except for Hungary (10 years.) and
Italy (5-8 years.).

3.2. Implementation of the NHz Emission Estimations Approach in EU Countries

According to Commission Implementing Decision (EU) 2017 /302 of 15 February 2017,
laying down BAT conclusions under Directive 2010/75/EU of the European Parliament and
the Council for intensive poultry or pig farms, three approaches can be taken to monitor
NHj3 emissions.

The first approach is to estimate annual NH3 emissions using emission factors. Emis-
sion factors are designed according to national or international protocols. The total an-
nual NHj emissions estimate is calculated from animal occupancy and multiplied by the
emission factor for the corresponding animal category. Countries that use their national
protocols to determine emission factors are listed below. Individual countries determine the
emission factors based on experimental measurements, scientific studies, and outputs from
research institutes. Table 2 shows the total emission factors, consisting of sub-emission
factors representing housing, storage, and landspreading. EU countries have different
approaches to setting emission factors. Germany has set high emission factors compared
to the Netherlands, which has emission factor values defined at low levels. The Czech
Republic is currently reviewing its emission factors to refine them. The member states that
follow the methodology for determining emission factors are:

Czech Republic (CR) [139];
Denmark (DK) [140];
Germany (GE) [141];
Great Britain (GB) [142];
Finland (FI) [58];

Italy (IT) [143]
Netherlands (NL) [144].

Table 2. NHj emission factors for selected livestock in kg NHz-animal place™!-year~!.

Livestock Manure Type DK GE IT NL FI GB CR
. Slurry
Dairy cows Manure 13.55 67.05 44.44 11.70 29.46 29.34 24.50
Slurry 14.50
Other cattle Manure 3.44 26.71 20.43 4.30 11.66 13.17 13.70
. . Slurry 1
Fattening pigs Manure 5.09 491 6.76 8.30/5.50
1.22 9.54 1.00
Slurry
Sows Manure 10.52 10.47 7.95 11.90/19.70 2
Outdoors
. Litter 0.21
Laying hens Droppings _ 0.62 0.22 0.13 0.25 0.25 0.27
Broilers Litter 0.07 0.26 0.15 0.03 0.18 0.42 0.21
Turkeys Litter 0.52 1.44 0.97 0.29 0.66
. 0.35 0.73
Ducks Litter 0.31
Geese Litter 0.01 0.39 0.20 0.20 0.24

1 piglets; 2 gestating sows.
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The second approach is to estimate annual NH3 emissions using a mass balance based
on excluding total nitrogen or TAN at different stages of manure handling. The NHj3
emissions are estimated by the amount of nitrogen excreted by each animal category, and
by using the total nitrogen or TAN flux and the leaching coefficients for each phase of
manure handling (housing, storage, and landspreading). The leaching coefficients are
determined according to national or international protocols—the countries listed below
use the international Tier methodology, Tier 1 and Tier 2.

The member states that set values using the Tier 1 methodology:

Austria;
Bulgaria;
Greece;
Lithuania;
Malta.

The member states following the Tier 2 methodology:

Belgium (Wallonia Region);
Croatia;

Ireland;

Latvia;

Poland;

Portugal;

Republic of Cyprus;
Romania;

Slovak Republic;
Slovenia;

Spain;

Sweden.

Countries that use a combination of Tier 1 and Tier 2 methodologies with respect to
livestock category:

e  Estonia;
e  Hungary.

The overview shows that most countries using mass balance estimation of annual
NHj3 emissions use the international Tier by EMEP/EEA methodology and preferably use
the Tier 2 methodology. The authors of the paper could not find any supporting evidence
that would indicate the approach of Luxembourg.

France has developed a methodology which specifically states factor emissions from
farms, storage, and manure application, and only then is the total NHj3 emissions recalcu-
lated [61]. In the Flemish Region of Belgium, an own methodology is also applied, which is
called RAV (Regeling Ammoniak en veehouderij) [32].

Estimating annual NH3 emissions by calculation using emission factors and estimation
using mass balance can be reduced by the percentage of the functionality of the BAT used
in the farms to reduce NHj3 emissions. These BATs and their percentage effectiveness in
reducing NHj emissions can be found in Directive 2010/75/EU of the European Parlia-
ment and of the Council, the BAT conclusions of Directive 2010/75/EU, and national or
international protocols approved in the country concerned.

Another approach for determining NH3 emissions is to calculate them from NHj
concentration and air ventilation rates. NHs is monitored for at least six days over one year.
These days are determined by animal category. Due to this method’s financial cost and time
consumption, it is rarely used to measure annual emissions. This approach is mainly used
to compare and verify the previous two approaches and also to verify the effectiveness of
BAT.

To refine the measurements and address some key knowledge gaps in NHj3 emis-
sions, the LowAmmo project was established in Ireland. The LowAmmo project involves
measuring, modeling, and abating NHj3; emissions from livestock farms [86,145]. In the
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Czech Republic, the Ministry of Agriculture monitors NH3 emissions in selected intensive
livestock farms in this way every year.

4. Conclusions

The study reviewed EU countries” approaches to estimating NHj3 emissions and
implementing IPPC in their laws and decrees. Most countries accepted the European
Commission’s proposal and retained the recommended threshold for placing farms under
IPPC (space for more than 40,000 poultry, 2000 fattening pigs weighing more than 30 kg, or
750 sows). Differences were found in approaches to estimating NH3 emissions. The most
widely used approach was to estimate emissions using a mass balance based on excluding
total nitrogen or TAN at different stages of manure handling. In this approach, EU countries
differentiate themselves by using methodologies Tier 1 and Tier 2. The estimation approach
using emission factors is also popular. However, there is a difference in the determination
of the relevant emission factors between EU countries. This is mainly due to differences in
breeding technology, breeds or climatic conditions. From the information provided in this
review, it can be argued that, despite their different approaches, EU country leaders are
interested in using approaches and methodologies that reflect the realities in their countries,
in particular, to estimate annual NH3 emissions.

When issuing integrated permits for new or existing farms, it is essential to consider
all environmental components. It is essential to avoid disputes with residents in the
vicinity of farms. A particular issue is dealing with people’s complaints about odours
from intensive livestock farming and the application of manure (landspreading). Odour
emissions are influenced not only by the distance of farms from inhabited areas but also by
breeding technology, animal category, the use of BAT, climatic conditions, the time of year,
the prevailing wind direction, or the terrain. By appropriate measures and approaches
implemented in the integrated permit, these disputes can be avoided.

A major challenge in monitoring NH3 emissions from intensive livestock farms is
to refine the methodology for estimating annual NH3 emissions. Some emission factors
and approaches may already be outdated or inadequate due to animal breeding and feed
conversion, new housing technologies, and BAT technologies used in the farms.

On the basis of the current revision (April 2022) of Directive 2010/75/EU of the
European Parliament and the Council on industrial emissions (Directive IED), a reduction
in the thresholds for pig and poultry numbers and an extension of the cattle category
are being considered. The implementation of the Directive is planned for 2030. This
modification and the introduction of the associated BAT are expected to reduce NHjs
emissions by 128 kt-year!. This will have significant benefits for the environment and
human health.
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Abstract: Determination of ammonia (NH3) emissions for intensive livestock facilities (pork, poultry)
is important from both a regulatory and a research point of view. Buildings housing livestock are a
large source of ammonia emissions from the agriculture sector. However, measurements to determine
emissions can be time-consuming and costly. Therefore, it is essential to find a suitable methodology
for monitoring NH3. The methodology for determining NH3; emissions is legislatively unified in
terms of sampling methodology, including sampling time (24 h), sampling points (input/output),
number of sampling days, and their distribution during the year, and to determine only a general
calculation of the annual average NHj3 emissions. For this reason, the researchers chose different
approaches for the calculation of NHj emissions, and these approaches are not unified. Based on
accurate monitoring and created models, the authors proposed a methodology for calculation of
NHj; emissions, which divides the 24 h measurement into time windows (30 min), from which the
arithmetic mean and standard deviation are determined, and the total emissions for one year is
determined. The chosen time windows for the partial calculation are important from the point of
view of reflecting the microclimatic conditions inside the stable and the device limits for sampling
the NHj3 concentration and airflow.

Keywords: Innova 1412; NHj3; welfare; microclimatic conditions; livestock; environment

1. Introduction

At present, NHj is a significant air pollutant, and its concentration does not decrease
rapidly. The reduction in ammonia emissions has been slow over the last three decades,
particularly compared to the reduction in emissions of other pollutants such as nitrogen
oxides (NOy), sulfur dioxide (SO;), and non-methane volatile organic compounds [1].
In principle, NHj3, as a pollutant gas, accelerates the formation of fine particles in the
atmosphere. Ammonia is crucial for the acidification and eutrophication of ecosystems and
consequently contributes to climate change [2,3].

In addition to the environmental aspects, particulate NHs also has a negative impact
on human health [4]. Due to the biogenic and anthropogenic origin of atmospheric am-
monia, it is particularly harmful to human health, especially to the eyes and respiratory
systems [5-7]. Exposure to ammonia is accompanied by clinical symptoms such as cough-
ing, sneezing, salivation, excessive lachrymal secretions, loss of appetite, and lethargic
behavior [8,9]. Ammonia also participates in reactions forming organic and inorganic
aerosols that can adsorb a high concentration of toxic air pollutants, which affects human
health by mutagenic and genotoxic activities [10-12].
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The agro-industry is considered the primary contributor of NH3 in most developed
countries [1,13,14]. Due to demographic growth and changes in food preferences, global
NHj; emissions are expected to double by 2050 [2,15]. The major source of NHj in agri-
culture is livestock excreta emitting NHj3 immediately after deposition and during de-
composition. Reactions of urease enzyme or microbial activity quickly release NHj3 to the
atmosphere, consuming unconverted nitrogen originating from high-protein feeds used
to fulfill nutritional requirements [16]. From the chemical point of view, nitrogen-based
emissions are probably caused by ammonia (NHj3-N) losses from the interconversion of
total ammoniacal nitrogen (NH3-N + NH;*-N) and organic nitrogen, eventually by the
aqueous equilibrium of (NH3-N) and (NH4*-N) [17].

Ammonia has a perceptible odor even at very low concentrations, and its emissions
are mainly observed in locations with high-density livestock farming, especially in pig
farms [18]. Pig farming is globally responsible for about 15% of NH3 emissions associ-
ated with livestock breeding [19]. The main source of NHj releases from buildings with
daily housing emission factors of 34.3-146.4 g NHj per 500 kg live weight for fattening
pigs [20]. The amount of nitrogen-based emissions also depends on the type of housing
and technologies, waste management, environmental conditions (e.g., temperature, wind
speed, enzymatic activity, pH, relative humidity), and efficiency of utilizing nitrogen by
the animal [21,22].

The precise identification and determination of NH3 emissions seems essential both
for meeting legislative standards (identifying the effectiveness of mitigation strategies at the
national and regional level, preparing national annual emission inventories for regulatory
purposes) and developing technologies aimed at reducing these emissions [23].

As NHj emissions are complex and depend on many factors, the effort is made to
determine the resulting emissions from farms as accurately as possible. Three approaches
have been identified for this purpose. Two of them estimate the total emissions over
each manure management phase (housing, manure storage, landspreading), and the third
approach determines only emissions from housing.

The first one estimates the value on the basis of a mass balance based on the ex-
cretion and total nitrogen, or total ammoniacal nitrogen (TAN), present at each manure
management phase. Ammonia emissions are estimated based on the amount of nitro-
gen excreted by each animal category and using the total nitrogen or TAN flow and the
volatilization coefficients over each manure management phase (housing, manure storage,
landspreading).

The second one is an estimation by application of emission factors. Ammonia emis-
sions are estimated on the basis of emission factors derived from measurements designed
and performed according to a national protocol in a farm with an identical type of technique
(housing, manure storage, landspreading) and similar climatic conditions.

For this above approach, methodologies (models) have been developed and ap-
proved, which calculate these emissions on the basis of data from operating conditions.
These methodologies are used in European Union countries, and they are time-saving but
less accurate.

The third possibility estimates emissions by a calculation from measured values of
ammonia concentration and ventilation rate only from housing. This method is more
accurate in comparison with the two above-mentioned methods. Their outputs are based
on methodologies for estimation of emissions by calculation, and they are used to determine
the emissions produced accurately, to verify the use of Best Available Technologies (BAT),
but it is more time- and money-consuming. In addition, it is methodically complete in
terms of measurement methodology (data collection in the stable), but the algorithm for
evaluating the emissions from the measured data is not explicitly defined [24,25].

The Directive 2010/75/EU of the European Parliament and of the Council, for the
intensive rearing of poultry or pigs, defines the general principles of the estimation of
ammonia emissions. Pig farming is characterized as a category of animals with a linear
increase in emissions per breeding cycle; therefore, the days on which NH; emissions
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are measured must be evenly distributed over the period of their growth. Ammonia
emissions must be evaluated in at least six sampling days over a period of a breeding
cycle. This means that three measurements are evenly distributed in the first half of the
breeding cycle and three further measurements in the second half of the breeding cycle. The
annual ammonia emissions are calculated from the mean of the one-day emissions obtained
during six 24 h measurements multiplied by the number of days of stable occupancy by
animal [26].

Sampling is carried on at the air inlet and outlet of the stable for 24 h. Ventilation
performance is also measured (alternatively it can be generated from the ventilation control
unit). The concentration of NHj3 in the air output from the stable is measured, adjusted to
the concentration of the inlet air to the stable, and the daily NH3 emissions are derived by
measuring and multiplying the ventilation and NHj3 concentration. The annual average
NHj; emissions are determined from the daily average NH3 emissions multiplied by the
number of days of stable occupancy by animal [26].

Despite many devices, the measurement of NH3 emissions has not usually been
implemented in day-to-day monitoring due to the high specialization of each device,
making it difficult to use them in typical farming situations. At any rate, the measurement
of NHj in pig farms and development of an appropriate measurement methodology are
necessary to increase agricultural efficiency and, consequently, the quality of life and the
environment. Generally, NH; measurement methodology includes selecting a suitable
monitoring system, sampling configuration of the used device, the additional equipment for
measuring other physical quantities, the spatial and layout arrangement of used equipment
in the pig house, and the method of statistical analysis of obtained data.

There is obviously a strong need for unification in order to compare the research
data with each other effectively. Thus, the aim of this study is to provide an accurate and
effective methodology for measuring and statistically evaluating NHj3 emissions in pig
houses based on performed experiments and previous studies.

2. Materials and Methods
2.1. Scheme of Methodology

The overview schema of methodology for measurements and determination of the
ammonia emissions from intensive livestock farming is below in the Figure 1. This method-
ology is described in detail in the following chapters.

2.2. Experimental Pig House

The study was carried out in a pig production house located in the Czech Republic in
the district of Tabor at an altitude of 455 m (GPS coordinates 49°15'03” N, 14°33/01” E). The
stable for breeding sows with piglets (mating and gestating sows) was divided into five
pens, each with a concrete floor with deep straw litter (BAT 30.a6) and middle corridor for
assessing the manure. There were service alleyways on both sides. An automatic feeding
system for moist feed for phase feeding (BAT 3.b) was situated in every pen. In every
breeding section, negative pressure ventilation was addressed by two wall ventilators by
diametral 0.45 m, which automatically control the indoor microclimate. Outdoor air was
sucked in by three 0.8 x 0.3 m wall openings. The data collecting was performed in one
selected pen, which is illustrated in Figure 2. At the time of monitoring, there were 12 sows
and 76 piglets in the pen.
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Figure 1. Scheme of measurements and determination of the ammonia emissions.
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Figure 2. Illustration of the pen in the experimental pig house (1—input concentration sensor; 2—output concentration

sensor; 3—anemometer for air velocity measurement; 4—deep straw litter; 5—service alleyway, 6—manure corridor).

2.3. Methodology for Measurements of the Ammonia Concentration in the Pig Farm

Ammonia concentration measurements were performed simultaneously at the air
inlet and outlet from the stable continuously for 24 h. A photoacoustic multigas monitor
INNOVA 1412 by LumaSense Technologies A/S, Ballerup, Denmark, equipped with a
multi-channel sampling and dosing device Multipoint Samplet 1309 D or similar devices
are recommended to be used for the NHj3 concentration measurement. From the measuring
device, special Teflon hoses were stretched to the sampling points (air inlet and outlet).
The device continuously uploading the measured values to its internal memory, while
the sampling frequency was set to once every 6 min. At the same time, other physical
quantities (indoor and outdoor temperature, relative humidity, atmospheric pressure) were
monitored during the measurement using a multi-purpose device (COMMETER D4141,
COMET SYSTEM spol. s r.0., Roznov pod Radhostém, Czech Republic), and the airflow
rate in the exhaust fans was measured by means of an anemometer (TESTO 445, TESTO
AG, Lenzkirch, Germany).

2.4. Methodology for Calculation of NHz Emissions

The determination of NH3 emissions in the stable is based on the data from measuring
ammonia concentrations in the air entering and exiting the stable. Another parameter
for finding out the emission is the determination of the airflow outwards. Last but not
least, it is necessary to know the area of the vents exhaust and also the number of housed
animals for the purposes of determining the total production of specific NH3 emissions per
year. The measurement of the input and output NHj3 concentration is usually performed
by INNOVA 1412 with two sensors connected; therefore, it is not possible to obtain data
from both sensors at the same time. In addition, the airflow through the stable ventilation
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is usually determined independently of the concentration measurement time. It is either
obtained from the stable system data on the operation of the fans or is directly measured
by an anemometer at the ventilation exhausts. In both cases, there is no group of three
corresponding data points available to calculate the NHj3 emission rate. For this reason, it
is necessary to calculate emissions from several independently measured data points of
all input variables during a suitably selected time interval, the so-called time window. Its
length must be chosen carefully with regard to the accuracy of measurement but also to
the problem of monitoring NH3 production in the stable during the day.
The ammonia emission rate E (mg-s~!) can be now figured out from this formula:

E = (Coutr — Cin)-©-S, 1)

where Coyrt is NH3 concentration in an outlet (mg-m’?’), Cin is NHj3 concentration in the
input (mg-m’3), v is air velocity by venting the stable (m-s~1), and S is the area of the
exhaust of the stable vents (m?).

The arithmetic mean and standard deviation are determined from all obtained values
of effective emissions during one day (24 h). Subsequently, the total production-specific
emissions per year Eypar (kg'animal_1 -year‘l) are determined and converted to a value
per pig using this formula:

Eygar = Eavg' N}, (2)

where E oy is arithmetic mean of the E (kg-year‘l), and N is the number of pigs housed in
the stable.
2.5. Creation of Model Data for Method Testing

For the purpose of creating a methodology for evaluating NHj3 emissions from stables,
model data of monitored variables were firstly created. Because the input values for the
calculation (input and output NHs concentration and gas flow through the stable vents) are
not interdependent quantities, the input data for the model were based on real measured
data. From these data, a simple regulation simulating the stable situation was created
(see Figure 3).

12
1

10

4 A 4

Air velocity (m-s™)

Ammonia concentration (mg-m3)
o

2 2

S ARG [ L W -

8:24 10:24  12:24 1424 16224 1824 20124 2224 024 2:24 4:24 6:24 8:24
Time
——Input concentration ——Output concentration ~—Air velocity

Figure 3. Measured data from experimental pig house.

Breakpoints were identified based on the visual evaluation of the course of individual
quantities; their values were roughly determined with an accuracy of 0.5 mg-m~> or
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0.5m?3.s71, respectively, including their time offset from the starting time (integral multiples
of 0.5 h). The entire waveforms of the input quantities were then replaced by a polyline
connecting the above-mentioned points. Furthermore, the normally distributed noise was
added to the concentration values, with a mean value of 0 and a standard deviation of
0.5 for the input concentration and 0.9 for the output concentration, respectively. From
the measured data it was evident the input concentration fluctuated less than the output
concentration; therefore, a different standard deviation was chosen in the model. In the
case of flow values, the fluctuation depends on the absolute value of the measured flow;
at higher flow rates, it fluctuates more; at lower flow rates, the fluctuation is significantly
lower. Therefore, the flow values on the polyline were multiplied by a coefficient having
a Gaussian distribution with a mean value of 1 and a standard deviation of 0.05. The
resulting model is shown in Figure 4.

Ammonia concentration (mg-m)
D
Air velocity (m's™)

8:24 10:24 1224 14:24 16:24 1824 20:24 22:24 0:24 2:24 4:24 6:24 8:24

Time
—s—Inputammonia —«—Output ammonia «—Air velocity

Figure 4. Creation of model values based on real data from the stable.

For the purpose of testing the evaluation methodology, the second set of model data
was created based on the original model and where, in addition, the data were artificially
modified at randomly selected time intervals. In the time interval from 3:14:17 to 4:14:17, the
model data were sorted so the input concentration Cpy decreased continuously throughout
this hour, while the output concentration Coyt and the airflow v continuously increased.
This situation simulates the maximum possible error load in the E evaluation due to the
impossibility of measuring all input variables simultaneously. This will lead to the largest
fluctuations in the calculation of the E. In the time interval from 11:55:13 to 12:55:13, both
the input concentration Cyy and the output concentration Coyt were arranged in ascending
order, and the air flow fluctuated in the usual manner. This adjustment best corresponds to
the real situation due to the interdependence of both concentrations of ammonia, i.e., that
the trend of both concentrations was the same (in this case, growth). The last adjustment
was made in the time interval from 18:44:40 to 20:44:40, when the air flow was set equal
to zero. This simulates the failure of the anemometer or system flow sensors in the stable.
The modified model data are in the graph in Figure 5; the vertical green lines indicate the
intervals in which the model data were artificially modified.
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Figure 5. Creation of model values with randomly modified time intervals (three green gaps).

2.6. Testing the E Evaluation Method

The reference E ¢ value was determined for testing of the developed methodology of
the evaluation of ammonia emissions. It was determined analytically from Equation (1) on
the basis of the known equations of the individual parts of the polylines from which the
input variable waveforms were created (see Section 2.5).

We divided the methodology tests into two parts. The proposed E evaluation method-
ology was applied in every case. In the first part, we investigated the effect of the time
window length on the average ammonia emissions over 24 h. The time window length
was gradually chosen from a series of 15 min, 20 min, 30 min, 45 min, 60 min, 90 min, 2 h,
3h,4h,6h,8h,and 12 h. The area of the vents exhaust and the number of housed animals
corresponded to the real situation on which the model was based (see Section 2.2).

At first, the methodology was tested on a model polyline with no added noise to
determine the effect of time window length on the total ammonia emissions. The obtained
values were compared with the analytical E.¢ reference using relative percentage deviation.
Subsequently, the methodology was applied to both the unmodified model with added
Gaussian noise and the artificially modified model to calculate ammonia emissions. The
differences between the individual calculated values were tested using ANOVA analysis
and Tukey’s HSD test. Differences between calculated emissions of given time window
lengths for both models were tested also by Student’s t-test. The significance level of every
statistical test was 0.05.

In the second part of the methodology testing, only a few windows were selected, and
the influence of their length on the course of the specific emission curves during 24 h was
monitored. As no statistically significant differences were found in the first phase of testing,
no statistical method was not used in this part, but the calculated diurnal wave-forms were
visually compared to each other.

3. Results

The reference ammonia emission Ef was analytically determined to be 0.5767 mg-s~!
and 1.5157 kg-animal ~!-year~!. The relative deviations of the calculated emissions of the
model data without added noise were increased with increasing time window length. The
lowest value of 0.17% was reached for the shortest 20 min time window. Similarly, for
longer time windows up to 60 min it did not exceed 1.00%. On the contrary, the highest
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value was calculated for the time window of 24 h length, where it reached up to 52.60%.
However, despite the rather significant relative deviation, even ANOVA analysis together
with Tukey’s HSD test showed no statistically significant difference (p > 0.999), which may
be due to the small sample size in the case of longer time windows.

The same E evaluation algorithm with time window selection was used for both
unmodified and modified model data. The obtained E values for individual windows are
shown in Figure 6 (unmodified model) and in Figure 7 (modified model). Both graphs
show that with the increasing length of the time window, the average value of E increased,
initially very slowly. For longer time windows the increase was more pronounced (for the
time window of 12 h, E was more than 10% higher than for the time window of 15 min).
The standard deviation also increased because 24 h of data was processed, which decreased
the total number of time windows with its increasing length. Figure 6 shows that for time
windows up to 2 h, the increase in E was very small, almost imperceptible (increase was
less than 2.5% compared to the value for the 15 min time window), which implies that the
effect of time windows of 2 h and below was practically negligible for the calculation of the
average E.

1.0 1
0.9 1

I

15 min 20 min 30 min 45 min 60 min 90 min
Time wmdow

Average E (mg's™)

Figure 6. E dependence on the time window width for model data (vertical red lines are standard
deviation bars).

1.0 4
0.9 4
0.8 4

I

15 min 20 min 30 min 45 min 60 min 90 min

Average E (mg-s™)

Time window

Figure 7. E dependence on the time window width for artificially modified model data (vertical red
lines are standard deviation bars).

A similar situation can be observed in the case of an artificially modified model in
Figure 7. Modifications to the model generally reduced the size of the average E, which
corresponds to a zero contribution to the average E in the period simulating the failure of
the anemometer. However, the modifications did not affect the trend of its dependence on
the time window length. The increase in E for time windows up to 2 h did not exceed 3%,
but at 12 h the time window was almost 15% higher than the calculations for the 15 min
time window. Artificially created short-term singularities in the time courses of measured
quantities thus had a very small effect on the average values of E when using the developed
evaluation methodology with time windows up to 2 h. We can assume that the mentioned
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singularities will not be present at all in real data, or they will be of shorter duration than
was modeled, and thus will not affect the resulting specific annual NH3 emissions.

In the second part of the methodology testing, only four-time windows were selected
(30 min, 60 min, 2 h, and 3 h), and the influence of their length on the course of the specific
emission curves during 24 h was monitored. The respective waveforms are shown in
Figure 8 (unmodified model) and Figure 9 (modified model). It is clear from the waveforms
for the individual time windows that the increasing length of the window significantly
reduced the fluctuations of the calculated value of ammonia emissions; on the other hand,
it significantly eliminated the actual fluctuations of the emissions during the day. For the
time window of 3 h, it is possible to determine only the all-day trend of NH3 emissions in
the stable, and it is not possible to identify shorter-term singularities based on it.

When comparing the course of the polylines in Figures 8 and 9, the influence of
artificial modifications of model data on the actual course of the curves was well visible.
While the slightest adjustment corresponding to the real data trend (from 11:55:13 to
12:55:13) will not affect the actual waveforms too much and will only show a slight deviation
in the shortest time window of 30 min, the same length adjustment from 3:14:17 to 4:14:17
already significantly changed the course of the curve for this time window and was also
clearly visible when using the time window of 60 min. On the other hand, for longer time
windows (2 and 3 h), these singularities had a negligible effect on the course of the curves.
More significant influence on the curves was caused by the third adjustment simulating
the failure of an anemometer in the time from 18:44:40 to 20:44:40, where all curves reacted
significantly to this singularity. However, for the time window of 3 h, the response of the
curve was distinctly smaller than that in the remaining three curves.

|

0.0
8:35

10:35

12:35 14:35 16:35 18:35 20:35 22:35 0:35 2:35 4:35 6:35 8:35

Time
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Figure 8. Dependence of the E value on time for different time window widths for model data (the vertical green lines

indicate artificially modified intervals).
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Figure 9. Dependence of the E value on time for different time window widths for artificially modified model data (the

vertical green lines indicate artificially modified intervals).

4. Discussion

Similar measurements of ammonia emissions from pig houses were presented by other
authors. A brief overview of selected parts of their methodologies is given in Table 1. Most
of them used the Photoacoustic Multi-gas Monitor INNOVA 1412 and 1312, respectively, to
measure ammonia concentration [27-34]. On the other hand, publications [35-38] reported
other instruments used, such as the NOy analyzer, to measure ammonia concentrations
in livestock [35,38]. The variability in the total duration of measurements is very high,
ranging from 8 h [36] to 345 days [38]. Sampling frequencies also vary among authors,
ranging from one record per hour [36] to twelve measurements in one hour [37].

Nevertheless, compared to the articles published previously, this is the most detailed
processing of measured data to determine the resulting NH; emissions. The calculation of
total ammonia emissions was often based on the same equations as ours. Still, the authors
did not address the effect of the length of the averaging interval on the resulting emissions.
Almost all of them calculated the total mean and standard deviation of ammonia emissions
based on daily means of ammonia concentrations, or they provided the minimum and
maximum values. However, as our results showed, the E is influenced by the selected
time window length. It turned out that it is necessary to set the time window as short as
possible. Although no statistically significant difference was shown in our tests (p > 0.999,
ANOVA, Tukey’s HSD, Student’s t-test), the total annual ammonia emissions estimation
was based on diurnal averages of internal and outside concentrations, and airflow can lead
to deviations of more than 50%. However, this discrepancy does not reduce the quality of
the results of earlier published measurements because they presented the comparisons of
the effect of changes in pig farming on emissions, and it was not intended to determine the
total ammonia emission from buildings with maximum accuracy.
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Table 1. Recent studies on the measurement of NH3 emissions in pig farms and their methodology.

NH;3; Monitoring Experiment Sampling Frequency . .. .
System Duration (Records per Hour) Statistical Analysis Reference
Innova 1312 37 days 6 Total mean, standard deviation [31]
Air sampling pump .

Gilian Instrument 71G9 8h 1 Total mean, min. and max. values [36]
Innova 1412 N/A1 N/A1 Total mean, min. and max. value [27]
Innova 1312 20h 118 Mean of individual nllea.isurement, [29,30]

standard deviation
Innova 1412 24 h N/Al Total mean, standard deviation [28]
N/A! 345 days 5 Determination (,)f f'actors to make [38]
predictions
NOy analyzer with a Total mean, hourly means, day and night
24 h 8.6 . [35]
thermal converter means, min. and max. values
Innova 1412 155 days 6 Daily means [32]
Innova 1412 24h 2 Daily means [33]
Innova 1412 146-154 days 5 Daily means [34]
iTX Multi-gas monitor 43-165 days 12 Daily means [37]

1 not available.

Generally, there are two ways to determine more accurate values for total emis-
sions. The first uses less precise measurements but is performed over a very long period,
e.g., [34,37,38]. However, not only is this much more time consuming, but it is also money
consuming. The second way is based on the most accurate measurements over short time
intervals. This approach requires measurements to be made at a high sampling frequency
within one day, ideally. Such measures need to be repeated at different times of the year
and during the breeding cycle. As shown in [38], it is possible to estimate annual am-
monia production relatively accurately from precise measurements taken on only a few
well-selected days during the breeding cycle. This direction fully follows the relevant
legislation [26]. It will undoubtedly be preferred also regarding the high financial costs
connected with the purchase and operation of suitable ammonia concentration measuring
equipment for ordinary farmers.

The sampling frequency cannot be increased disproportionately because it is also
limited by the measuring equipment. When one device is used to detect ammonia con-
centration at several sampling locations simultaneously, it is necessary to ensure sufficient
cleaning time for replacing the air in the measuring chamber of the monitor and/or to
reach equilibrium after switching to other air sampling locations before a new measure-
ment starts. A sampling rate of 10 per hour seems to be sufficient for such measures. It
means that a concentration value is recorded every 6 min. The proposed algorithm showed
imperceptible differences for time windows from 15 min up to 3 h, but the deviation
increases noticeably for a longer time window. Nevertheless, as the length of the time
window decreases, fewer values are averaged, and the resulting mean is more sensitive to
possible significantly deflected or even erroneous measurements. In the case of a 15 min
time window, a maximum of three values is involved, which is a relatively small number;
in the case of a 30 min window, five values will be averaged, and one significantly deflected
value affects the mean less.

Hence, based on the performed tests of the methodology on model data and artificially
modified model data, the ideal solution appears to be a time window of 30 min. There are
enough averaged measurements, and such a time window is short enough to capture all
short-term changes in the stable manifested by increased or reduced ammonia emissions
during the day. When using longer time windows, it would not be possible to monitor
deviations from the ordinary course of emission curves adequately, and it would be
practically impossible to respond to problems arising in the stable for various reasons,
either due to problems associated with animal welfare or only technologically associated
with measurement methodology.
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5. Conclusions

This study identifies suitable methods for determining NH3 emissions from intensive
livestock farming from the point of view of the calculation of measured data. The motiva-
tion for this article was that the methodology established by the legislation is only general,
and different approaches are emerging across researchers. This can lead to different in-
terpretive results. The precise identification and determination of NH3 emissions seem
essential for meeting legislative standards, developing technologies aimed at reducing
these emissions. As NHj3 emissions are complex and depend on many factors, the effort is
made to determine the resulting emissions from farms as accurately as possible.

Based on the performed tests of the methodology on model data and artificially
modified model data, the most ideal solution appears to use a time window of 30 min
to calculate measured data. When using it, there are enough averaged measurements
(minimum of five values for concentrations and ten values for flow), which eliminates the
effect of one potentially incorrectly performed measurement. On the other hand, such a
time window is short enough to capture all short-term changes in the stable manifested
by increased or reduced ammonia emissions during the day. When using longer time
windows, it would not be possible to adequately monitor deviations from the normal
course of emission curves. Use of longer time windows of 45 min, 90 min, and 2 h still
seems satisfactory.

The findings from this study can be used to refine the methodology for calculation
by measuring the NHj concentration and the ventilation rate. These procedures can be
applied in the above cases due to the unification of methods for evaluation and better
comparability of measured values between farms and authors.
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Abstract: This study compares three approaches in the monitoring of ammonia (NH3) emissions
from intensive breeding of fattening pigs in relation to compliance with the standards arising from
the requirements of Integrated Pollution Prevention and Control (IPPC) used in the Czech Republic.
The first approach was based on the determination of NHj3 emissions calculation by measurement
using reduced sampling days focused on the final fattening phase. The second approach was based
on the determination of NHj3 emissions calculation by measurement respecting the Best Reference
Document for Intensive Rearing of Poultry or Pig (BREF IRPP) and relevant best available techniques
(BAT) conclusions under Directive 2010/75/EU. The third approach was based on estimation by
using emission factors respecting BREF IRPP and Methodological Instruction of the Air Protection
Department of the Czech Republic. The results show that the determined emission factors in the
Czech Republic may not always reflect the actual production of NHj3 emissions even when reduced
by the applied BAT. Determination of NH3 emissions calculation by measurement respecting BREF
IRPP represents the predominant phases of fattening (refinement) and microclimatic conditions;
however, it is time and money-consuming.

Keywords: air pollution; IPPC; pig farm; BREF; BAT

1. Introduction

The largest source of NHj3 emissions is agriculture, including animal husbandry and
NHj3-based fertilizer applications [1]. Nowadays, animal husbandry is a significant source
of CHy, NOy, CO,, and NHj in agriculture [2]. NHj release into the atmosphere is caused by
the reactions of urease enzyme or microbial activity while consuming unconverted nitrogen
originating from high-protein feeds used to fulfill nutritional requirements [3]. Nitrogen-
based emissions are probably caused by NH3z (NHj3-N) losses from the interconversion
of total ammoniacal nitrogen (NH3-N + NH;"-N) and organic nitrogen, eventually in the
case of the aqueous equilibrium of (NH;3-N) and (NH;*-N) [4]. NHj3 emissions have a
negative influence on the environment. After deposing the ecosystems, excess nitrogen,
including NH3 could cause nutrient imbalances and eutrophication. NHj also plays a
primary role in the deterioration of atmospheric visibility as nitrogen is deposited in the
atmosphere [5]. NHj as a prevalent harmful gas in the atmosphere with an amount of
approximately 55 Tg-N, reacts chemically with other gases such as SO, and neutralizes the
hydrogen ion. It remains in the atmosphere for a short time, a few hours to a day, and it
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mostly returns to the ground, but in an altered form [6]. Humans and land animals are at
low risk of contracting illnesses due to ammonium consumption [7].

However, an increase in NH3 concentration contributes to particulate matter (PM; 5)
formation in the atmosphere. The contribution of NHj to atmospheric aerosols affects
human health, which can increase the likelihood of hospitalization [8]. As a result of
exposure to fine PM; 5, air pollution is one of the leading causes of damage to human health
in Europe with an estimate of about 380,000 premature deaths per year in the European
Union (EU) [9]. Furthermore, NHj3 emissions are expected to increase [10], which gives
cause for concern. In the EU, the focus lies on pig and poultry housing facilities, which
contribute to NH3 emissions [11]. According to [12], pig farming is globally responsible for
about 15% of emissions associated with livestock breeding. Worldwide pig consumption
had been expected to increase by 75% between 2000 and 2020 [13].

Furthermore, [14] stated that pig production is responsible for nearly 25% of livestock
NHj3 emissions. If all assessments of the environmental impacts of the areas of NHj3
emission are handled in a new area-based regulation, it would be possible to issue an
environmental permit where the production is kept in the existing pig buildings even with
increased pig production [15]. Directive 2010/75/EU of the European Parliament and of the
Council on industrial emissions (integrated pollution prevention and control), which sets
out rules for reducing emissions to air, water, and land and preventing waste, is intended to
help reduce the production of NH3 and other harmful substances from intensive livestock
farming. It also applies to intensive poultry farms with a capacity of more than 40,000,
fattening pig farms with a capacity of more than 2000, or sow farms with a capacity of more
than 750. These farms must have an integrated operating permit [16]. In order to achieve
environmental standards, they use the best available techniques (BAT), which are listed
in the Best Reference Document for Intensive Rearing of Poultry or Pig (BREF IRPP) [17].
The implementation of these policies has resulted in an estimated 40-85% reduction in
emissions over the last 15 years, depending on the pollutant [18]. Ref. [19] provides in
his study an overview of BAT that reduce emissions from livestock production. They
divide them according to the areas of application into: emission reduction by modifying
the animals’ diet (reduction of nitrogen and phosphorus excretion), methods of emission
reduction in connection with livestock housing (floor modification, ventilation, air cleaning,
removal, and storage of excreta), principles of proper manure storage (covering of storage
areas, modification of composition, appropriate placement), and spreading of manure on
the soil (technology of spreading, time of application from spreading).

Monitoring of NH3 emissions in the EU is currently incomplete but should continue,
especially for pig breeding. All the essential factors for building structures and management
policies are linked to animal well-being, indoor air quality, and environmental pollution [20].
The magnitude of emissions and factors influencing emissions from pig farming can only
be studied if proper measurement techniques are available [21]. Techniques for monitoring
the production of NHj emissions according to BAT 25.C [22] include:

e  Estimation using mass balance by excreted and total nitrogen (or ammoniacal). Estimation by
excreted nitrogen or total ammoniacal nitrogen and volatilization coefficients for each
stage of manure handling (housing, storage, landspreading). The general equations
for the calculation are:

Ehousing = WNexcreted * Vchousingr 1
Estomge = Nstomge : VCstomge/ (2)
Espreading = Nspreading * Vcspreading/ ®3)

where E is the annual NH;3 emission, N is the total annual excreted nitrogen or ammoniacal
nitrogen, and VC is the volatilization coefficient, which is specified in international or
national protocols for each EU country [22].
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o Calculation by measuring the internal NHz concentration and ventilation performance. Moni-
toring should be carried out on at least 6 days divided over one year. Fattening pigs
is defined as a farm with a linear increase in emissions per breeding cycle; therefore,
the measurement days are evenly distributed over the growing period (50% of the
measurements in the first half of the breeding cycle and 50% of the measurements in
the second half of the breeding cycle). The daily average is calculated as the mean
over all sampling days. One measurement shall be taken over a 24 h period and shall
be taken at the air inlet and outlet of the housing (breeding pen). The daily average of
NHj3 emissions is multiplied by the number of days the housing is occupied to obtain
the annual emissions [22,23].

e  Estimation using emission factors. NH3 emissions are estimated using emission factors
determined according to national or international protocols. These are determined on
the basis of housing, manure storage, and landspreading [22].

Therefore, this study aimed to compare three approaches for the determination of
NH; emissions from intensive fattening pig farming.

The first approach basically determined NHj3 emissions by calculation from measure-
ments of the internal NHj3 concentration in the breeding house with reduced sampling
days focused on the final fattening phase.

The second approach basically determined NHj3 emissions by calculation from mea-
surements of the internal NH3 concentration in the breeding house, strictly BREF IRPP [17]
and relevant BAT conclusions under Directive 2010/75/EU [22].

The third approach was determined according to the estimation by emission factors
that are valid in the Czech Republic [24] and respect BREF IRPP [17].

2. Materials and Methods
2.1. Methodology for Determining NH3z Emissions by Calculation from Measurements of the
Internal NH3 Concentration

Two approaches were used to monitor NHj3 emissions by intensive fattening pig
farms. The first approach was breeding monitoring, chosen arbitrarily during the fattening
cycle and focused mainly on the final stages. This is mainly because the final phase is
expected to produce more NHj emissions, and thus has a more representative impact on
the environment and the possibility of comparison with emission limits.

The second approach was based on the monitoring of NH3 emissions according to
BREF IRPP [17] and BAT conclusions under Directive 2010/75/EU [22]. The basis of the
methodology is to take measurements during six days of the period of interest (year).
Fattening pigs are classified as breeding with a linear increase in NHj3 emissions. The sam-
pling days will be evenly distributed over the growing season. Half of the measurements
shall be taken in the first half of the breeding cycle and the remainder in the second half.
The sampling days in the second half of the breeding cycle shall be evenly distributed
throughout the year (same number of measurements per season). The daily average was
calculated as the mean overall sampling days.

2.2. Methodology Measurement of the NHz Concentration and Calculation of NHz Emissions

For assessing NHj emissions, it is essential to follow the methodology set out in BREF
IRPP [17] and BAT conclusions under Directive 2010/75/EU [22]. Therefore, it is essential
to determine the NHj3 concentrations at the inlet and outlet of the stable and to measure
the airflow out of the stable at the same time for a period of 24 h.

For the measurement of NHj3 was used the photoacoustic multi-gas monitor INNOVA
1512 by Advanced Energy Industries, Inc, United States of America. The instrument works
based on the principle of the infrared photoacoustic method. It is supplemented by a switch
of measuring points Innova Multipoint Sampler 1409 D with the possibility of taking air
samples from up to twelve places. The device continuously uploads the measured values
to its internal memory, and the sampling frequency was set to 6 min. The flow meter was
used to analyze the airflow from the stable by TESTO 445, TESTO AG, Lenzkirch, Germany.
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Climatic and microclimatic conditions were also monitored during the measurements

(temperature, relative humidity, and atmospheric pressure) by COMMETER D4141 and

COMMETER 53120 COMET SYSTEM spol. s r.0., RoZnov pod Radhostém, Czech Republic.
For the calculation of NHj3 emissions, a methodology [25] was selected based on the BREF

IRPP. It also details how the measured data were evaluated during the 24 h measuring cycle.
The NHj emission rate E (mg-s_l) can be now figured out from this formula:

E =(Cour — CNn)-v-S, (4)

where Coyr is NH3 concentration in an outlet (mg-m’3), Cin is NHj3 concentration in the
input (mg-m~2), v is the air velocity caused by the stable ventilation (m-s~!), and S is the
area of the exhaust of the ventilation (m?).

The arithmetic mean and standard deviation are determined from all obtained values
of effective emissions during one day (24 h). Subsequently, the total production-specific
emissions per year Eypar (kg NHj-animal~!-year~!) are determined and converted to a
value per pig using this formula:

Eyear = Eava'N77, ®)

where Eay is the arithmetic mean of the E (kg NH3 -year’l), and N is the number of pigs
housed in the stable.

2.3. Experimental Pig Houses

Monitoring of NH3 emissions was carried out in intensive fattening pig farms located
in the South Bohemia region in the Czech Republic. Different BATs were used in the
breeding, see Table 1. Two approaches were used for this monitoring:

(1) The first approach aimed to monitor breeding farms by using measurements in the
final fattening phase to represent the farm in terms of NHj3 emissions. These breeding
farms are listed below.

The farm in Jindfich@v Hradec district (420 m above sea level) was equipped with a
fully slated floor with a deep pit (BAT 30.a0) in a combination with feed additives Axtra
Phy (Danisco Animal Nutrition, Marlborough, Great Britain), BioAktiv (BioAktiv GmbH.
Zeitz, Germany), Fresta F Plus (Delacon Biotechnik GmbH, Engerwitzdorf, Austria), and
Algitek AD (Tekro s.r.0., Prague, the Czech Republic). Air exchange is provided by forced
negative pressure ventilation. There are seven ceiling fans with a diameter of 0.4 m in the
breeding pen.

In the Tabor district, there were two farms (first farm Tabor No.1, second farm
Tabor No.2). Tédbor farm No. 1 (424 m above sea level) had a slated floor with a deep
pit (BAT 30.a0) in combination with feed additives Synergen (Alltech, Inc., Nicholasville,
KY, USA) and Fortibach F Plus (Addicoo Group s.r.o., Sumperk, the Czech Republic). Air
exchange is provided by forced positive pressure ventilation. There are five ceiling shafts
in the breeding pen with a diameter of 0.5 m x 0.5 m. Fresh air is supplied by four side
fans with a diameter of 0.4 m.

The Tabor farm No. 2 (439 m above sea level) used a deep litter on a solid concrete
floor (BAT 30.a8) in combination with feed additives 6-Phytase 1500 FTU (Danisco Animal
Nutrition, Great Britain) and Quantum Blue (Roal Oy, Rajamaéki, Finland). Air exchange
is provided by forced positive pressure ventilation. There are four ceiling shafts in the
breeding pen with a diameter of 0.5 m x 0.5 m. Fresh air is supplied by four side fans with
a diameter of 0.35 m.

Pfibram district (470 m above sea level) had a farm with a fully slated floor with a
deep pit (BAT 30.a0) in combination with feed additives Natuphos (BASF a.g, Diisseldorf,
Germany) and Quantum Blue (Roal Oy, Rajaméki, Finland). Air exchange is provided by
forced negative pressure ventilation. In the breeding pen, there are four under-slatted fans with
a diameter of 0.6 m. Fresh air is supplied by ten wall flaps with a dimension of 0.9 m x 0.3 m.
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(2) The second approach aimed to monitor farms that have been monitored according to
BREF IRPP [17] and BAT conclusions under Directive 2010/75/EU [22] methodology,
which specifies an even distribution of six sampling days over the growing season
(same number of measurements per season). Half of the measurements have been
performed in the first half of the breeding cycle and the rest in the second half.

Monitoring was carried out on the farm located in the Ceské Bud&jovice district (438 m
above sea level). The farm was equipped with a fully slated floor with a deep pit (BAT
30.a0) in a combination with feed additives 6-Phytase 1 500 FTU (Danisco Animal Nutrition,
Marlborough, Great Britain) and Forbtibach F Plus (Addicoo Group s.r.0., Sumperk, the
Czech Republic). Air exchange is provided by forced negative pressure ventilation. In the
breeding pen, there are eight ceiling fans with a diameter of 0.7 m. Fresh air is supplied by
side flaps on both sides of the hall (18 pieces) with a dimension of 0.3 m x 0.6 m.

Table 1. BAT applications in selected breeds.

Designation of BAT Effectiveness Effectiveness
Districts f%r Housin in Reducing NH; Emissions by Feed Additives in Reducing NH; Emissions by
& Using BAT for Housing (%) Using Feed Additives (%)
Axtra Phy 23
T, BioAkti 27
Jind¥ichtiv Hradec BAT 30.a0 25 Fre;)a E tll‘llus o7
Algitek AD 45
) Synergen 39
Tébor (Farm No. 1) BAT 30.a0 25 Fortibach F Plus 48
. -Ph 1 FT 2
Bmed  nara : Ty 50U 2
Natuph 29
Pribram BAT 30.a0 25 Ouantion Blue >
M -Ph 1500 FT 2
Ceské Budgjovice BAT 30.a0 25 b rhytase 00 Y -

2.4. Methodology for Estimation of NHz Emissions by Using Emission Factors

The third approach was determined according to the estimation by emission factors
that are valid in the Czech Republic [24] and respect BREF IRPP [17]. Emission factor is
determined based on scientific knowledge and varies according to the category of animals,
the number of animals, and the occupancy during the year. These factors (Table 2) were
established in the Czech Republic in the past on the basis of experimental measurements
made to represent local breeding conditions.

Table 2. Emission factors specified in the Czech Republic in (kg NH3-animal~!-year—1) [24].

Animal Category Housing Manure Storage Landspreading
Piglets 2.0 2.0 2.5
Sows 4.3 2.8 4.8
Gestating sows 7.6 41 8.0
Fattening pigs 3.2 2.0 3.1

In the Czech Republic, from the breeding process of fattening pig’s, the total emission
factor is determined at 8.3 kg NH3-animal ~!-year~!. Of those, 3.2 kg NH3-animal ~!-year—!
represents NH; emissions from housing, 2.0 kg NH;-animal ~!-year~! from manure storage,
and 3.1 kg NHz-animal~!-year~! from landspreading. For the purpose of this study,
an emission factor is considered that represents the NHj3 emissions from the housing
(3.2 kg NH3 -animal ! -year’l) [24]. According to [24], the emission factor from each area
(housing, manure storage, landspreading) may be reduced by the BAT used. The farmer
can use a combination of reducing BAT based on the housing system and BAT based on
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feeding measures in the stables. Since the exact effect level of both reducing BAT cannot be
determined, only the one with the higher reducing effect is counted in the calculation.

3. Results
3.1. Climatic and Microclimatic Conditions

As mentioned in the previous chapter, the climatic and microclimatic conditions
(temperature, relative humidity, atmospheric pressure, air velocity) that prevailed during
each measurement were also monitored in each studied area. Table 3 shows the values for
the farms that were selected in terms of similar age and weight groups during arbitrary
monitoring. Table 4 shows the values for the farm in Ceské Bud&jovice district, where
two complete breeding cycles were monitored in each of the two sections that could be
monitored during the year.

Table 3. Climatic and microclimatic conditions during the first approach monitoring.

. Outdoor Indoor Outdoor Indoor Atmospheric Airflow
- Number of Weight . 1 PN
Districts Pies (p) (ke) Temperature Temperature Humidity Humidity Pressure Rate
s 'p 8 CO) Je) (%) (%) (hPa) (m?-s~1)
Jindfichtrv Hrad 450 100.0 —-0.7 9.3 90.4 70.8 972.2 6.80
ndnichuy Hradec 703 90.0 53 12.3 53.3 57.9 964.1 7.26
) 196 102.0 16.5 19.1 39.1 70.0 968.5 2.36
Tabor (Farm No. 1) 198 102.0 —0.9 20.8 35.1 65.2 968.5 355
Tabor (Farm No. 2) 256 90.0 18.3 21.1 48.1 55.7 969.7 19.07
P¥ibram 156 91.0 15.2 23.2 31.1 58.9 963.4 1.90
Table 4. Climatic and microclimatic conditions during the second approach monitoring.
Breeding Breeding Number of Weight Outdoor Indoor Outc?m‘)r Ind(‘)o‘r Atmospheric  Airflow
Section Cycle Pigs (po) (kg) Temperature Temperature Humidity Humidity Pressure Rate
Q) (@) (%) (%) (hPa) (m3-s—1)
676 25.0 0.4 17.1 68.6 70.8 967.9 1.13
627 51.0 0.5 20.6 94.0 67.5 942.7 1.72
1 579 75.1 10.2 17.7 47.1 57.8 967.5 1.75
560 99.3 17.1 21.6 31.3 42.1 967.2 19.85
1 558 103.2 225 24.2 51.2 66.7 965.5 21.42
680 18.0 17.1 18.7 73.1 75.7 964.1 6.01
653 33.2 26.6 24.8 54.3 63.0 965.7 19.86
2 611 70.7 21.4 214 49.6 57.0 972.5 19.31
606 88.7 14.0 20.0 57.3 58.4 968.4 9.31
559 120.0 12.1 19.6 84.5 64.1 961.8 7.92
676 25.0 0.4 19.2 68.6 75.7 966.8 1.03
599 49.6 0.5 21.1 94.0 64.2 943.2 1.70
1 576 73.3 10.2 17.2 47.1 52.2 968.8 1.70
536 97.3 17.1 21.0 31.3 449 967.5 19.80
» 533 102.9 22.5 25.0 51.2 60.4 965.7 21.39
680 21.0 17.1 171 73.1 77.6 965.8 6.20
659 35.2 26.6 254 54.3 66.1 965.8 19.80
2 630 64.7 214 21.7 49.6 58.5 972.5 15.33
606 94.7 14.0 19.9 57.3 57.3 968.5 9.81
545 112.0 12.1 17.3 84.5 69.9 961.8 7.95

3.2. Results of NH3 Emissions Values

The resulting calculated NH; emissions values for both monitoring groups are presented
in Tables 5 and 6. They have listed different breeding and feed technologies, including the
feed additives used and their percentage of effectiveness in reducing NH3 emissions.
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Table 5. Results of the calculated NHj3 emission from the first approach monitoring.

Districts Weight (kg) Date of Measurement NH; Emissions (kg NH;3-animal ~1.year—1)
s g 1o 100 10-11 February 1.92 £0.01
Jindfichitv Hradec 90 9-10 May 1.00 + 0.04
. 102 14-15 February 1.75 + 0.04
Tabor (Farm No. 1) 102 4-5 September 351 +0.03
Tabor (Farm No. 2) 90 34 July 2.03 £ 0.08
Pfibram 91 13-14 September 1.45£0.03

Table 6. Results of the calculation of NH3 emission from the second approach monitoring.

Calculated NH3; Emission

Section  Breeding No. of Weight of Date of According to BREF IRpp ~ Vieasured NH; Emission
Cycle Measurement Pigs (kg) Measurements e NEL ——— )
g NHj-animal 1 -year

Al 25.0 8-9 February 0.18 £ 0.02

A2 51.0 6-7 March 0.13 £ 0.01

1 A3 75.1 5-6 April 0.18 4+ 0.03

A4 99.3 7-8 May 0.77 £ 0.04

1 A5 103.2 31 May-1 June 0.91 + 0.02 0.67 £ 0.02
A6 18.0 11-12 June 0.71 £ 0.03

A7 332 8-9 August 1.67 £ 0.03

A8 70.7 11-12 September 1.71 £ 0.03

2 A9 88.7 16-17 October 222 +0.02

Al0 120.0 6-7 November 1.06 £ 0.02

All 25.0 8-9 February 0.21 +0.02

A12 49.6 6-7 March 0.22 +0.02

1 Al3 73.3 5-6 April 0.23 +£0.03

Al4 97.3 7-8 May 1.35 £ 0.04

2 Al5 102.9 31 May-1 June 1.03 + 0.03 1.49 £ 0.02
Alé6 21.0 11-12 June 0.65 + 0.03

Al7 35.2 8-9 August 3.10 = 0.04

2 A18 64.7 11-12 September 1.93 £0.03

A19 94.7 16-17 October 212 +0.03

A20 112.0 6-7 November 1.49 £ 0.02

The measurements of NH3 emissions during the breeding cycle in the Ceské Bud&jovice
district from fattening pigs have been investigated too. The investigation was performed
for two breeding cycles in one section and two breeding cycles in the second section. For
each breeding cycle, the measurements of five repetitions were performed. The first fat-
tening cycle occurred between February and June; the second one was between June and
November. A total of 20 measurements were taken here, monitoring fattening pigs in two
breeding sections. The authors managed to monitor two complete fattening cycles in each
breeding section. For experimental reasons, the number of measurements was overesti-
mated compared with the above-mentioned methodology. Otherwise, three measurements
for each breeding cycle would have been sufficient.

To calculate the NHj3 emissions in accordance with the BREF IRPP [17] and BAT
conclusions under Directive 2010/75/EU [22] methodology, regarding Section 1, the first
three measurements from the first breeding cycle (No. Al, A2, A3) and the last three
measurements from the second breeding cycle (No. A8, A9, A10) were used. A similar
procedure was followed for Section 2.

4. Discussion

To determine NHj emissions from intensive livestock breeding, methodologies have
been developed to estimate these emissions based on the data from the operating conditions.
In general, NH3 emissions can be determined by calculation from measurements of the
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internal NH3 concentration in the breeding house, emission factors, or using a mass balance
based on the total nitrogen.

In the Czech Republic, emission factors are mainly used to determine NH3 emissions.
This approach is popular because of its financial and time-saving benefits. The emission
factors are set out in the national protocol [24]. For our analysis, we will only use an emis-
sion factor that considers the air emissions from the stables (3.2 kg NH;-animal ~!-year—1).
Technologies used to reduce NH3; emissions are also considered; therefore, this value will
be reduced by the BAT used. The farmer can use a combination of BAT reducing emissions
from the housing system. Since the exact effect level of more reducing BATs cannot be
determined, only the one with the higher reducing effect is counted in the calculation.

Table 7 shows that the emission factors are set for farming conditions that do not use
any BAT. Therefore, it is advantageous for the farmers to reduce the calculated emissions by
the efficiency of the most efficient BAT. It can also be seen that even if some NHj3 emission
values exceed the stated value of emission factor of 3.2 kg NHz.animal ~!-year~! during
monitoring, this value is overestimated in terms of the evolution of emissions over the
entire breeding period. Exceedances occur mainly at the end of the fattening period in
the summer months. From a theoretical point of view, it is clear that combining BAT
for housing and feeding results in more significant emission reductions than farmers can
account for in the final calculations, where they can only apply a percentage reduction
for the more efficient BAT. Estimating realistic emission reductions using BAT for feed
is challenging, as farmers combine different feed additives with varying effectiveness in
reducing NHj3 emissions.

Table 7. Determination of NH; emissions (kg NHj-animal~!-year—!) calculation by measuring in
comparison with estimation by emission factors.

NHj; Emissions Calculation = NHj3; Emissions Calculation Emission Factor . ..
A . . . Estimated Reduced Emissions
Districts by Measuring by Measuring for Housing — Feed Additives
—First Approach —Second Approach —Third Approach
e 1o 1.92 +£0.01 - 3.2
Jindtichtiv Hradec 1.00 + 0.04 ) 32 1.76-2.46
Téabor 1.75 £ 0.04 - 32
(Farm No. 1) 351+ 0.03 - 3.2 1.66-1.95
Tébor
(Farm No. 2) 2.03 £+ 0.08 - 3.2 2.46-2.50
Piibram 1.45 £ 0.03 - 32 2.27-2.50
Ceské Budgjovice
(Section 1) - 0.91 £ 0.02 32
P — 1.66-2.46
Ceské Budgjovice B 1.03 + 0.03 32

(Section 2)

It depends on each EU member’s approach whether it will be used to determine NHj3
emissions based on emission factors derived according to a national or an international
protocol [23,26]. In general, it would be advisable to update the established emission
factors at the national level in order to refine the overall estimate of emissions, even if this
is time-consuming and costly [27].

Table 7 and, respectively, Figures 1 and 2, also show that it is more objective to use
BREF IRPP [17] and BAT conclusions under Directive 2010/75/EU [22] methodology to
determine NHj3 emissions (six sampling days over the growing season). One measurement,
for example, taken at the start of the fattening period in colder conditions, may be quite
different from a measurement taken in summer weather. These differences may become
more pronounced with the length of the fattening period. Interestingly, even breeding
sections in one breeding building with similar microclimatic conditions and identical breed-
ing and fattening technology show differences in NHj3 emissions. From Figures 1 and 2,
the breeding houses are labeled A4/A14, A5/A15, A7/A17, and A10/A20. On detailed
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examination, it was found that the internal conditions were at the limit of moderate thermal
stress when measurements A4/A14, A5/A15, and A7/A17 were made. This may have
caused each group of pigs to react differently to this phenomenon, and, therefore, such
different values may have been measured.

A2 | A12 A3 | A13 Ad | A4 AS | A1S

m Section #1  m Section #2 - Limit

Figure 1. NH3 emissions between February and June in 1st breeding cycle.

AG | Al6

A7 | A7 AS | A18 A9 | A19 A10 | A20

W Section #1  m Section #2 = Limit

Figure 2. NHj emissions between June and November in 2nd breeding cycle.

According to [28], NH;3 emissions from confined livestock buildings used for fattening
pigs production are expected to increase by about 15% to 20% due to the increasing
temperature. Our study has also shown that climatic and microclimatic conditions can
affect NH3 emissions, particularly the values from monitoring whole fattening cycles
shown in Figures 1 and 2. Since the monitoring of the breeding cycle was carried out in the
February to June period and the second breeding cycle in the June to November period,
these values can be considered conclusive and attribute a non-negligible influence on the
production of NH;3 emissions to the time of the year.
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The above aspects support the approach of the BREF IRPP [17] and BAT conclusions
under Directive 2010/75/EU [22] methodology, according to which half of the measure-
ments should be taken during the first and the other half during the second phase of the
breeding cycle and still be planned throughout the year. There have been many studies
on this issue that have aimed to optimize the monitoring process, see [23,29-31], and are
based on the following assumptions.

The method of intermittent measurements from establishing a model for determination
of NHj3 emissions from fattening pigs. This model entered data from twelve measurements
taken from the entire fattening period. Maximum model error of 10% was determined
between simulated and measured NHj emissions [30].

5. Conclusions

Nowadays, the determination of NHj emissions from livestock farms is a topical issue
due to the reduction efforts. Large-scale farmers in the Czech Republic are obliged to
estimate these emissions annually and report them to the competent authority. In particular,
the following are used to determine their estimation by using emission factors, because it is
a very simple and inexpensive method, but as our study confirms, also inaccurate.

Another option that was tested in our study is to use calculation by measuring the NH3
concentration. This option is costly and time-consuming but the most accurate. However,
as we argue in our study, it should be implemented following BREF IRPP [17] and BAT
conclusions under Directive 2010/75/EU [22]. When planning the measurements, it is
essential to reflect on the different fattening phases and the seasons. Experiments have
confirmed this theory, because taking measurements only in a specific part of the fattening
cycle or only in a particular season can significantly distort the result.

The results of the study that indicate emission factors for determining NHz emissions
from the housing may be overestimated. The Czech Republic is currently reviewing these
emission factors to refine these calculations. As breeding feeding practices relating to the
conversion of nutrients by animals continue to be modernized, it may be that these emission
factors do not correspond to reality. Experience shows that each country should have its
emission factors due to the different breeding technologies used, climatic conditions, and
pig breeds and hybrids. Together with efforts to update them, this should ensure that
NH; emissions are estimated as accurately as possible. It is also challenging to consider a
more significant number of BAT when estimating NH3 emissions, where only BAT with the
highest efficiency in reducing NH;3 emissions was considered in the calculations. However,
it is assumed that other BAT also contributes to their elimination somehow. Unfortunately,
there are so many variables influencing the production of NHj3 emissions that it is difficult
to investigate this issue more experimentally.

An approach that could improve the accuracy of statistical data on emissions production
from intensive livestock farms covered by the IPPC is the refinement of emission factors by
individual countries, which is widespread for determining these monitored emissions.
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Abstract: The control of climatic conditions where cattle are kept is one of the challenges in the
livestock sector regarding the digital automation of the process. (1) Background: The main purpose
of this study is to define the optimal foundations for automatic climatic systems in organic and
energy-sustainable livestock production. In particular, the following components are suggested:
(a) the determination of current deviations and interdependency between factors; (b) an algorithm
for defining the possible sources of regulation; (c) the ranking approach of the optimal sequence of
possible sources; and (d) ensuring transparency and coordination of the model with organic and
energy certificates. (2) Methods: This investigation accumulates information on the characteristics of
the main microclimatic parameters and simulates their possible combinations in a livestock building
in Poland within 24 h of a spring day. A few indices are considered that signal the impact on the
thermal comfort of cattle based on the example of recommended measures for the Angus steer
genotype. (3) Results: The proposed transparent algorithm is designed for selecting and ranking
potential sources of microclimate control according to three criteria. (4) Conclusions: This paper
potentially contributes to determining the most optimal digital algorithm for managing microclimate
conditions to ensure acceptable comfort for animals, meeting the requirements of organic certification
with minimum costs of production, and switching to sustainable types of energy with consideration
of technologies’ efficiency. The algorithm is scalable and adjustable to the individual conditions of
any livestock premise with a digitally controlled environment.

Keywords: algorithm for automatic microclimate; choosing sources of microclimate regulation;
controlled environment for livestock; organic livestock production; energy-sustainable agricultural
production

1. Introduction

The importance of establishing a favorable microclimate on farms has been described
by many authors in the scientific literature. For example, it has been calculated that 20%
calf mortality reduces profitability by 60% [1-3], and establishing a stable microclimate
is an important factor in reducing calf mortality [4]. Furthermore, breeding of livestock
in climatically comfortable conditions is essential for maintaining good health of the
animals [5].

Microclimatic parameters inside livestock buildings are divided into three basic cat-
egories: the physical (i.e., temperature, including radiation heat (°C); relative humidity
of the air (%); illumination (Lx); air-exchange rate (m3-h~1); and air velocity (m-s71)), the
chemical (i.e., contents of gases in air, such as Oy (%); CO,, NH3, HS, and CO (ppm); and
organic dust (mg xm~2)), and the biological (i.e., pathogens and parasites). Microclimate
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control in a livestock building should be considered as a complex holistic mechanism
consisting of microclimatic parameters considering species, life stage, genetic potential,
and nutritional period in order to create favorable health conditions for the breeding and
fertility of the housed animals. Significantly, on average, when animals are kept in livestock
housing, it is too hot 27% of the time and too cold 17% of the time [6].

Among the accumulated knowledge in the literature, there are quite a number of
approaches to analyze strategies for modeling the management of the microclimate in
livestock buildings. For example, humidity balance and heat-exchange models are used
to simulate and analyze the microclimate conditions in animal and poultry housing in
current research [7], and recent studies [8,9] have used sensible heat balance justification
models. However, [7] states that in the most frequently ventilated periods, predictions of
indoor temperature are extremely difficult. Moreover, inaccurate predictions of relative
humidity are observed in stables when the indoor air mixes with the external air during
the natural ventilation process. Another recent study [10] claims that due to the lack of
quantitative studies it is difficult for livestock managers to select system configurations
with multiple measures of microclimate control; thus, regulations are mostly based on
random and probabilistic decisions.

In general, there are two recognized basic methods of modeling the regulation of
microclimate in agricultural premises [11]. The first method is called black-box simulation,
which is based on the analysis of cause-and-effect relationships between input and output
data. This method is built on intelligent algorithms such as neural network systems [12],
support-vector models [13], and others. However, black-box modeling has a number of
disadvantages, such as weak universality in practice and poor justification of the physical
parameters in processes. The second method is called mechanism modeling, to which the
proposed approach belongs, which ranks sources by taking into account physical laws and
relationships. Numerous studies have utilized this modeling method [14-18] considering
major energy balance and mass-exchange approaches. For example, a recent study [19] in-
vestigated the relationships between three basic parameters: indoor temperature, humidity,
and CO; concentration. It is difficult to find a model idea in the literature that combines
the “black box” and “mechanism” methods in one approach [20]. These approaches are
generally focused on physical processes and do not usually consider the severity of the
economic efficiency of energy sources, the criticality of the time spent, and sustainability
priorities in one algorithm. The latter includes the need to intensify the agricultural sector
in the use of renewable energy sources, which is in especially high demand due to the
changing political events on the European continent.

There exist various control strategies for enclosed animal buildings in the literature,
such as fuzzy decoupled control strategies—mainly for temperature and humidity [7,14]—
and logical reasoning for multiple and coupled environmental factors, as in the current
investigation.

Herein, the authors emphasize the importance of determining the cost-effectiveness
and sustainability of each available measure that represents a source of influence on a mi-
croclimatic parameter. Moreover, the scarcest information in the literature is the analysis of
time consumption in combination with the efficacy and sustainability of available measures
affecting microclimate. The objective of this research is to define the most optimal algo-
rithm for choosing and sequencing the measures or sources that affect the regulation of the
microclimatic parameters for possible future implementation in automatic climatic systems
for use in livestock buildings. In particular, the suggestions include the following: (1) the
determination of the current recommendations based on basic microclimatic parameters
and their interdependency in the general set of factors and indicators of thermal comfort;
(2) an algorithm for determining and approving the possible sources of regulation of the
deviated microclimatic values; and (3) an algorithm for making automatic decisions on the
optimal sequence of possible applied sources for regulating those values that have gone
beyond the recommended thresholds.
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1.1. Existing Recommendations for Basic Microclimatic Parameters

The following recommendations for basic microclimate parameters refer to the mainte-
nance of the Angus steer genotype, based on the findings of previous studies in the literature.

1.1.1. Temperature (Tp)

The temperature regime in a room is one of the fundamental factors of the microclimate.
An increase in temperature above 25 °C leads to a significant decrease in the milk production
of cattle [21-24]. When the ambient temperature reaches 30 °C, a cow produces an average
of 4 L less milk per day [25], and at 40 °C the milk yield dramatically drops by 50% [26] as
a result of heat stress. Furthermore, heat stress causes a general deterioration of animals’
health and welfare [27,28]. The most comfortable temperature, especially for lactating cows,
lies between +4 °C and +16 °C, depending on the air humidity [29]. In Finland, the lowest
critical temperatures for dairy cows are considered to be from —15 °C to —25 °C, depending
on the humidity and airflow speed [30]. According to Tarr [31], for every 1 °C drop below
the lowest critical temperature, an approximate 2% increase in energy supplementation is
required under a state of cold stress.

1.1.2. Relative Humidity (RH)

The recommended RH level for cattle is between 60% and 80% [26]. The optimal level
of RH for calves, lactating cows, and pigs is between 50% and 70% [30,32-34]. Higher
RH hinders heat dissipation from animals by evaporation from the skin, especially when
high relative humidity is accompanied by high temperatures that threaten overheating;
on the other hand, in winter, this causes overcooling and increases the animals’ energy
requirements while simultaneously prolonging the survival of pathogens attacking the
gastrointestinal and respiratory systems [35-37].

1.1.3. Air Velocity (v)

There are four main methods of heat removal: radiation, convection, evaporation,
and heat conduction [38-40]. Two of them—evaporative and convective cooling—directly
depend on the airflow speed. The airflow speed inside buildings should be kept within
the range 0.2-0.5 m xs~! [41-43]. In particular, the indoor airflow rate should not exceed
0.2 mxs~! in winter and 0.5 mxs~! in summer if the heat-exchange coefficient remains
in the range from 350 to 400 W-animal ! xh~! [43]. In contrast with the outdoor terms,
according to Wathes et al. [44], summer winds of as high as 7 m x s~ ! are not detrimental to

cows’ comfort, and the cooling effect starts to be sensitive from 1-2.5 mxs~1.

1.1.4. Air Exchange (Ventilation)

The rate of fresh air renewal is also an important parameter. Low renewability of fresh
air leads not only to a decrease in oxygen concentration and an increase in the concentrations
of harmful gases, but also to pollution through the development of pathogenic bacteria,
viruses, and fungi, leading to animal disease. According to Teye et al. [45], the microclimate
can be kept within recommended values during microclimatic experiments if the proper
air-exchange rate is provided, even in cases where the temperature or humidity level goes
beyond the optimum. Broom [46] stated that in winter the ventilation should provide
four full inside air (V) exchanges per hour (h) with fresh air, i.e., (4-V®)xh~! in a livestock
building and in a range of 40-60 full exchanges of fresh air in summer time—thus, a
maximum of (60 V3)xh~!. According to other standards for poultry production, the air-
exchange rate in cold periods should be 0.75 m3 xh~! per kg of live weight, and in warm
seasons it should be 5.0 m3-h~! per kg of live weight [47]. Ventilation rates can be estimated
by the CO; balance method.

1.1.5. Greenhouse Gases (GHG) and Dust Contents

Based on the requirements of the Ministry of Social Affairs and Health (2005) in
Finland [48], the acceptable concentration of harmful gases in animal buildings should
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not exceed the following thresholds: carbon dioxide (CO;) <3000 ppm) or <2 L (1) m—3
assessed as good-quality air inside a livestock building (while the normal atmospheric
concentration is 0.35 Lxm™3; acceptable air quality of 2-3 Lxm~2; >3 Lxm~3 is bad-
quality air [49-52]); ammonia (NH3) <10 ppm; hydrogen sulfide (H,S) <0.5 ppm; carbon
monoxide (CO) <5 ppm.

The dust content inside livestock buildings should be as low as possible. The accu-
mulation of dust should not exceed 120 mg xm~3 for 24 h or more than 50 mgxm~3 on
average throughout the year [53].

1.1.6. Illumination (Lx)

Gavan and Motorga [54] studied the positive effects of lighting on cattle and showed
an increase in milk yields by 2.2%. Dairy cows that have good lighting conditions for
16-18 h per day have 5-16% higher productivity and optimal feed consumption when all
other things are equal [55]. They distinguish two sources of light: natural and artificial.
The intensity level of direct sunlight is 100,000 Lx, but in cloudy conditions it is about
5000 Lx [56]. The recommended illumination level for a milking parlor is 540 Lx [57]. To
meet their basic physiological needs, animals require at least 100-160 Lx. According to
Dimov et al. [58], the highest level of light intensity was registered at 2360 Lx in the spring
season at midday milking in cow barns, while 78 Lx was the minimum level in the winter
at evening milking.

1.2. Interdependence of Microclimatic Parameters

For the subsequent analysis of microclimatic parameters, they should be viewed as
an interrelated set of data, since a change in one parameter invariably entails a change in
other parameters. These relationships are confirmed by positive or negative dependency,
or are insufficiently proven.

1.2.1. Temperature-Relative Humidity
Based on the following equation [59]:

RH ~ 100 — 5 x (T — Tgp) 1)

where T is the dry-bulb temperature and Ty, is the dew point temperature. If the RH is
higher than 50%, an increase in the temperature by 1 °C leads to a decrease of approximately
5% in the relative humidity level.

1.2.2. Temperature-O, Concentration
This relationship is described by the following ideal gas law [60]:

PXxV=nxRxT 2)

where P is the pressure (Pa), V is the volume (m?), n is the gas quantity (mol), T is the
temperature (K), R is the ideal gas constant (8.314 ] mol~!xK™1), and the amount of oxygen
(O3) in the atmosphere—assuming a dry (i.e., no water vapor) atmosphere—is 0.2095 kPa
O; per kPa air, or 20.95%. It follows that a 1 °C temperature increase from 20 °C results in a
0.0714% decrease in O, (0.341% x 0.2095 = 0.0714%).

1.2.3. Air Changes per Hour (Ventilation)—Air Velocity

The air changes per hour in buildings are typically calculated as follows [61]:
ACH = (3600 x S x v) x V! (3)

where S is the area of the ventilation openings in the building (m?), v is the average indoor
air velocity (m-s~1), and V is the volume of the premises (m?). Hence, it follows that there
is a positive relationship between the air-exchange rate and the average airflow speed in
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a building. The more air exchanged per hour, the higher the indoor airflow velocity, and
vice versa.

1.2.4. Airflow Rate (Ventilation)—Indoor Temperature

This relationship is explained by the heat transfer theory in kW and expressed as
shown in the following equation [62]:

Q=pXCXAX(T0ut_Tin) 4)

where p is the density of the air (kgom_g’) (1225 kgom_g' (ISA) at sea level and 15 °C), c is
the specific heat of the air (kJ-kg~! xK~!) (at normal atmospheric pressure of 1.013 bar, c is
equal to 1.006), A is the airflow rate through the ventilation system (m3 X s’l), Tout is the
outdoor air temperature (°C), and Tj, is the indoor air temperature (°C). Thus, the quantity
of heat accumulation or loss inside the livestock building mostly depends on the positive
relationship of the outside air temperature and the airflow rate (m3-s1).

1.2.5. Airflow Rate (Ventilation)—Indoor Relative Humidity
Based on the following equation [51]:

L=Ax p X (RHout - RHin) (5)

where L is the latent heat balance on humidity through the ventilation system, A is the air-
flow volume rate through the ventilation system (m3xs~1), p is the density of air (kgxm™3),
RHoyt is the outdoor relative humidity of air by mass in kilograms of water vapor per kilo-
gram of dry air (kg xkg 1), and RHj, is the indoor relative humidity (kgxkg~!). Hence, the
indoor humidity level tends to equalize with the outdoor level. The higher the ventilation
flow and air density, the faster this trend.

1.2.6. Airflow Rate (Ventilation)—Indoor CO, Concentration

This formula expresses the CO;, mass balance (C) as follows [6]:
C=Vx (COZOut - CO2in) (6)

where V is the volume flow (m? xs~1), COpoyt is the outdoor CO, concentration (L xm?),
and COyj, is the indoor CO, concentration (L xm?3). Likewise, the concentration of carbon
dioxide in the livestock building can be controlled by the flow rate of the fresh outdoor air
through the ventilation system.

1.3. Basic Indices for the Evaluation of Microclimate Conditions
1.3.1. Temperature-Humidity Index (THI)

The existing thresholds of temperature and humidity levels are closely interrelated
and cannot be seen as separate indicators when analyzing the thermal comfort of animals.
For example, at an ambient temperature of 26.7 °C and relative humidity of 25%, animals
do not experience heat stress and remain thermally comfortable. However, at the same
temperature but at 100% humidity, animals experience severe stress [63]. For another
example, at an ambient temperature of 28.9 °C and relative humidity of 60%, animals are at
risk of mild heat stress; however, at the same humidity and increased dry-bulb temperature
of 43.9 °C, animals are already at risk of death. Therefore, the temperature-humidity index
(THI; [64]) is used to reflect the level of thermal comfort based on ambient temperature and
relative humidity. The THI can be determined according to the following formula:

THI = (0.8 x T,) + [(RH/100) x (T4 — 14.4)] + 46.4 @)

where THI is the temperature-humidity index, T, is the ambient air temperature, and RH
is the relative humidity of the environment. Hence, the evaluation of the temperature—
humidity index is as follows [64]: <74 = no stress; 74-79 = mild stress; 79-84 = strong
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stress; >84 = very strong stress [65]. THI is the most accurate assessment of thermal
comfort [66,67] and can be used as a universal mean for the evaluation and prediction
of the milk productivity of dairy cows [24]. However, THI does not include the impacts
of overcooling, solar radiation, and airflow speed [68,69]. For example, for practical
purposes, the average solar intensity is calculated as 0.9 kW xm~2 on the Earth’s surface
under an angle from the sun’s rays close to 90° [70], which cannot be ignored in a heat
balance analysis. The overall basis for the success of the proposed formula is the relative
accessibility of its data for calculation, which can be obtained from ordinary meteorological
stations, such as ambient temperature and relative humidity. The data on the amounts of
heat emitted by animals, wind speed, and the amount and duration of precipitation are
usually not publicly available.

1.3.2. The Black Globe Temperature (BGT)

If animals are kept indoors under direct sunlight it creates additional solar radiation
intensity (W xm™2), and this impact can be more accurately assessed using the black globe
temperature (BGT) [71]. The model of BGT calculation as a linear equation is as follows:

BGT =0.01498-5SR + 1.184-T, — 0.0789-RH — 2.739 8)

where SR is the solar radiation (Wxm~2), T, is the dry-bulb ambient temperature (°C),
and RH is the relative humidity (%). The BGT is usually measured using a dark globe
thermometer; however, the intensity of solar radiation is practically measured at almost all
weather stations around the world. The data from these stations are thoroughly collected
and can be used for evaluating heat loads in microclimatic environments considering the
properties and features of analyzed livestock premises along with the shade characteristics
and the degree of sunlight filtration.

1.3.3. Heat Load Index (HLI) and Accumulated Heat Load (AHL)

An alternative index for analyzing thermal comfort of animals is the heat load index,
which also considers solar radiation and airflow velocity [72,73]. The HLI has two formulae
for determination, depending on whether the black globe temperature (BGT) is above or
below 25 °C [74], as follows:

If BGT > 25 °C, then HLI = 8.62 + (0.38 x RH) + (1.55 x BGT) — (0.5 x v) + e2*V  (9)

If BGT <25 °C, then HLI = 1.3 x BGT + 0.28 x RH — v + 10.66 (10)

where RH is the relative humidity (%) (decimal form), BGT is the black globe temperature
(°C), v is the airflow velocity (mxs~!)and e is an exponential—the base of the natural
logarithm—which is approximately equal to 2.71828 [75]. If the HLI exceeds the threshold of
86, the animals will gain heat; if the HLI falls below 77, then the animals lose heat. However,
these thresholds are quite genotype-specific and are also affected by management factors
such as access to shade, drinking water temperature, or the general health of the animal [76].
In a case where the mean HLI is within the range of 77-86, it is accepted that the animals
are in a heat load balance (HLB) and the HLB equals 0. If the number exceeds the upper
threshold of 86, the HLB rises to +1. HLB can be used to assess the cumulative effect of
heat load over a longer time—e.g., 24 h—through the accumulative heat load units (AHLU).
The AHLU is based on the body’s ability to accumulate heat, and vice versa, having a long
cooling impact, which the body requires for thermal compensation. Long-term stay outside
the optimal threshold values leads to changes in the biological state of animals, including
parameters such as body temperature, respiration rate, panting score, and heart rate. The
AHLU is measured as follows:

[AHLU]day = Z[HLB]n, where n—the meaning of each hour (11
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1.4. Transparency with Socially Significant Data
1.4.1. Organic Certification

Industry guidelines and organic certification requirements clearly indicate the critical
need for protection from extreme weather conditions, mitigation of the effects of thermal
stress, and ensuring a comfortable environment for animals. However, these regulations
are not consistent in providing specific microclimatic parameters and recommended indi-
cators [77,78]. For example, the basic document on organic production—Regulation (EU)
2018/848, p. 44 [79]—promotes the implementation of the best environmental and climate
action practices ensuring that the behavioral needs of the animals are met, along with a
high level of animal welfare in general, describing the best practices in management in
more detail (e.g., pain mitigation, access to outdoor space and drinking water, manure
management, and shade provision) [80]. However, the bio-certification system has been
actively developing, and the obtained digital data from the production sites can be effec-
tively processed to determine the possible risks of non-compliance with a certain level of
climatic comfort for animals. According to a recent study [81], microclimate data from sites
of agricultural production can be sent to socially accessible platforms, where risks can be
carefully evaluated and processed by a certification body (CB). The present study takes this
operational function into account in the proposed algorithm.

1.4.2. Sustainable Energy

Our review indicates the total dependency on and domination of fossil fuels in live-
stock production in Europe [82]. Today, a sound strategy for climate control in agricultural
buildings is hard to imagine without taking into account the type of energy source, along
with its impact on the environment, renewability, greenhouse gas emissions, waste disposal,
and affordability. The choice of energy source—for instance, burning hydrocarbons for heat-
ing rooms in winter—should not be guided only by availability and economic feasibility in
the short-term, but should be analyzed from all major perspectives, including the long-term
resilience and sustainability of the energy source. For example, agriculture is responsi-
ble for 10.3% of the EU’s greenhouse gas emissions, and up to 81% of those come from
the livestock sector [83,84]. Looking towards 2050, the European Commission’s strategic
long-term objective [85,86] illustrates the contributions that energy efficiency—including
in agriculture—can make towards achieving climate neutrality. In September 2020, the
European Commission proposed significantly reducing net greenhouse gas emissions by at
least 55% by 2030 compared with 1990. Thus, the shares of electricity, heating, and cooling
in livestock premises provided by renewables will help meet the overall EU target, and
must be considered in unifying algorithms of microclimate regulation. For example, there
are proposals to create energy sources from manure for biogas production [87] and from
post-fermentation products for granulated organic fertilizer with anaerobic digesters [88].

In particular, based on life-cycle assessment and analytical hierarchy models [89]
for determining the best type of renewable energy for rural areas, it was established that
solar energy scored the highest priority weight of 0.299, followed by mini-hydro energy,
biomass, and wind energy sources, with scores of 0.271, 0.230, and 0.200, respectively.
Another investigation [90] demonstrated the ranking of energy alternatives using a fuzzy
weighted aggregated sum product assessment and integrated best-worst method approach,
where solar energy was defined as the most prioritized source (0.81), followed by wind
energy (0.79), biomass energy (0.66), and hydro power (0.64) which ranked 2nd, 3rd, and
4th, respectively. This approach produces a ranking of energy sources (solar PV, hydro,
wind, biomass, geothermal) depending on the priority of different scenarios under the
main factors, which are financial, technical, environmental, social, or equal [91]. Thus,
the optimal algorithm of microclimate regulation should be based on the actual needs of
society and the energy potential of the region, so that its main features can be digitally
transparent for certification organizations and territorial committees dealing with energy
development in the region, such as the Rural Electricity Resource Council in the USA
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(http:/ /rerc.org/aboutus.html; accessed on 20 September 2022). This sustainability feature
is also considered in the presented algorithm.

2. Materials and Methods
2.1. Interconnections between Parameters

It is possible to depict basic interconnections between microclimatic parameters and,
most importantly, to determine the main sources of regulation of each microclimatic pa-
rameter (Figure 1). Each parameter has proper measures of impact. For example, the
temperature can be regulated with special equipment (T7) (e.g., heaters, air coolers, radia-
tors, etc.), ventilation (T5), illumination (T3) (from emitted heat), and solar radiation (SR)
(i.e., direct sunlight or shade).

Collecting data for microclimate regulation
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Figure 1. Interrelation between microclimatic parameters and indices.

In particular, T; generates heating or cooling via precise mechanical methods such as
turbine bypass, biomass boilers, oil boilers, combined heat, power plants, and other coolers
and heaters. In turn, Hj is the source of mechanical regulation where the relative humidity
can be tuned mechanically—for example, with driers or humidifiers.

Data collected for microclimate regulation are intended to be accessed by public and or-
ganic certification bodies and integrated with Internet-of-things-based real-time monitoring
systems based on cloud platforms [92] or edge-distributed computer systems [93].

2.2. Marginal Costs for Sources

Marginal costs (MCs) reflect the cost (for instance, in EUR) for the last necessary unit
of microclimatic parameter change, and are expressed as follows:
MC = (A(Total costs))/(A(Q)) (12)

where Q is a unit of measurement for a definite microclimatic parameter. In order to have
the opportunity to compare all influencing sources in terms of the different conditions of the
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buildings and the environment, it makes sense to compare them by operating performances
of a common value A(Q) of the factor and its changes with the changing environment.

2.2.1. Temperature

There are 4 common sources of temperature change: T; (mechanical impact, e.g.,
heaters, convectors), T, (ventilation), T3 (illumination), and SR (regulation of solar radi-
ation). The intensity and performance of these sources can be described by the quantity
of emitted heating power (kW) per hour (AkW xh~1). This is the common value for the
determination of the cost for a unit change under existing ambient conditions. There is also
a definite marginal cost for providing each kW per hour for each of the influencing sources
under the existing terms. The level of the marginal costs (MCs) is highly dependent on
the applied technology and can be provided by the technology provider or, alternatively,
figured out via the appropriate calculations. It follows that the lower the MC per kW of
heat energy under the given microclimatic conditions, the more preferable source is for the
application. This is prioritized over other sources that of temperature change.

2.2.2. Humidity

For humidity changes, there are 3 widely applied basic measures: H; (mechanical
impact, e.g., dryers, humidifiers, etc.), H, (indoor temperature/BGT), and Hj (ventilation).
Similarly to the factors influencing the temperature, the humidity is characterized by a
quantity of absorbed or emitted moisture in liters per hour (Lxh~1!), giving the opportunity
to rank the sources based on their economic advantage. The general approach is that the
lower the cost of a change in each unit (Lxh™!), the higher the priority the source is given
when the final decision is made.

2.2.3. Airflow Rate

The ventilation is the only microclimatic parameter that can be regulated directly
with only a technical solution. It has no direct influencing microclimatic parameters, and
its economic efficiency is regulated within the applied technical solutions in a premise.
Possible technical solutions are measured by the cost for a change of 1 m3xs~1.

2.2.4. Airflow Velocity

The speed of airflow can be measured in mxs~!. It can be adjusted with AV; (mechan-
ical impact, e.g., air ventilators) and AV, (ventilation). The common measure to compare

all determinants for airflow velocity is assessing their costs per Am-s~1.

2.2.5. Illumination

The level of illumination can be regulated via two methods: natural solar radiation,
and artificial lighting. The comparative unit for both methods is expressed in absolute
values of ALxxh~1.

2.2.6. Oxygen and Greenhouse Gases

The content of useful oxygen is expressed as a percentage of the air volume; therefore, any
sources of an increase in concentration are also expressed in A% xmin~!. However, the content
of harmful gases is expressed in parts per million (ppm) (or milligrams per liter (mgxL~1) in
the metric system) since they have a harmful effect on animals in much lower concentrations

and therefore any sources of reduction in concentration are expressed in Appm xmin~!.

2.2.7. Assuming Zero Marginal Cost

In the event that a change in a source depends on a one-time impact, it is assumed
that the marginal cost of changing such a source is zero, since they are short-term and
one-time in action, and the costs per unit of the variable parameter are extremely low and
difficult to calculate accurately. For example, obscured sunlight could be such a source,
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which can reduce the level of solar radiation or open technical holes for more intensive
natural ventilation (NV).

2.3. The Basic Approaches for the Digital Algorithm

Table 1 shows how definite influencing sources (Xn) affect the other microclimatic
parameters and how the different influencing sources for one parameter are compared and
ranked for the algorithm.

Table 1. Two basic sequential approaches for digital algorithms for automatic climate regulation.

] Source of Unit of 1 2
Determinant Change (Xn) Comparison (Xn) Change in Dependent Marginal Cost per Unit Change
Parameters Y (Unit) (MC), EUR
T, Humidity (%) fatc ( Wen-! )
Temperature, Hgmidityﬁ(l%) ; airflow .
°C T, KWixh-1 velocity (m-s™"), oxygen (%), famc ( S(Weh! )
greenhouse gases (ppm)
T3 Humidity (%) futc ( Sawen-! )
SR Humidity (%) SR(kWt-h’l )~ 0
o " fue (Hiun)
H n/d
Humidity, % 2 Lxh-1 fmc ( 2(Lh! ))

Temperature (°C), airflow
H3/NV velocity (m-sfl), oxygen (%), fmc (H3(L»h*1)> /NV(L-hfl) =0
greenhouse gases (ppm);

Temperature (°C), humidity
(%), airflow velocity (m-s™T),  fuuc (AFRy(mas1) ) /NV(gst

AFRq %) h
Airflow rate, - oxygen (%), greenhouse =0
m3xs—1 m° xs gases (ppm)
Temperature (°C), humidity
AFR, (%), oxygen (%), greenhouse fme (AF RZ(m3-s*1)>
gases (ppm)
Airflow rate (m3-s~1),
temperature (°C), humidity
AV -
Airflow velocity, ! B (%), oxygen (%), greenhouse fmc (Avl(m's 1))
mxs—1 mxs gases (ppm)
Temperature (°C), humidity
AV, (%), oxygen (%), greenhouse fmc ( AV (51 )>
gases (ppm);
o L Temperature (°C), humidity fmc (Il(L -mi 71)>
Mlumination, Lx Lxxmin~! ) 4 ux-min
SR SR (Luxemin-1) = 0
O1 n/d fme <O1(1%)>
Oxygen, % % Temperature (°C), humidity
0, (%), airflow velocity (m-s~1), Fmc <02 1% > /NV(q9) — 0
greenhouse gases (ppm)
GHG1 n/d fumc (c HGl(ppm>)
Greenhouse gases ppm Temperature (°C), humidity
GHG2 (%), airflow velocity (m-s~1), fuc (GHG2 (ppm) > /NV(1 ppm)

oxygen (%) —0
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Wherever resources are used with a subsequent impact on temperature or humidity,

there is an effect on the THI, HLI, and AHL indices. Where there is only a change in
temperature and/or humidity, there is only an effect on the THI index. If one of the
microclimatic parameters is outside of the accepted values, it should be regulated. The
source of the regulation is chosen by the developed algorithm, which is capable of making
the optimal decisions considering two factors:

The first is the expected changes in dependent values. These values include both
microclimatic parameters and indices. They should also be predicted in terms of
acceptable values;

The second condition is the marginal cost for a unit change of a required parameter
caused by a definite source (X;), measured in monetary value—fmc Knunit ™ 1);

Hence, the algorithm can be represented in three interrelated principles:

Approval: At first, the algorithm accepts or denies the application of each particular
source that is able to change the required microclimatic parameter(s). The model
predicts potential changes in the dependent meanings of other parameters or indices
(based on the formulae in Table 1) and, in fact, allows or forbids them using a specific
source to correct the required parameter. For example, if it is necessary to reach T
(°C) = Tcurrent + 1, it is theoretically possible to use relevant measures {Ty; Tp; T3; SR}
or their combinations. However, it is acceptable to use each source of impact only
if the expected dependent indicators will be within the acceptable range of values.
In addition, the simultaneous use of some measures of influence may be highly
undesirable or ineffective, even when they are all recommended by set equations. The
direction of influence (increase 1 or decrease ) on the climatic parameter is also taken
into account. The compatibility depends on the applied solutions and technologies,
but in most cases the patterns are the same. For example, there are some combinations
of applied measures that contradict one another despite all being recommended by
natural formulae. For example, the sources O; and O, or AFR; and GHG; in one-way
changes such as “increase-increase” or “decrease-decrease”, or the sources SR and I; or
H; and H, in reverse directions such as “increase-decrease” and “decrease-increase”.
Marginality: The main sorting of sources influencing the required microclimatic pa-
rameters considers the difference in the marginal costs of potential sources for chang-
ing the last unit of a given parameter and can be expressed as if fmc (Xy(iast unit_l))
= MCmin when the source Xy ast unit’l) is the first source for processing among
the already-approved sources. Furthermore, each approved source usually has one
or more technologies or solutions. For example, there are several potential sources
[Ty, Ty, T3, SR] to change the indoor temperature in a livestock building—in particular,
the source T; (mechanical impact) has several alternative technologies of application,
such as turbine bypass, biomass boilers, oil boilers, or combined heat and power
plants. These sources can operate in different combinations in order to meet dynamic
heat or cooling requirements under different weather conditions, as the energy costs
are different between technologies. All marginal costs for technologies should be com-
pared with relevant costs of alternative technologies in all other approved measures.
In addition, the technologies can be applied either individually or in combination
with others to achieve a symbiotic effect with regard to time and monetary costs. This
implies that all possible MCs and their combinations should be calculated and ranked
by MCmin.

Transparency: A microclimate control model is bilateral and has an information
connection with public organizations such as organic certification bodies. This is
a fundamental difference from other similar algorithms. Algorithm data synchro-
nization is performed in two independent stages: (1) Collection of data from sensors
(e.g., T, H, AV, AFR, I, SR, Oy, GHG) and calculation of indicators of animal climate
comfort (i.e., THI, HLI, and AHL), which are regularly and automatically sent to
a secure platform to which a relevant bio-certification body has access. Based on
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these data, it is possible to determine the risk of climatic discomfort of animals with
high accuracy which, in turn, enables better control of animal welfare for organic
production. (2) Reporting to a bio-certification company or local committee of the
regulation and development of sustainable energy in the region regarding the extent
and proportions of the use of sustainable types of energy in animal production. All
involved energy costs are recorded as a single equivalent in kWh, along with the type
of energy used. This enables the competent authorities to determine the degree of
penetration of sustainable types of energy in a particular production system.

2.4. Conditions of Testing the Developed Algorithm and Assumptions

The indicators of a spring day (27 April 2013) in the average European climatic zone
were based on data derived from the recent study of Glusky et al. in 2019 [8] in a milk cattle
building in the town of Komarow (Poland). Some data were complemented and elaborated
by the authors to simulate brighter possible extreme conditions of the environment to
test the proposed algorithm. Temperature and humidity during a spring day fluctuated
significantly, meaning that the model experienced a variety of microclimatic influences with
deviations in different zones of climatic comfort. The table in Appendix A demonstrates
the basic microclimatic parameters and indices over the course of 24 h inside a livestock
building. The indices (i.e., THI, HLI, AHL, and HLB) are automatically calculated based on
the commonly accepted equations described in Section 1.3. The recommended values of
the recorded parameters are mentioned in Section 1.1. During the testing day, three critical
moments were identified (Appendix A), where one or more microclimatic parameters
and/or indices deviated from the recommended means for a particular animal (Angus
steer). Those were:

e  (03:00) A critical deviation of the HLI was detected, and the recommended values of
humidity and airflow velocity were exceeded;

e  (13:00) The THI index was exceeded. The BGT was within the critical values, but the
dry-bulb temperature and HLI were also outside the recommended values;

e  (21:00) The indicators of the HLI and the concentration of harmful gases turned out to
be unsatisfactory.

This algorithm is theoretical and requires fundamental experimental work. The
operation of the model involves some caveats and assumptions that should always be
taken into account. These assumptions include the following;:

e  The algorithm is presented for the example of keeping certain animals and can be used
for any other kind of livestock or poultry by substituting the corresponding values of
norms and recommendations, as shown in Section 1.1 of our example.

The internal airflow patterns are distributed evenly throughout the premises.
It is assumed that systems for cleaning animal waste products are working properly
and manure management does not allow the 50 mm layer to be exceeded.

e  The use of microclimatic parameters is recommended together with the use of hemato-
logical (bio) indicators of animals to accurately monitor their health and welfare.

e In case of any source being approved twice—for example, T2|—it is written to
strengthen the first recommendation as T2/}, T2]]|, T2} /]|, and so on.

e  The heat conduction from the floor Wx (mxK)~! is not considered as the integral part
of the whole temperature impact.

e  The marginal cost curve (fmc) for a source always depends on the level of applied
technology.

e  The time required for a unit change strongly depends on the given livestock conditions,
their characteristics, and the applied technologies of the energy sources.

3. Results
3.1. 03:00 Case

At the 3 a.m. time case, an extremely low level of the HLI with excessive levels of
humidity and airflow speed were observed (Table 2). Based on the HLI (Equation (10)), due
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to BGT < 25 °C increasing the HLI indicator to an acceptable level, there are opportunities
to increase the determinants of the direct dependent factors of BGT and relative humidity
or to reduce the factors negatively impacting the airflow velocity.

Table 2. Microclimatic conditions and indices at 03:00 (24 h).

Recommended Values Parameter/Index Data
4-16 Dry-bulb temperature, °C 7
4-16 Black globe temperature, °C 13
- Ambient temperature, °C 2
50-80 Humidity, % 82
- Outdoor humidity, % 67
<74 THI 46
0.2-0.5 Airflow velocity, m/s 15
77-86 HLI 49
- HLB —28
0 AHLU —64
10-150 (< 1000) Airflow rate, m3/h %1000 25
>20.95 Oxygen, O2% 21
<3 CO;, (NH3, H;S, CO), ppm. x1000 1.21
1-10 Illumination, Lx x100 1.2

In our particular case, it was not possible to increase the relative humidity as it
had already exceeded the maximum level, implying the need to gradually reduce the
current level. Despite the many possible practices of increasing humidity in the cattle
production during spring, we had to consider definite accepted values with a combination
of heat stress indices to reflect the most probable state of animal health. The factor of
negative interrelation with HLI is the airflow velocity (v), which is currently higher than the
recommended value and, therefore, needs to be decreased by AV, or AV; to prevent further
cooling of the animals (Table 3). The main factor affecting the index is the BGT determinant,
since it has the highest coefficient and weight in the formula. A change by one unit of
temperature would have a more significant effect on the index than an increase in humidity
or a decrease in the airflow speed, taking into account that the relative humidity is already
not recommended to be increased. Based on Figure 1, the determinants of BGT are Ty, T»,
T3, and SR. Thus, the process of automatic decision-making is presented in Tables 3 and 4.

Table 3. Determining factors for change.

Problem: HLI|
Required for correction BGT?T RH?T vl
Current compllan'ce with Norm 429’ 1 mxs]
recommendations
Confirmed actions BGT?T X vl

Legend: 1]—changing factor, increase (1) or decrease () in value.

Table 4 presents the required corrections for the biased mean HLI and the current
compliance of HLI determinants with the recommendations. Based on the conditions, the
following actions are necessary: increasing the BGT and decreasing the airflow velocity.
The relative humidity is not acceptable for higher values because it has already exceeded
the recognized norm; on the contrary, further reduction in this factor is recommended.
The next step (Table 4) is to determine the sequence of applying the sources. In turn, this
step can be further divided into the following actions: (1) breaking down each changing
factor by possible sources of impact; (2) checking the changes in the dependent parameters;
(3) approving the sources among the possible ones; (4) comparing the MC and the time
performance of the approved sources within each factor; and (5) ranking each source
by priority.
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Table 4. Making a sequence on applying sources for microclimate correction.
Factors BGT? vl
Possible measures: T Tt T371 SRT Hyl Hyl Hsl AVl AV,
Change in RHT, T|,RH|
dependent RH| AV, Oy, RH| SR? n/d =T1T AV}, 01, n/a =T, 1
parameters GHGT GHGJ
Approved sources T111 Tt T3t SR Hql X X AV1l) X
Marginal costs, -MC -MC
- MC (T MC (T 0 MC H
EUR/unit (T (T2)/0 (T3) (Hy) Wi (AVy) Wi
Sequence on 5 1 3 4 6 5

applied sources

Legend: 1]—changing factor, increase (1) or decrease (]) in value.

3.2. 13.00 Time Case

At the 13.00 time point case we observed an extreme BG temperature together with
exceeded THI (Table 5), as well as increased values of the temperature and the mean HLIL
The most critical value was the THI index, which approached dangerous levels.

Table 5. Microclimatic conditions and indices at 13:00.

Recommended Values Parameter/Index Data
4-16 Dry-bulb temperature, °C 30
4-16 Black globe temperature, °C 41
- Outdoor temperature, °C 19
50-80 Humidity, % 75
- Outdoor humidity, % 55
<74 THI 82
0.2-0.5 Airflow velocity, m/s 0.5
77-86 HLI 107
- HLB 21
0 AHLU —178
10-150 (x 1000) Airflow rate, m3/h x1000 84
>20.95 Oxygen, O2% 19.8
<3 CO; (NH3, HS, CO), ppm. x1000 2.35
1-10 Illumination, Lx x 100 18.4

Based on the THI (Equation (1)), a decrease in the determinants of direct dependence
T4 and RH (Table 6) was needed for reducing the index. In turn, for reducing the level of the
black globe temperature, it was also necessary to decrease both the dry-bulb temperature
and the solar radiation but increase the relative humidity in accordance with the BGT
(Formula (2)); however, recommendations for both factors relating to relative humidity
contradicted one another. Therefore, these changes in RH were not considered, while the
reductions in the solar radiation and the temperature were accepted (Table 6). The HLI
was also higher than required. Based on the HLI (Formula (3)) with BGT > 25 °C, it was
necessary to lower the BGT and the humidity levels along with a simultaneous increase in
the airflow speed. Decreasing the BGT coincides with the first issue of the increased BGT.
Thus, it is considered in the framework of the first issue.
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Table 6. Determining factors for change.

Problem: BGT? THIt Tt HLI}
For correction SR} Tal RH?T Tal RH} Tal BGT| RH| ot
Current o _
compliance with +16°C +14°C Norm +14°C Norm +14°C =SR1, Tal, Norm Norm
. (BGT) RH?T
recommendations
Pre-confirmation SR| Tal X Tal X Tal X X ot
Confirmed acts SR| Tal vt
Legend: 1]—changing factor, increase (1) or decrease (]) in value.

Table 7 reflects the process for determining the priority of applied sources in definite
microclimatic conditions recorded at 13.00. On the final sequence choice, they are ranked
according to the criteria of approval, marginality, compatibility and time per unit change.
There are also two distinguished zones of operation: within the critical (red) values of
functioning, and within the non-critical ones. In terms of non-critical means, the current
marginality is the primary factor of source application. Conversely, in the case of critical
values, this is the time per unit of change.

Table 7. Algorithm in a sequence for applying measures to regulate the microclimate.
Then for: SR} Tal vl
Possible sources SR| T4 Tl T3l AV 1T AVt
Change in
RHJ, AV?, 0,1, AFRT RH| AV} ~
dependent RH?T RH?T GHG| RH?T 0,1 GHG/ =T»|
parameters
Approved sources SR T14 Toll T3l AVt — Tol
Marginal costs, 0 (in case of
EUR/unit 0 MC (Ty) NV)/MC (T,) -MC (T3) MC (AV1)
Sequence of 1(2)—Ta,/, if NV or if n/d
1 3 MC (T) < MC (Ty); 4 5

applied sources

2(1)—T; 4, if MC (T;) < MC(T,)

Legend: 1]—changing factor, increase (1) or decrease (|) in value; -—match with (amplification).

Accordingly, natural ventilation (NV) is the first priority, since opening vent holes is an
inexpensive and relatively quick operation that provides cooling due to increased airflow
speed (AV;7), increases the oxygen level (O;1), and reduces of gas emissions (GHG]).
Forced cooling (T11) is the second priority as, despite its cost, it should reduce the means in
the danger zones significantly. The next priority is shading from solar radiation, considering
the marginality and speed of reducing the heat load (W xm™2). Artificial lighting (T3) can
be quickly reduced. However, the dependence of this source on the total heat load is
rather insufficient or inapplicable. In case of insufficient cooling, forced ventilation (AV;1)
can also be applied. However, the recommendations for airflow velocity values may be
significantly exceeded in the 13.00 time case.

3.3. 21.00 Time Case

Regardless of the fact that the accumulated heat load unit index (AHLU) was at a large
negative value (Table 8), the current heat load index (HLI) exceeded the recommended
range. Meanwhile, the level of acceptable pollution by one of the types of harmful gases
was also exceeded.
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Table 8. Microclimatic conditions and indices at 21:00.

Recommended Values Parameter/Index 21:00
4-16 Dry-bulb temperature, °C 24
4-16 Black globe temperature, °C 34

- Outdoor temperature, °C 14
50-80 Humidity, % 74
- Outdoor humidity, % 61
<74 THI 73
0.2-15 Airflow velocity, m/s 0.7
77-86 HLI 94
- HLB 8
0 AHLU -22
10-150 (x 1000) Airflow rate, m3/h x1000 79
>20.95 Oxygen, O2% 20.5
<3 CO; (NH3s, HS, CO), ppm. x1000 3.1
1-10 Illumination, Lx x100 8.5

In the framework of the first approach (Table 9), general parameters for regulation
are defined.

Table 9. Determining factors for change in the 21.00 time case.

Problems: HLIt GHG?T

For correction BGT/] RHJ AV?T AFRT

Current compliance with recommendations +9°C Norm Norm Norm
Confirmed actions BGT| RH{ AV AFR?T

Legend: 1]—changing factor, increase (1) or decrease (]) in value.

As shown in Table 10, four sequential approaches were applied (approval, marginality,
compatibility, and timing) in the selection and ranking of the influencing sources of the
established climatic conditions. The source T, /NV (ventilation) was the most prioritized
for immediate changes, as it is complex and highly important in thermal regulation and
gas exchange, which were beyond the normal values. Reducing the level of artificial
illumination (T3) was ranked second in the list, as this type of impact reduces costs. The
SR source could also be applied first; however, it ended up ranking as the third most
recommended application because, although not negative, it had zero relative marginality
to a unit change. Practically speaking, it could be achieved via mechanical shading of the
sunlight. In the event of insufficient actions for parameter normalization, the next step is
forced ventilation (T, /), which can be used in conjunction with forced ventilation inside the
room and air dehumidifiers (ranked 5th and 6th in the recommended order, respectively).

Table 10. Algorithm in a sequence for applying sources to regulate the microclimate.

Then for: BGT| RH| ot AFRT
Possible sources SR} Tl Tol T3l Hil Hy| Hsl AV T AV, T AFR11 AFR21
Change in RHY, =T,| =Tyl =T,
dependent RH?T RH?T AVT Oy 1 RH?T n/d Tat =Hj| AFR?T =Hj| =Hj| =AV1
parameter s GHGJ =AV, T =AV,T =AV T
Approved sources SR| T4 Tolldd Tsd Hil X — Tl AV T — Tol — Tol — AV17T
. 0
Marginal costs, -MC MC MC
. 0 (NV)/MC
EUR/unit Wi (T») (T3) (Hy) n/d (AV1) i
Sequence on 3 1—T,l 6 5
applied sources 4—T,]

Legend: 1]—changing factor, increase (1) or decrease (|) in value; -—match with (amplification).
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4. Discussion

In all three cases, any of the microclimate parameters exceeding the recommended
ranges is a formal reason for automatic, digital notification to bio-certification bodies. These
organizations monitor compliance with organic regulations (Table 11).

Table 11. Causal relationships in the three considered cases.

Recommended Hour (0-23) Case
Parameter/Index Val
alues 3.00 13.00 21.00
Dry-bulb ’(c)emperature, 416 -
C
Black globeo 416 13 1
temperature, °C
Ambient toemperature, ) 5 19 14
C
Humidity, % 50-80 75 74
Outdoor humidity, % - 67 55 61
THI <74 46 82 73
Airflow velocity, 0.2-0.5 15 05 0.7
m-s
HLI 77-86 49
HLB - —28 21 8
AHLU 0 —64 —178 -22
: 3
Airflow rate, m*/h 4 155 (. 1000) 25 84 79
%1000
Oxygen, Oy% >20.95 21 19.8 20.5
CO, (NHs, F1,5, CO), <3 1.21 2.35
ppm. x1000
Illumination, 100 x Lx 1-1 1.2 18.4 8.5
o High-risk High-risk
Recognition threat threat Check
Unannounced  Unannounced Additional
inspection; inspection; regular
Response for CB * . § . § inspection;
listed among listed among listed amon
the 10% [18] the 10% [18] &

the 5% [18]

* Based on methods for organic certification bodies [79].

The main document the bio-certification bodies follow is EU organic regulation
2018/848 of 30 May 2018 [79], which is an evolving document of revised European Com-
mission Regulations 834/2007 and 889/2008. Thus, for the three cases (03:00; 13:00; 21:00),
the proper code notifications for going beyond the norm may be written as (HLI — 7(r);
H + 2(y); Av + 1(y)), (BGT + 25(r); THI + 8(r); Tdb + 14(y); HLI + 21(y)), and (HLI + 8(y);
GHG + 100(y)), respectively, where (y) is a warning with a relatively low risk in the short
term, while (r) is a current high-risk threat. One r-notification is a reason for immediate
regulatory action, which automatically triggers an unannounced inspection. Lower risk
levels may cause additional regular inspections in accordance with EU legislation [79].

Based on the results of the analysis, it is necessary to discuss the next point. Table 12
summarizes the sources for balancing microclimatic factors according to the recommen-
dations. It is noteworthy that in all three cases, the highest-priority factor of regulation
is the temperature, which is primarily regulated by the source of ventilation (T5), i.e., air
exchange with the outside air.
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Table 12. Sources of microclimate regulation and their justified sequences in the observed cases.

3:00-Case
Source SRT T Tyt T3T Hil AVl
Sequence 4 5 1 3 6 2
13.00-Case
Source SR| T} Tl T3l « AVt
Sequence 3 1(2) 2(1) 4 5
21.00-Case
Source SR} « JPNARRG Ts) Hyl AVt
Sequence 3 1(4) 2 6 5

Legend: 1]—changing factor, increase (1) or decrease (] ) in value.

Thus, the efficiency and optimality of microclimate regulation in the first place is
directly dependent on the ventilation technology used in the livestock building. This is
generally supported by other studies [94,95] and, in turn, indicates the correctness of the
proposed technology.

However, there is another point of discussion. Despite a functioning algorithm, the
impact on any of the climatic factors does not necessary indicate the type of energy applied
(i-e., fossil fuels or renewable sources) or the sustainability of the consumed energy (i.e.,
energy system and manageable side effects) in the regulation of the microclimate. Based
on an equal-weight scenario for financial, technical, environmental, and social criteria [91],
an appropriate rank of the best energy alternatives was suggested as follows: (1) solar PV;
(2) hydro; (3) wind; (4) geothermal; (5) biomass. However, each regional authority—such
as the Rural Electricity Resource Council (http:/ /rerc.org/aboutus.html; accessed on 20
September 2022)—could prioritize its own rankings based on the features of a region.
Moreover, since ventilation (T;), for example, can be natural or forced /mechanical (https:
/ /farm-energy.extension.org/ventilation-and-cooling-systems-for-animal-housing/; ac-
cessed on 20 September 2022) [96], the regulation is usually associated with mechanical
methods and implemented mostly using electrical energy in animal housing [97,98]. How-
ever, the energy sustainability of mechanical ventilation also depends on the technology
itself. Therefore, it is recommended to use the qualitative parameter of efficiency in tech-
nology with the ventilating efficiency ratio (VER) (m3xh~!xW~1) [99], where the higher
the ratio the more efficiently a fan uses electricity. Thus, it is possible to create a subscale
of enterprises according to these two factors (local priority of rank list and VER data of
productions) for future organic certification and energy certification (formulating energy
classes for a certification scheme for livestock buildings [97]).

5. Conclusions

The main idea behind this work is an attempt to numerically evaluate microclimatic
factors and their interrelations that affect the health, welfare, and productivity of animals
in controlled environments. Each microclimatic factor is presented as a set of separate
physical indicators that can be monitored and effectively influenced. With a composition
of certain indicators, the authors propose the analysis and ranking of relevant measures
based on three main principles. The algorithm was created for mathematical substantiation
of sources with sequential or parallel involvement during automatic regulation. A new
initiative in this work is the third principle of transparency. Although this does not
directly affect the sequence for switching the possible energy sources to regulate a certain
climatic parameter, it does determine possible future interactions with certification bodies
to improve the quality, sustainability and ethicality of products in systems of organic
production. In addition, due to reporting to relevant committees on the efficiency of energy
use, it also may contribute to the development of energy sustainability in the region—an
incentive to reduce the levels of greenhouse gas emissions. Finally, the energy security and
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sustainability aspects of centralized energy supplies are extremely relevant in the light of
recent political events.

Other issues refer to the marginal costs of sources fmc (Xja¢¢ unit) and connecting time
values per unit changes of microclimatic variables ft (Xjast unit)- These are in high demand
for the digital programming of automatic systems, which may be a reasonable subject for
a separate study. These data are highly dependent on the applied technologies and are
likely already available for equipment manufacturers; indeed, some attempts at applying
simulation models have already been assessed in the academic literature [10].

However, the presented approach is based on objective physical laws that are supported
by known equations. The practical outcome of this paper is hopefully to be a building
block for pursuing the aim of finding a physical-based algorithm to manage the optimal
microclimate under the terms of any farm with a controlled environment. In contrast with
many published investigations, this work focuses not on the performance evaluation of a
single regulatory method for microclimatic factors but, rather, on their analysis via three
sequential principles (approval and compatibility, efficacy considering economic marginality,
and transparency) to make the optimal choice on resources spent to maintain the conditions
in a livestock building. Moreover, this technology should be tested through annual climate
statistics, especially taking into account climatic extremes, long hot spells, and abnormally
long frosts. In addition, for future fine-tuning of the algorithm, instead of commonly
accepted but generalized indicators such as THI, HLI, HLB, or AHLU, it would be worth
considering more personalized and accurate physiobiological indicators of animals.

This knowledge is potentially important for the subsequent digitalization processes
in animal husbandry and the creation of an optimal digital template for an automatic
algorithm that could be directly used in coding the commands for automatic regulation of
the microclimate. The presented approach is highly likely to integrate into nature and bio-
inspired algorithms within greenhouse control [100-102], as well as algorithms of artificial
neural networks used for sustainable management in livestock systems [103].

In general, this paper does not present a specific algorithm for the automatic regulation
of microclimatic conditions, since conditions can vary widely with different objects and
types of livestock. Moreover, the final adaptation and implementation of the algorithm in
areas of operation can be quite labor-intensive and time-consuming. It will be necessary to
consider all conditions of a particular production system, including additional work with
experimental methods on the verification of the algorithm. This study provides a reference
for the indoor environmental regulation modeling of livestock housing. In the event that
the experimental algorithm is not optimal, the health of animals may be negatively or even
dangerously affected. The microclimate regulation modeling of such buildings should be
supported with real tests on functioning facilities, and the control theory should be closely
integrated with actual production systems.
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Appendix A

The microclimatic parameters and indices are based on the data recorded from a live-
stock building on 27 April 2013 in Komarow (Poland) [8], with additions and simulations
of the authors.
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Hour (0-23)
Recommended Parameter/Index
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2 23
4-16 Dry-bulb 18 15 11 7 -1 5 9 10 12 16 20 23 24 23 21
temperature, °C
4-16 Black globe 26 23 18 13 3 10 14 16 18 23 29 41 4 4 43 43 40
temperature, °C
- Ambient 9 7 5 2 -5 -1 2 4 6 8 10 13 16 19 20 20 23 22 20 19 18 14 13 12
temperature, °C
50-80 Humidity, % 80 80 80 80 75 71 75 73 69 72 80 82 78 73 74 78 75
- Outdoor 60 62 64 67 80 81 85 86 85 79 72 65 59 55 60 60 61 65 65 64 61 61 65 64
humidity, %
<74 THI 64 59 52 46 32 4 49 50 54 61 67 71 74 82 82 83 85 86 83 79 74 73 72 68
0.2-0.5 Airﬂom’fl"dty’ 0.6 07 07 0.9 08 05 04 04 035 035 04 04 05 07 06 06
77-86 HLI 85 62 49 37 47 86
- HLB 0 -15 -21 -28 —40 30 -24 -22  —19 —14 0 6 9 21 21 2 25 27 23 19 11 8 8 4
0 AHLU 0 -15 -37 —64 —104 134 —158 —180 -199 -213 -213 -207 —198 —178 —157 —135 —110 -8 —60 —41 -30 -22 —14 —10
10-150 Airflow rate,
(x1000) 0 /h 1000 20 18 24 25 32 35 45 58 62 65 71 75 79 84 89 95 98 98 97 92 85 79 75 68
>20.95 Oxygen, 0% 209 209 21 21 21 206 205 205 @ 204 204 201 20 20 198 197 196 197 197 198 199 20 205 205 207
CO; (NH3, HoS,
<3 CO), ppm. 1 105 11 121 138 144 153 164 175 1.89 1.97 2 22 235 265 298 25 229 2 29 275
%1000
1-10 thlg(‘)li‘az;"“' 1 1 1 1.2 13 1.6 17 2 35 48 6.8 95 132 184 195 202 215 23 21 142 103 85 56 24

Developed by the authors; reference genotype: black Bos taurus/Angus steer; factors: no shade, manure management max = 50 mm, black coat color, healthy animal, water temperature
=20-30 °C, SR = 929 W/m?; premises: S = 500 m?2,V =2500 m3, q = 15 steers; season: spring. The THI, HLI, HLB, and AHLU indices are calculated based on the input data. Blue: below
the recommended minimum; above/below the recommended value; red: critical (danger) values. n (hour): The environmental conditions when the regulation of microclimatic
parameters is highly recommended.
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2 Cil a hypotézy prace

Cilem dizertacni prace Monitoring mikroklimatickych podminek v intenzivnich chovech
hospodarskych zvirat s technologii nucené a prirozené ventilace je objektivni posouzeni
produkce emisi NH3 a NHy4 a revize dostupnych metodik pro jejich stanoveni. Prace je
zaméifena zejména na intenzivni chovy hospodatskych zvirat, které jsou provozovany
na uzemi CR a svym charakterem jsou soudasti integrovaného registru zne¢istovani Zi-

votniho prostiedi ¢i se uvazuje o jejich zarazeni.
Vyzkumné hypotézy
V oblasti védecko-vyzkumné byly formulovany tfi hypotézy:

H1: Metodika pro stanoveni emisi NH3 vypocet mérenim koncentrace NH3 a vy-
konu ventilace uvedend v Zavéry o BAT (2017) je dostacujici z pohledu matema-

tického vyhodnoceni dat z 24hodinového méteni.

H2: Stanovené emisni faktory pro NH3 z ustdjeni intenzivniho vykrmu prasat uve-

dené v MZP CR (2012) odpovidaji sou¢asnym provoznim podminkam.

H3: Dodrzeni stanoveného poctu arozlozeni monitorovacich dnti uvedenych
v metodice Zavéry o BAT (2017) je klicové pti odhadu emisi NH3 z intenzivniho

vykrmu prasat metodou vypocet mérenim koncentrace NHs a vykonu ventilace.
Cile pro praxi
Pro vypracovani dizertacni prace jsou stanovené cile, které budou aplikovany v praxi:

C1: Ov¢fit, zda vybrané intenzivni chovy prasat spliiuji limity BREF pro emise

NHj3 pro jednotlivé kategorie chovanych zvifat.

C2: Stanoveni vhodné metodiky pro méteni emisi NH3 a CH4 z pfirozené vétra-

nych hal pro ustdjeni skotu.
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3 Metodika a vysledky

3.1 Publikovana reSerSe k dané problematice

Prvni publikace Kunes, R. a kol. (2002a). A Review: Comparison of Approaches to the
Approval Process and Methodology for Estimation of Ammonia Emissions from Lives-
tock Farms under IPPC, Atmosphere, je reSerSniho charakteru a zabyva se problemati-
kou metod pro stanoveni ¢i presnéji fe¢eno odhad emisi NH3 z intenzivnich chovt hos-
podarskych zvifat, na které se aktudln¢ vztahuje smérnice IED. Dle uvedené¢ smérnice
jsou to chovy s kapacitou nad 40 000 kust dritbeze, 750 prasnic nebo 2 000 kust prasat
na vykrm. Podklady pro reSerSi byly ziskany v obdobi roku 2019-2020 a zaméfuji se
na vSechny ¢lenské staty EU.

Spolehlivé metody pro odhad emisi NH3 jsou v zemich EU nezbytné pro ur¢ovani
ucinnosti strategii zmirfiovani emisi na narodni a regionélni urovni. Podle zavért o nej-
lepSich dostupnych technologii (BAT) smérnice IED lze odhad provadét podle tii pii-

stupti:

1. Odhad s pouzitim emisnich faktori — Emisni faktor je stanoven na zaklad¢ védec-
kych poznatktl a lisi se podle kategorie a technologie ustajeni zvitat. Vypocty se
berou v Givahu pro kazdy cyklus manipulace s hnojem (ustajeni, skladovéni, apli-
kace na pole). Do vypoctu lze také implementovat technologie pro snizeni emisi.

Emisni faktory jsou pfevzaté z evropskych nebo narodnich legislativ.

2. Odhad s pouzitim hmotnostni bilance podle vylouceni celkového dusiku — Emise
NHj3 jsou odhadovany na zakladé mnozstvi dusiku vylouceného zvitaty (celkovy
tok dusiku ¢i amoniakalniho dusiku) a koeficientu vyprchani za kazdou fazi zpra-
covani hnoje (ustdjeni, skladovani, aplikace na pole). Koeficient vyprchani lze

ptevzit z evropskych nebo narodnich legislativ.

3. Vypocet merenim koncentrace NH3 a vykonu ventilace — Pfi monitoringu je nutné
se drzet zasad pro odbér vzorki a to tak, aby se ve sledované hale provedlo nej-

mén¢ Sest dni méteni rozlozenych do obdobi jednoho roku a to nasledovné:

a) Stabilni produkce emisi (nosnice, prasnice) — méfeni se doporucuje jednou

kazdé dva mésice béhem jednoho roku.

11



b) Linearni produkce emisi (prasata na vykrm) — tii méfeni se doporucuji usku-
tecnit v prvnim chovném cyklu a tfi méteni v druhém chovném cyklu. Dny
monitorovani v druhé poloviné chovného cyklu se rovnomérné rozlozi po cely
rok.

¢) Exponencidlni produkce emisi (brojlefi) — jedno meéfeni provést v prvnim
chovném cyklu, dvé méfeni v druhém chovném cyklu a tfi méfeni ve tietim
chovném cyklu. Dny monitorovani ve tfetim obdobi chovného cyklu je tieba

rovnomerneé rozlozit po cely rok (Zavéry o BAT, 2017).

Meéieni koncentrace NH3 se provadi soubézné na vstupu a vystupu vzduchu z chovné haly
kontinudln€ po dobu minimaln¢ 24 hodin. Koncentrace NH3 pro vypocet emisi se stanovy
rozdilem koncentrace NH3 namétené na vystupu a koncentrace NH3 naméfené na vstupu
do chovné haly. Vyslednéa koncentrace NH3 se poté ndsobi vykonem ventilace, kterd je
meéfena pomoci rychlosti proudéni vzduchu ¢i je zaznamenavana tidici jednotkou. Denni
priamér emisi se vypocita jako primér za vSechny dny odebirani vzorkd. Z denniho pri-
méru emisi NH3 lze vypocitat roéni primérné emise vyndsobenim poc¢tu dnli obsazenosti
chovné haly (Zavéry o BAT, 2017).

Z uvedené publikace vyplyva, ze v CR mohou provozovatelé chovil, na které se vzta-
huje smérnice IED vyuzit podle Metodického pokynu MZP CR k odhadu emisi NH3 od-
had s pouzitim emisnich faktorti (BAT 25.c), nebo vypocet mérenim koncentrace NH3
a vykonu ventilace (BAT 25.b). Povolovaci organ nicméné nemuiZe vypocet mérenim kon-
centrace NH; a vykonu ventilace natidit podle BAT 25.b (Zavéry o BAT, 2017).

Jednotlivé ¢lenské zemé EU pouzivaji odlisné ptistupy. Je to dano rozdilnym pftistu-
pem legislativ z pohledu ochrany Zivotniho prostiedi. Dtlezitymi faktory jsou také roz-
dily v klimatickych podminkach a pouZzivanych technologiich chovii, které maji vliv
na produkci zminénych emisi. Ty se promitaji zejména do vypoctovych koeficientli pou-
zivanych pii odhadii emisi s pouzitim emisnich faktori ¢i hmotnostni bilance podle vy-
louceného celkového dusiku. Tyto faktory Ci koeficienty jednotlivé staty EU piebiraji
z evropské legislativy, €i si je upravuji podle narodnich zakonti. Z tohoto divodu mohou
pfti stejn€ zvolené metodice (odhad emisi NH3 podle emisnich faktorii) vykazovat rozdilné
hodnoty.

Nejméné pouzivanou variantou odhadu emisi NH3 je pomoci vypoctu mérenim kon-
centrace NH3 a vykonu ventilace. Je to zejména z diivodu Casové a finan¢ni naro¢nosti

a pouziva se zejména pro védecko-vyzkumné ucely. Nejpouzivanéjsi metodou je odhad
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s pouzitim bilance podle vylouceni celkového dusiku. Tato metoda se jesté d€li na ptistup
vypoctu pomoci metody Tier 1 a Tier 2. Uvedena metoda je piesnéjsi, protoze do vypoctu
zahrnuje detailnéjsi postup pfi stanoveni kolobéhu dusiku nez odhad s pouzitim emisnich
sami zpracovat a jsou nuceni si pro tyto vykazy najimat externi zpracovatele.

Z vyse uvedenych informaci lze fici, Ze metodika pro odhad emisi NH3 z intenziv-
nich chovi hospodarskych zvitat, na které se vztahuje smérnice IED se 1i$i podle legisla-
tiv ¢lenskych zemi EU. Z tohoto diivodu i na vysledné emise NH3, které vykazuji jednot-
livé ¢lenské staty, musi byt nahlizeno zejména z pohledu metodiky, podle které byly od-
hadnuty. Detailni pfehled pfistupt jednotlivych zemi pro odhad emisi NH3 je uveden

ve zminéné publikaci na strankach 13 a 14 v kapitole 3.2.
3.2 Metodika pro méfeni emisi amoniaku z intenzivnich chovii prasat

Druha publikace Kriz, P., Kunes, R., a kol. (2021). Methodology for Measurement of
Ammonia Emissions from Intensive Pig Farming, Agriculture, se zabyva tvorbou me-
todiky zejména z pohledu vyhodnoceni namétenych dat. Pfed provadénim experimental-
nich méfeni emisi NH3 autofi konstatovali, Ze metodika pro odhad emisi NH3 vypocet
mérenim koncentrace NH3 a vykonu ventilace, kterd je popsana v dizertacni praci kapi-
tole 3.1 odstavec 3 sice detailné stanovuje kolikrat a v jakém obdobi u kterych kategorii
zvitat provadét mefeni a jak spravné odebirat vzorky, ale vice se nezabyva problematikou
vyhodnoceni namétenych hodnot, respektive jak statisticky stanovit primérnou denni
hodnotu emisi NH3 z 24hodinového monitoringu. Na zakladé této problematiky rizni au-
tofi €1 vyzkumné tymy voli rozdilny pfistup pro nasledné vyhodnoceni naméfenych dat.
Hlavni motivaci pro autory uvedené vyzkumné publikace bylo stanoveni vhodné meto-
diky pro vyhodnoceni dat z pohledu jejich reprezentativnosti.

Stanoveni emisi NH3 je zaloZeno na méfeni rozdilu koncentrace NH3 vstupujiciho
a vystupujiciho ze staje. Dal§im méfenym parametrem je prutok vzduchu prostorem staje,
ze kterého je urcen vykon ventilace. Pro méteni koncentrace NH3 autofi pouzivali ply-
novy analyzator INNOVA 1412, ktery mliZe analyzovat vzorky az z 12 odbérovych mist.
Ptistroj analyzuje vzorky postupné, proto nelze v jeden okamzik znat koncentraci NHs
vstupujici a vystupujici z haly. Nezavisle na méfeni koncentrace NH3 jsou také ziskavana
data o pratoku vzduchu ventilaci (vykon ventilace). Z principidlnich omezeni pouzitého

pfistroje vyplyva, ze neni mozné ziskat v jeden okamzik data odpovidajici pro aktualni
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vstupni i vystupni koncentraci vzduchu a vykonu ventilace. Z tohoto diivodu je nutné po-
¢itat vysledné emise NH3 z vice nezdvisle méfenych dat vSech vstupnich proménnych
béhem vhodné zvoleného ¢asového intervalu (¢asového okna). Volba ¢asového okna je
kli¢ova pro vyslednou piesnost méeieni.

Postup pro testovani statistickych metod pro stanoveni vhodného ¢asového intervalu
byl aplikovan na realnych datech potizenych z experimentalniho méfeni, ktera jsou pre-
zentovana ve vyse uvedené publikaci na obrazku 3. Jak jiz bylo uvedeno, vstupni data
(koncentrace amoniaku vstupujici a vystupujici ze staje, rychlost proudéni vzduchu), nej-
sou vzajemn¢ zavislé veliciny, proto byl z téchto redlnych hodnot vytvofen jednoduchy
model simulujici stabilni situaci. Postup tvorby modelu je detailné popsan v textu publi-
kace, ktery reprezentuji data v obrazku 4. Tento model byl jesté rozsiten o tii uméle upra-
vené Casové intervaly, které simuluji maximalni mozné chybové zatiZeni pti vyhodnoco-
vani parametru E (emisni tok NH3; vmg-s') v disledku nemoznosti méfit vSechny
podminkami). Upravena data modelu jsou v grafu na obrazku 5. Svislé zelené ¢ary ozna-
¢uji intervaly, ve kterych byla modelova data uméle upravena.

Referen¢ni hodnota E byla stanovena pro testovani vyvinuté metodiky hodnoceni.
Metodické testy byly rozdéleny na dvé casti. V kazdé z nich byla pouzita navrzend meto-
dika vyhodnoceni E. V prvni ¢asti byl zkouman vliv ¢asového okna na primérné emise
NH;3 za 24 h. Délka casového okna byla postupné volena ze série 15 min, 20 min, 30 min,
45 min, 60 min, 90 min, 2 h, 3 h, 4 h, 6 h, 8 h a 12 h. Rozdily mezi jednotlivymi vypoc-
tenymi hodnotami byly testovany pomoci analyzy ANOVA a Tukeyho HSD testu. Roz-
dily mezi vypoctenymi emisemi danych délek ¢asovych oken pro oba modely byly testo-
vany takeé Studentovym t-testem. Hladina vyznamnosti kazdého statistického testu byla
stanovena 0,05.

Vysledna data byla podrobné zpracovana do grafii, které reprezentuji obrazky 6, 7, 8
a 9. K témto obrazklim jsou detailn€ popsany vysledky testovanych metodik.

Frekvenci odbéru vzorkl nelze neimérné zvysit, protoze je také omezena méficim
zafizenim. Pokud se jedno zafizeni pouZiva ke zjiStovani koncentrace NH3 na né€kolika
mistech odbéru vzorkil soucasné, je nutné zajistit dostate¢nou dobu na vy¢isténi pro vy-
ménu vzduchu v méfici komote. Pro takova zatizeni se zda byt dostate¢na cetnost odbéru
vzorkt 10 za hodinu. To znamen4, Ze hodnota koncentrace NH3 je zaznamenana piiblizné

kazdych 6 minut.
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Z vysledkt je patrné, ze navrhovany algoritmus vykazoval minimalni rozdily pro ¢a-
sova okna od 15 minut do 3 h, ale odchylka méfeni se znateln¢€ zvySuje pro delsi ¢asova
okna. Nicméné¢ s klesajici délkou ¢asového okna se priméruje méné hodnot a vysledny
pramér je citlivéjsi na pfipadna vyrazné vychylena nebo dokonce chybnd méieni. V pfi-
pad¢ 15minutového Casového okna se jedna maximalné o tfi hodnoty, coz je relativné
maly pocet. V ptipad¢ 30minutového okna se zpriiméruje pet hodnot a jedna vyrazné vy-
chylena hodnota ovlivni primér méné.

Proto na zéklad¢ provedenych testli metodiky na modelovych datech a uméle modi-
fikovanych modelovych datech se jako idedlni feSeni jevi ¢asové okno dlouhé 30 minut.
Pti redlnych méfeni existuji kratkodobé zmény ve staji, které se projevuji zvySenymi nebo
snizenymi emisemi NH3 béhem dne. Pfi pouziti delSich ¢asovych oken by nebylo mozné
monitorovat odchylky od bézného pribehu emisnich kiivek a bylo by prakticky nemozné
reagovat na situace, které se z riznych divodi objevuji ve stdji, at’ uz z divodl provoz-

nich podminek, nebo pouze technologicky souvisejicich s metodikou méteni.

3.3 Porovnani tfi pristupi pro stanoveni emisi amoniaku v intenzivnich
chovech prasat na vykrm s ohledem na IPPC: Pripadova studie pro Ces-

kou republiku

Tteti publikace Kunes, R. a kol. (2022b). Comparison of the Three Approaches for De-
termining Ammonia Emissions in the Intensive Breeding of Fattening Pigs with Re-
spect to the Integrated Pollution Prevention and Control: Case Study for the Czech
Republic, Atmosphere, porovnava tii zvolené ptistupy pro odhad emisi NH3 z intenziv-
nich chovili prasat na vykrm v CR. Jako vstupni data slouzily vystupy v ramci feseni
funké&niho tikolu pro MZe CR, které probéhlo v letech 2017 a 2018 a jsou uvedeny v Do-
lan a kol., (2017) a Dolan a kol., (2018.) Pro ucely odborné¢ publikace byla zvolena expe-
rimentalni méfeni ze Ctyfech chovi, jejichZ technologie ustajeni odpovidala BAT 30.a0
(garantované sniZzeni emisi NH3 0 25 %) a v jednom chovu s technologii ustajeni odpovi-
dajici BAT 30.a8, ktery negarantuje zadné snizeni produkovanych emisi NH3. Monitoro-
vané chovy pouzivali krmna aditiva garantujici snizeni emisni NH3 v rozmezi 2248 %.

Prvni pfistup pro odhad ro¢ni mérné emise NH3 z intenzivniho chovu prasat na vy-
krm byla zvolena metoda vypoctu mérenim koncentrace NH; a vykonu ventilace (Zavéry
o0 BAT, 2017). Odbér vzorkt probihal v souladu s metodou s tim rozdilem, ze misto Sesti

vzorkovacich dni, byl zvolen pouze jeden vzorkovaci den a monitoring byl provadén
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ve finalni f4zi vykrmu (pfi hmotnosti prasat mezi 90-102 kg). Tento pfistup byl zvolen
zejména z toho ditvodu, ze autofti studie chtéli ovérit vliv poctu vzorkovacich dni a jejich
provedeni béhem roku na odhad vyslednych emisi NHs. Pro vypocet ro¢ni mérné emise
NH; byla vyuzita metodika Kiiz a kol. (2021), ktera je uvedena v kapitole 3.2 a piislusné
publikaci.

Druhy pfistup pro odhad roéni mérné emise NH3 z intenzivniho chovu prasat na vy-
krm byla zvolena metoda vypoctu meérenim koncentrace NH; a vykonu ventilace podle
(Zavéry o BAT, 2017). Odbér vzorkl probihal v souladu s touto metodou, kdy je ne-
zbytné uskutecnit 6 méteni. Polovina méfeni se provede v prvni ptlce chovného cyklu
a zbytek ve druhé ptlce chovného cyklu. Dny odebirani vzorkii v druhé poloviné chov-
ného cyklu se rovnomérné rozlozi po cely rok (stejny pocet méteni za sezénu). Z védec-
kovyzkumnych ucelti bylo provedeno béhem roku monitorovéani ¢tyt chovnych cykld,
v kazdém 5 méfteni tj. 20 dni, ve kterych bylo méfeni realizovano. Pro vypocet rocni
mérné emise NH3 byla vyuzita metodika Kiiz a kol. (2021), kterd je uvedena v kapi-
tole 3.2 dizerta¢ni prace a prislusné publikaci.

Ttetim zvolenym pfistupem byla metoda odhadu NHs s pouzitim emisnich faktorii
(Zavéry o BAT, 2017). Emisni faktory byly v CR stanoveny v minulosti na zakladé ex-
perimentalnich méfeni, kterd reprezentuji mistni podminky chovu. Provozovatel chovu
hospodaiskych zvitfat musi vzdy pii vypoctu zapocist 1 dil¢i emisni faktory pro sklady
exkrementl a dil¢i emise pro zapraveni exkrementii do plidy 1 v pfipadé, Ze tyto suroviny
predava jiné opravnéné osobé&. Pro ucely publikace byly porovnavany pouze dil¢i emisni
faktory reprezentujici emise NH3 z ustdjeni. Emisni faktor pro ustajeni v chovu prasat
na vykrm je 3,2 kg NH; - zvie' - rok’! (MZP CR, 2012). Dle platné legislativy lze stano-
veny emisni faktor snizit o procentudlné vyjadienou u¢innost technologie, ktera je vyuZzita
pro snizeni emisi NH3. Tato technologie musi byt schvalena v legislativé jako BAT a pro
vypocet Ize vyuzit jen jednu technologii s nejvySsi u¢innosti.

Z ptehledové tabulky 7 vySe zminéné publikace, ktera vychazi z provedenych expe-
rimentalnich méteni uvedenych v tabulkach 5 a 6 1ze predpokladat, Ze emisni faktory jsou
stanoveny pro podminky hospodateni, které nepouzivaji zadnou BAT. Z uvedenych dat
je patrné, Ze namé&fené hodnoty se ve vétSin€ piipadi neptiblizuji ke stanovenému emis-
nimu faktoru. Z teoretického hlediska je mozné, ze kombinace BAT pro ustajeni a krmeni
vede k vyraznéjSimu snizeni emisi, nez mohou zeméd¢€lci zohlednit v kone¢nych vypo-

¢tech, kde mohou uplatnit pouze procentualni snizeni pro ucinnéjs$i BAT.
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Z uvedenych dat rovnéz vyplyva, Ze objektivnéjsi je pouzit metodiku uvedenou v Za-
vérech o BAT podle smérnice 2010/75/EU (Zavéry o BAT, 2017), kdy je podminkou,
aby se v chovu provedlo béhem roku Sest méfeni, z nichz tfi se provadi v prvni poloviné
a tii v druhé poloviné¢ vykrmu. Napiiklad jedno méfeni provedené na zacatku vykrmu
v chladnéjSich podminkach, se mtize zna¢né liSit od méfeni provedeného za letniho po-
¢asi. Tyto rozdily mohou byt vyraznéjsi s délkou vykrmu. Je zajimavé, ze i chovné sekce
v jedné vykrmové hale s obdobnymi mikroklimatickymi podminkami a stejnou techno-
logii chovu a vykrmu vykazuji rozdily v emisich NH3. Na obrazku 1 a 2 tuto odchylku
reprezentuji Cisla méfeni A4/A14, AS5/A15, A7/A17 a A10/A20. Pii podrobném zkou-
mani bylo zji§téno, ze vnitini podminky byly na hranici mirného tepelného stresu pfi me-
fenich A4/A14, AS5/A15a A7/A17. To mohlo zptsobit, ze kazda skupina prasat reagovala
na tento jev odlisné. Studie také ukézala, Ze klimatické a mikroklimatické podminky mo-
hou ovlivnit emise NH3, zejména hodnoty ze sledovani celych vykrmovych cykla. Vzhle-
dem k tomu, Ze sledovani prvniho chovného cyklu bylo provadéno od tunora do ¢ervna
a druhého chovného cyklu v obdobi od ¢ervna do listopadu, lze tyto hodnoty povazovat
za prukazné a pfisuzovat ro¢nimu obdobi nezanedbatelny vliv na produkci emisi NHs.

Z vyse uvedenych udajii 1ze potvrdit robustnost metodiky odhadu NHs s pouZitim
emisnich faktoriiuvedené v zavérech o BAT podle smérnice 2010/75/EU (Zavéry o BAT,
2017). Zejména z pohledu potieby provadéni odbérii vzorkl v riznych fazi vykrmu a bé-
hem celého roku.

Pti pouZiti metody odhad s pouzitim emisnich faktorii, nastava otazka, jestli emisni
faktory, které byly stanoveny pied n€kolika lety, stale odpovidaji redlné produkci emisi
NH;s. Odvétvi zivocisné produkce je stale inovovano (Slechténi, vyziva, konverze krmiv,
technologie ustajeni, vyuzivani BAT), ale emisni faktory zlstavaji stejné. JelikoZ je tato
metoda pro odhad emisi NH; v CR nejrozsifengjsi z diivodu jeji ¢asové nendrocnosti

a nizké obtiznosti vypocCtu, bylo by vhodna jeji revize pro ziskdvani reprezentativnich dat.

/4

3.4 Technologie regulace mikroklimatu v energeticky udrZitelné ZivociSné

vyrobé

Ctvrta publikace Havelka, Z.; Kunes, R., a kol. (2022). Technology of Microclimate Re-
gulation in Organic and Energy-Sustainable Livestock Production, Agriculture, se vé-
nuje problematice stanoveni vhodného systému pro fizeni mikroklimatickych podminek

v intenzivni zZivo¢i$né produkci s ohledem na energetickou udrzitelnost. Cilem publikace
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bylo na zakladé teoretickych poznatki vytvofit podklady pro tvorbu algoritmu pro fizeni
technologii ovlivitujici mikroklimatické podminky.

Z literarni reserSe byly stanoveny zakladni parametry ovlivitujici mikroklimatické
podminky a jejich doporu¢ené hodnoty (rozmezi hodnot), které spliuji welfare zvitat.
Mezi uvedené parametry byla zvolena teplota, relativni vlhkost, rychlost proudéni vzdu-
chu, vyména vzduchu, intenzita osvétleni a koncentrace CO2, NH3, H2S, CO a pracho-
vych castic. Vzhledem k tomu, ze se jednotlivé parametry navzajem ovliviiuji a nejde
na n¢ pohliZet jako na jednotlivé soucasti, byly také definovany spolecné faktory, jako je
naptiklad teplotné-vlhkostni index (THI), index vymény vzduchu, index tepelné zatéze
(HLI), kumulovana tepelna zatéz (AHL). V publikaci je na obrazku 1 uvedeno schéma,
kde jsou znazornény jednotlivé parametry ovlivitujici mikroklimatické podminky a moz-
nosti jejich mechanické regulace pomoci stajovych technologii.

Pozadavky na algoritmus fidiciho systému byly upozornéni na ptekroceni urcenych
limith, které snizuji kvalitu welfare chovanych zvifat a automatizovany odhad nakladt
na upravu mikroklimatickych podminek. Na zaklad¢ vystupti algoritmu by fidici jednotka
automaticky regulovala vnitiniho mikroklima zejména s ohledem na ekonomické na-
klady v bilanci s kvalitou vnitiniho prostiedi.

Vyvinuty algoritmus byl testovan na vybranych datech z 24 h monitorovani v chovu
vykrmovych byki plemene Angus. Hodnoty z vybraného monitorovaciho obdobi jsou
uvedeny v pfiloze publikace na stran¢ 24. Uvedend studie definuje nejoptimalné;jsi algo-
ritmy pro fizeni mikroklimatickych podminek s ohledem na pfijatelny komfort zvitat. Al-
goritmus se da upravovat s ohledem na individuélni potfeby chovanych zvitat.

Vysledky uvedené v publikaci splnily poZzadavky pro teoretické stanoveni faktori
ovlivitujici mikroklimatické podminky a navrhu obecného algoritmu pro jejich fizeni. Pro
zptesnéni navrhnutého algoritmu je tfeba provést experimentalni méteni v jednotlivych

chovech a adaptovat na jednotlivé chovné technologie.
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4 Naplnéni cili prace a diskutovani stanovenych hypotéz

V této kapitole budou diskutovany stanovené vyzkumné hypotézy a dosazeni cilii vyme-
zenych pro potieby této dizertacni prace. Z divodi finan¢ni a Casové narocnosti pii mo-
nitorovani emisi se ne vzdy podafilo ziskat dostatecné mnozstvi dat, proto, aby dané hy-
potézy Slo posoudit na zaklad¢ statistickych metod, proto je vétSina hypotéz postavena

na praktickém ovétent.
Vyzkumné hypotézy

H1: Metodika pro stanoveni emisi NH3 vypocet mérenim koncentrace NH3 a vykonu
ventilace uvedena v Zavérech o BAT (2017) je dostacujici z pohledu matematického

vyhodnoceni dat z 24hodinového méreni.

Uvedena metodika velmi detailn€ popisuje postup pfi planovani monitorovacich dni, pro-
vadéni monitoringu v praxi (rozmisténi odbérovych sond) a jeho doby (24 hodin). V me-
todice se ale ddle neuvadi, jakym matematickym postupem vyhodnocovat naméfena data.
Proto mezi védeckou komunitou v publikovanych odbornych ¢lancich 1ze objevit rizné
pristupy. Mezi nejbéznéjsimi pfistupy je vyhodnoceni primérovanim vSech naméfenych
hodnot (24hodinovy priimér). Dal$im pfistupem je pramér hodnot z vybranych ¢asovych
intervalll (den a noc, hodinové intervaly). VySe uvedené rozdilné pfistupy mohou mit za
nasledek odchylku v interpretaci vysledk.

V odborné publikaci Kriz, P., Kunes, R., a kol. (2021). Methodology for Measure-
ment of Ammonia Emissions from Intensive Pig Farming, Agriculture, se autor prace
podilel na stanoveni vhodného postupu pii zpracovani namétenych dat. Na realnych da-
tech z experimentalnich méfeni, do kterych byly implementovany hodnoty reprezentujici
nestandartni situace, byly pomoci statistickych analyz testovany zvolené Casové intervaly
(15 min, 20 min, 30 min, 45 min, 1 h, 1,5h,2h,3h,4 h, 6 h, 8 h a 12 h). Z vyslednych
hodnot uvedenych na obrazku 6 vySe zminéné publikace je patrné, Ze navrhovany algo-
ritmus nevykazoval znatelné rozdily pro ¢asova okna od 15 minut do 3 h, ale odchylka se
znateln€ zvysuje se zvétSenim doby ¢asového okna. Nicméné s klesajici délkou ¢asového
okna se primeéruje méne hodnot a vysledny pramér je citlivéj$i na piipadna vyrazné vy-
chylena nebo dokonce chybna méfeni. V ptipad€ 15 min ¢asového okna se jedna maxi-
maln¢ o tfi hodnoty, coz je relativné maly pocet; v ptipadé¢ 30 min okna se zpruméruje

pét hodnot a jedna vyrazné vychylend hodnota ovlivni primér méné.
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Z vysledka provedenych testli metodiky na modelovych datech a uméle modifikova-
nych modelovych dat se jako idedlni feSeni jevi Casové okno 30 minut. Na zdklad¢ uve-
denych informaci lze tvrdit, ze diskutovana metodika vypocet mérenim koncentrace NH3
a vykonu ventilace uvedena v Zavérech o BAT (2017) neni dostatecné¢ definovana z po-

hledu matematického vyhodnoceni naméfenych dat.

H2: Stanovené emisni faktory pro NH3 z ustajeni intenzivniho vykrmu prasat uve-

dené v MZP CR (2012) odpovidaji sou¢asnym provoznim podminkam.

Pro experimentalni méteni byl vybran chov, kde byly béhem roku monitorovany Ctyii
chovné cykly. Bylo provedeno 20 monitorovacich dni (tabulka 3.6 v kapitole 3.5.1) a dle
metodiky uvedené v Zaveéry o BAT (2017) stanovené vyrobni mémé emise NH3. Vy-
sledndi méma vyrobni emise 0,91+0,02kg NH3-ks!-rok! a1,03+0,03kg
NH; - ks! - rok™! byla hluboko pod emisnim faktorem 3,6 kg NH3 - ks - rok™!, véetng jed-
notlivych dil¢ich vyrobnich emisi.

Tento rozdil mize byt zpiisobeny tim, ze v chovu jsou pouzivané BAT v podobé
ustdjeni a fazové vyzivy s krmnymi aditivy. Jejich ucinnost nelze piesné definovat, pro-
toze chovatel pouziva krmn4 aditiva garantujici snizeni emisi NH3 0 23-48 %. Dle platné
legislativy mtze chovatel pro stanoveni emisi snizit emisni faktor o procentudlné vyjad-
fenou Ucinnost technologie, ktera je vyuzita pro sniZeni emisi NH3 (pouze o jednu s nej-
vys8i tcinnosti). V uvedeném piipadé to mize byt o 46 %, tedy vysledny emisni faktor
by chovatel mohl vykazat 1,66 kg NH3 « ks - rok™. I v tomto piipadé se emisni faktor
jevi jako nadhodnoceny.

Na zaklad¢ provadénych monitorovacich méteni 1ze predpokladat, Ze emisni faktory
uz nemusi odpovidat readlnym podminkam. To lze predpokladat i z ostatnich méfeni uve-
denych v kapitole (3.5.1). Na tuto skutecnost také autor a jeho fesitelsky tym upozoriioval
v ¢lanku Kunes, R. a kol. (2022a) Comparison of the Three Approaches for Determi-
ning Ammonia Emissions in the Intensive Breeding of Fattening Pigs with Respect to
the Integrated Pollution Prevention and Control: Case Study for the Czech Republic.
Atmosphere, publikovaném 10. 12. 2022.

Dne 28. 11. 2022 vysla aktualizovana verze vydani Véstniku, kde je metodicky po-
kyn, v kterém jsou uvedeny aktualizované emisni faktory pro dribez, prasata a skot

(MZP, 2022). Ve vétsing ptipadii byl emisni faktor vyrazné snizen.

20



Na zakladé vyse zminénych informaci autor uvadi, Ze stanovené emisni faktory pro
NH; z ustajeni intenzivniho vykrmu prasat uvedené v MZP CR (2012) neodpovidaji sou-
¢asnym provoznim podminkam a hypotéza se nepotvrdila. Uvedené tvrzeni lze podlozit
také reakci MZP CR na tuto problematiku a vydanim aktualizované verze Véstniku s re-
vizi u emisnich faktori.

Autor by v této problematice také navrhoval revizi z pohledu snizovani vykazova-
nych emisi pomoci procentudlniho snizeni nejucinnéjSiho BAT. Autor piedpoklada, ze
pii vyuziti vice vhodnych BAT miize dojit k vétsi efektivité pfi snizovani realné produkce
emisi a tento faktor by mél byt také reflektovan v legislativé. Tim by doslo k podpote
chovatelt, kteii jiz efektivn¢ vyuzivaji BAT. Dale by bylo vhodné po urcitém obdobi
provadét prezkum emisnich faktort, aby se zptesnil celkovy odhad emisi NH3. Jednim
z divodii je také to, ze metoda odhadu emisi pomoci emisnich faktorii je v CR nejrozsi-
fengj$i. Tyto zmény by byly nejenom v z4jmu chovateli, ale 1 organii statni spravy, pii

vykazovani celkové produkce emisni NHs.

H3: DodrzZeni stanoveného poctu a rozloZeni monitorovacich dnii uvedené v meto-
dice Zavéry o BAT (2017) je klicové pri odhadu emisi NH3 z intenzivniho vykrmu

prasat metodou vypocet mérenim koncentrace NH3 a vykonu ventilace

Podle dokumentu Zavéry o BAT (2017) je pro stanoveni emisi NH3 metodou vypocet
mérenim koncentrace NH3 a vykonu ventilace nutné pro kategorii prasata na vykrm pro-
vést nejméné Sest méteni rozloZenych do jednoho roku, tak aby tfi méfeni byla provadéna
v prvnim chovném cyklu a tfi méfeni v druhém chovném cyklu. JelikoZ jsou méteni fi-
nancné a ¢asoveé narocné, tak se v uvedené hypotéze pracuje s variantou, jestli je mozné
zkratit poCet monitorovacich dna. Timto predpokladem se zabyvaly vystupy z publikace
Kunes, R. a kol. (2022b). Comparison of the Three Approaches for Determining Am-
monia Emissions in the Intensive Breeding of Fattening Pigs with Respect to the Inte-
grated Pollution Prevention and Control: Case Study for the Czech Republic, At-
mosphere, kde se porovnavaly razné zpusoby odhadu emisi NHs.

Prvni pfistup pro odhad ro¢ni mérné emise NHj3 z intenzivniho chovu prasat na vy-
krm byl zvolen metodou vypoctu meérenim koncentrace NH3 a vykonu ventilace (Zavéry
0 BAT, 2017). Odbér vzorki probihal v souladu s metodou s tim rozdilem, Ze misto Sesti
vzorkovacich dni, byl zvolen pouze jeden vzorkovaci den a monitoring byl provadén
ve findlni fazi vykrmu bez ohledu na ro¢ni obdobi (pfi hmotnosti prasat mezi 90—102 kg).

Druhy pfistup pro odhad ro¢ni mérné emise NH3 z intenzivniho chovu prasat na vykrm

21



byla zvolena metoda vypoctu mérenim koncentrace NH3 a vykonu ventilace podle Zavery
o BAT (2017) a odbér vzorkl probihal v souladu s touto metodou. Z védecko-vyzkum-
nych uceli bylo provedeno béhem roku monitorovani ¢tyt chovnych cykli, v kazdém
5 méfeni tj. 20 dni, ve kterych bylo méteni realizovano. Pro vypocet rocni mérné emise
NH; byla vyuzita metodika Kiiz a kol. (2021), ktera je uvedena v kapitole 3.2 a piislusné
publikaci.

Na zékladé provedenych experimentalnich méfeni v intenzivnich chovech prasat
na vykrm lze tvrdit, Ze stanoveny pocet monitorovacich dnt a jejich rozlozeni do jednot-
livych fazi vykrmu je dilezité pro ziskani reprezentativnich dat. S rstem prasat na vykrm
se méni jejich hmotnost, spotieba krmiva a denni aktivita coz jsou parametry, které maji
vliv na produkci emisi NH3. Z namétenych hodnot uvedenych ve vySe zminéné publikaci
v tabulce 6 podle metodiky Zavéry o BAT (2017) je patrné, Ze pro ziskani reprezentativ-
nich dat, které vypovidaji o produkci emisi NH3, je nutné zvolit miniméln¢ 6 méfeni roz-
lozenych rovnomérné mezi vykrmové faze. Je to dano zejména z ditvodu, Ze vysledné
emise NH3 se znacné€ lisi v pocatecni fazi vykrmu (po odstavu) a ve finalni fazi vykrmu
pted pordzkou. V porovnani s vysledky uvedenymi v tabulce 7 je zfejmé, Ze omezit pocet
dntl ¢i je sméfovat jen do findlni faze vykrmu muze vyrazné zkreslit produkci emisi bé-
hem celého vykrmu.

Z tabulky 6 a 7 je zfejmé, ze ovéfeni hypotézy na zaklad€ standardnich statistickych
metod se jevi jako problematické, protoZe bylo s ohledem na finan¢ni naro¢nost kazdého
méteni stanoveno pouze 20 hodnot, ze kterych je zavér vyvozovan. Nicméné vysledky
téchto méteni vynesené do tabulky indikuji, Ze dodrzeni stanovené¢ho poctu a rozlozeni
monitorovacich dnli uvedené v metodice Zavéry o BAT (2017) je kli¢ové pii odhadu

emisi NH3 z intenzivniho vykrmu prasat a stanovena hypotéza je potvrzena.
Cile pro praxi

C1: Ovérit, zda vybrané intenzivni chovy prasat splituji limity BREF pro emise NH3

pro jednotlivé kategorie chovanych zvirat

V roce 2017 a 2018 bylo realizovano celkem 77 méfeni emisi NH3 v intenzivnich cho-
vech prasat (30 v kategorii prasnice plemenné a prasnice k pfipusténi/biezi, 33 v katego-
rii prasata na vykrm a 14 v kategorii selata v dochovu). Cilem experimentalnich méfeni
bylo zhodnotit co nejvice eskych chovli (chovnych technologii) z pohledu plnéni limith

BREEF pro emise NH3. JelikoZ jsou méteni ¢asové narocna, nebylo provedeno Sest méteni
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pro jednotlivy chov a kategorii, ale jednotliva méfeni, ktera reprezentovala dany chov.
Na zékladé naméfenych hodnot byly vypocteny vyrobni mérné emise NHs, které byly
nasledné€ porovnany s limitem uvedenym v BREF. Ze souhrnnych tabulek ¢islo 3.2 az 3.7
uvedenych v dizertacni praci vyplyva, ze emisni limity NH3 uvedené v BREF pro inten-

zivni chovy prasat nebyly v zddném z posuzovanych chovii prekroceny.

C2: Stanoveni vhodné metodiky pro méreni emisi NH3s a CH4 z pfirozené vétranych

hal pro ustajeni skotu

Stanoveni metodiky pro odhad emisi méfenim koncentrace NH3 a CHs4 z ptirozené vétra-
nych hal pro ustdjeni skotu je problematické prave z divodu absence jasn¢ definovaného
proudéni vzduchu do a ze stdje. Provedenim reSerSe dostupnych pfistupt Ize tvrdit, ze
existuje shoda ve stanoveni proudéni mnozstvi vzduchu do a ze staje pomoci bilan¢ni
metody CO», i1 kdyzZ se jednotlivé piistupy Castecné 1isi zvolenymi proménnymi pro vy-
pocet produkce metabolického CO». Z pohledu stanoveni poctu a rozmisténi odbérovych
sond v prostoru staje se pristupy zna¢n¢ odlisuji. Na tento faktor 1ze pohlizet jako nejvétsi
nedostatek pfi sestavovani vhodné metodiky, protoze vhodny pocet a rozmisténi odbéro-
vych sond je klicovy pro ziskéani reprezentativnich dat. Tato problematika je také limito-
vana méfici technikou a technologii chovné haly.

Po navrzeni obecné metodiky provedl autor s vyzkumnym tymem pilotni monitoro-
vani emisi NH3 a CHy v intenzivnich chovech skotu s cilem stanovit doporu¢eni pro zlep-
Seni navrZené metodiky. Ke stanoveni klicovych parametri jako je umisténi odbérovych
sond a stanoveni mista pro monitoring vnéjSich klimatickych podminek bylo vyuZito do-
stupnych technologii. Pfed provadénym monitoringem bylo provedena detailni analyza
prevladajiciho proudéni vzduchu na zakladé vétrnych rizic dostupnych na Ceském hyd-
rometeorologickém ustavu a lokalnich méfeni v okoli farmy pomoci meteorologickych
stanic. Na zdklad¢é lokdlnich méfeni byly vytvofeny CFD modely proudéni vzduchu
ve stdji, pro presnéjsi stanoveni mist pro umisténi odbérovych sond.

Vysledky z monitorovani jsou uvedeny v publikaci Kunes (2022c) a Kunes (2004).
Vysledné hodnoty emisi NH3 a CH4 z intenzivnich chovili skotu jsou v rozmezi, které je
uvadéno pro produkei skotu chovaného v podminkach sttedni Evropy. Na zékladé vyse
zminénych informaci lze tvrdit, Ze autor splnil zaddni pro stanoveni vhodné metodiky pro
méieni emisi NHz a CHg z ptirozené vétranych hal pro ustajeni skotu. Chtél by ale zminit,
ze navrzend metodika ma zatim obecny charakter a v budoucnu by se chtél vénovat jejimu

adresnéjSimu vyuziti pro odlisné technologie intenzivnich chovii skotu v CR.
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Z7.avér

Aktualné probiha v Evropské komisi diskuze jednotlivych stati k piipravované revizi
smérnice IED. V ptipadé, ze by byl ndvrh schvalen v podobé¢ tak, jak je uveden v literarni
reSersi, znamenalo by to veliky zasah do sektoru Zivo&isné produkce nejenom v CR.
Z uvedenych dat vyplyva, ze sniZzeni prahové hodnoty na 150 DJ a rozsifeni o kategorii
chovu skotu by znamenalo enormni narust poctii podniki, které by musely spliiovat nafi-
zeni IPPC az o 700 %. Uvedené legislativni opatieni v environmentalni oblasti ve spojeni
s aktudlni situaci rostoucich ekonomickych néakladt, hrozicich onemocnéni (praseci mor,
ptaci chiipka) by mohla ptimo ekonomicky ohrozit chovatele, protoze uz dnes jsou urcita
odvétvi Zivocisné produkce na hrané financni rentability. Dal$i sniZovani tuzemské pro-
dukce v oblasti zivocisné vyroby by mélo negativni vliv na potravinovou sobéstacnost.
V roce 2021 byla podle MZe CR (2023) mira sobé&stacnosti v produkci vepfového masa
alarmujicich 51,3 %. Dalsimi faktory by bylo naruSeni fetézce cirkularity zeméd¢€lstvi
v podobé ztraty kvalitniho organického hnojiva pro rostlinou produkei, jenz by muselo
nahradit syntetické hnojivo.

Z vysledkt provedenych védecko-vyzkumnych aktivit a vystupt dizerta¢ni prace by
autor chtél uvést mozna doporuceni pro praxi v oblasti stanoveni emisi z intenzivnich

chovli hospodarskych zvifat:

e sjednotit metodiky pro odbér a vyhodnoceni emisi pomoci vypoctu mérenim kon-
centrace NH3 a vykonu ventilace podle dokumentu Zavéry o BAT (2017), z di-
vodu lepsiho porovnéni monitorovanych dat,

e revize emisnich faktorli po urcitém casovém obdobi pro metodu odhadu emisi
s pouzitim emisnich faktorii podle dokumentu Zavéry o BAT (2017) z diivodu
zptesnéni vysledk,

e revizi legislativy pfi podavani hlaSeni do integrovaného registru znecistovateli
pti odhadu emisi s pouzitim emisnich faktorii podle dokumentu Zavéry o BAT
(2017) umoZznénim procentudlniho sniZeni celkovych emisi nejenom o nejucin-

néjSi BAT, ale ¢aste¢né 1 o dalsi vyuZivané BAT.
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