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Abstract 

Abstract 

Silages are essential feeds in livestock husbandry. Losses should be minimised to close the 

nutrient cycle between crop and animal production. Besides, losses are generally associated with 

emissions of climate and environmental relevant substances, such as greenhouse gases (GHG), 

e.g. carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), or volatile organic compounds 

(VOC), e.g. ethanol and ethyl acetate. These gases are emitted during fermentation and aerobic 

storage, contributing to the negative environmental impact of agricultural animal husbandry. 

This thesis addresses the pathways of gas dynamics, i.e. formation, emission and fixation of the 

gases mentioned above, in order to derive climate impacts and mitigation options through adapted 

management in silage production. 

Study 1 investigated the concentrations of GHGs during the 49-day fermentation of grass and 

lucerne silage (two varying dry matter contents in each case). The wetter silages showed earlier 

CO2 formation due to faster microbial activity. Grass silage had higher CH4 and N2O 

concentrations than lucerne silage during the local maxima (first 4 ensiling days). After a 

temporary drop in the concentrations, the lucerne silage showed increasing CH4 concentrations. 

This was due to malfermentation, i.e. the activity of clostridia. This led to the formation of butyric 

acid and ammonia. The rising pH value and released hydrogen facilitated methanogenesis. 

The other studies investigated GHG and VOC gases’ formation, emission and fixation during 

30 and 135 days of fermentation (Study 2) and 14 days of aerobic storage (Study 3). Two of the 

three maize silage treatments were treated with a biological (lactic acid bacteria) or chemical silage 

additives (organic acids). The biological additives reduced the CH4 and N2O, and the chemical 

reduced the ethanol and increased the N2O emissions of the fermentation (Study 2). The formation 

took place mainly in the first 6 ensiling days. The treatments showed decreasing gas emission 

quantities in the course of ensiling: microbiological fixation was assumed. 

Both treated variants showed increased aerobic stability (Study 3), which reduced dry matter 

losses. This means that lower quantities of harvested forage are required, which can reduce indirect 

GHG emissions during crop production. This has a positive effect on the climate impact of silage 

production. At the same time, the treated variants showed increased VOC emissions during aerobic 

storage. The quantities of ethyl acetate emissions exceeded the original quantities in the material; 

microbial reformation from ethanol was suspected. Using silage additives can mitigate the 

negative environmental consequences of poor silage management.  

Based on the studies, a structuring of gas formation and fixation phases within the silage 

production process chain is derived. In addition, recommendations for emissions research and 

management in practice are formulated in this thesis.   
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Kurzfassung 

Silagen sind wichtige Futtermittel in der Viehhaltung. Verluste sollen minimiert werden, um 

den Nährstoffkreislauf zwischen Pflanzen- und Tierproduktion zu schließen. Zudem gehen 

Verluste meist mit Emissionen umweltrelevanter Stoffe, wie Treibhausgase (THG), 

e.g. Kohlenstoffdioxid (CO2), Methan (CH4) und Lachgas (N2O), oder flüchtige organische 

Verbindungen (VOC), e.g. Ethanol und Ethylacetat, einher. Diese Gase emittieren während der 

Fermentation sowie der aeroben Lagerung und beeinflussen die Umweltfolgen der Viehhaltung. 

Diese Dissertation befasst sich mit der Bildung, Emission und Fixierung der Gase, um daraus 

Klimaauswirkungen und Minderungsmöglichkeiten in der Silageproduktion abzuleiten. 

Studie 1 untersuchte die Konzentrationen der THG während der 49-tägigen Fermentation von 

Gras- und Luzernesilage (jeweils zwei variierende Trockenmassegehalte). Die nasseren Silagen 

zeigten aufgrund schnellerer mikrobieller Aktivität eine frühere CO2-Bildung. Grassilage wies 

während der lokalen Maxima (erste 4 Siliertage) höhere CH4- und N2O-Konzentrationen als 

Luzernesilage auf. Nach einem zwischenzeitlichen Abfall der Konzentrationen zeigte die 

Luzernesilage ansteigende CH4-Konzentrationen, welche auf eine Fehlgärung, d.h. die Aktivität 

von Clostridien, zurückzuführen waren. Diese führte zur Buttersäure- und Ammoniakbildung.  

Die steigenden pH-Werte und der freigesetzte Wasserstoff begünstigten die Methanogenese. 

Die weiteren Studien untersuchten die Bildung, Emission und Fixierung der THG und 

VOC-Gase während der 30- bzw. 135-tägigen Fermentation (Studie 2) und 14-tägigen aeroben 

Lagerung (Studie 3). Zwei der drei Maissilagevarianten wurden mit einem biologischen 

(Milchsäurebakterien) bzw. einem chemischen Siliermittel (organische Säuren) behandelt. Das 

biologische Siliermittel reduzierte die CH4- und N2O-, das chemische reduzierte die Ethanol- und 

erhöhte die N2O-Emissionen der Fermentation (Studie 2). Die Bildung fand in den ersten 6 Tagen 

statt. Alle Varianten zeigten abnehmende Gasmengen: eine mikrobielle Fixierung wird vermutet. 

Die behandelten Varianten zeigten eine verlängerte aerobe Stabilität (Studie 3) was die 

Trockenmasseverluste reduziert. So werden geringere Erntemengen benötigt, was zu sinkenden 

indirekten THG-Emissionen während des Ackerbaus führt. Dies beeinflusst die Klimafolgen der 

Silageproduktion positiv. So kann der Einsatz von Siliermitteln die negativen Umweltfolgen von 

schlechtem Silagemanagement reduzieren. Jedoch zeigten die behandelten Varianten erhöhte 

VOC-Emissionen während der aeroben Lagerung. Die Mengen an Ethylacetatemissionen 

überschritten die Mengen im Material; eine mikrobielle Neubildung aus Ethanol wird vermutet.  

Auf Basis der Studien wird eine Strukturierung der Phasen der Gasbildung und -fixierung 

innerhalb der Prozesskette der Silageproduktion hergeleitet. Zudem werden in dieser Dissertation 

Empfehlungen für die Emissionsforschung und das Management in der Praxis formuliert. 
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1 Introduction 

1.1 General introduction and thesis’ scope 

The growing world population and advancing anthropogenic climate change put modern 

agriculture under pressure. On the one hand, food security and changing dietary habits lead to a 

rising demand for plant- and animal-based food (FAO, 2022; van Dijk et al., 2021). On the other 

hand, agriculture and livestock farming are increasingly the focus of research and discussion 

regarding environmental impacts (Clark and Tilman, 2017; Nabuurs et al., 2023; Poore and 

Nemecek, 2018). Several aspects affect these issues, among others: land-use change, energy and 

fossil fuel demand, manure management, enteric fermentation, and feed supply (e.g. Beauchemin 

et al., 2008; Deeken et al., 2023; Kupper et al., 2020; Nabuurs et al., 2023; Wilkinson and 

Garnsworthy, 2021). This thesis contributes to the latter and in particular to silage production. 

High-quality feed production is globally essential, especially for farm animal nutrition 

(Spiekers, 2012; Wilkinson and Muck, 2019) or plant-based biogas production (Hijazi et al., 2016; 

Teixeira Franco et al., 2016). One-time crop yields during harvest periods must be conserved 

resource-efficiently to supply feed over the year. Silage, i.e. the fermentation of forage, is one 

conservation procedure, and it is estimated that global silage consumption by dairy cattle exceeds 

665 million tons of fresh matter (FM) per year (Xu et al., 2021). Nevertheless, crop production 

and the process chain of silage provision emits climate- and environment-relevant gases based on 

machinery or material use (e.g. Bacenetti and Fusi, 2015; Wilkinson and Garnsworthy, 2021) or 

microbial processes (e.g. Chen et al., 2021; Krommweh et al., 2020; Shan et al., 2023). In this 

context, Chen et al. (2021) stated: ‘In recent years, much endeavor has been devoted to mitigate 

greenhouse gases emissions from livestock production and manures treatment. However, little 

attention has been paid on CO2 emission during ensiling.’ Carbon dioxide (CO2) emissions from 

plants or microbial metabolism can be considered climate-neutral. Still, the statement also applies 

to the required research concerning other climate- and environment-relevant gas emissions during 

silage production. Furthermore, indirectly connected greenhouse gas (GHG) emissions, including 

CO2 from fossil fuel combustion, should be considered during crop or silage additive (SA) 

production. Assessing and improving silage production’s climate and environmental impact is 

essential to enhance the carbon footprint (CF) of animal-based food, like meat or milk. 

This thesis focuses on the formation, emission and fixation of climate- and environment-

relevant emissions, i.e. GHG and volatile organic compounds (VOC), of grass, lucerne and maize 

silage during the fermentation and the aerobic feed-out phase. Moreover, SA use’s CF will be 

assessed. The findings address open research questions and evaluate management effects from 

crop production and harvest management on the field to feed submission in the barn.  
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1.2 Thesis outline 

This thesis comprises six sections (Fig. 1.1). Section 1 introduces the thesis’ scope. Section 2 

describes the basics of silage production and emission research, focusing on silage’s ecological 

relevance, phases of silage production and effects of microorganisms (MO) and management for 

silage emissions. The section concludes with the derivation of the research questions.  

 

Fig. 1.1 Structure of the thesis. 

Sections 3 to 5 comprise self-standing research articles. Study 1 (Section 3) focused on CO2, 

methane (CH4) and nitrous oxide (N2O) formation during grass and lucerne fermentation 

(69 days). The forage was ensiled with varying dry matter concentrations (DM). Malfermentation 

by clostridial butyrate formation affected GHG and ammonia (NH3) formation.  

In Studies 2 and 3, the GHG and VOC formation during maize silage fermentation  

(30–135 days; Section 4) and aerobic feed-out phase (Section 5) was examined. To the author’s 

knowledge, this is the first trial with continuous silage material for both periods. Study 2 also 

addresses the fixation of gases during fermentation. SA use affected the gas formation and enabled 

emission mitigation. Study 3 comprises an assessment of silage’s emission mitigation by SA use 

and their CF. This empiric approach was conducted for the first time in scientific literature.  

Section 6 answers the research questions based on the above studies and literature review.  

In addition, a new structure of phases within the process chain of silage provision is derived with 

a focus on gas dynamics. The classification allows assigning which gases are formed or fixed at 

which time and by which pathways. Further, recommendations for (commercial) silage 

management will be derived and the relevance of the environmental impact of silage production 

will be discussed. The conclusions round off the thesis.  
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2 General overview 

2.1 Agricultural resource flux and the role of conservation and silage 

Ruminants allow the use of agricultural land that is unsuitable for arable farming, and therefore 

direct food production, for the production of animal feed and thus animal-based food. However, 

the heterogeneity of feed availability due to the varying seasons requires the conservation of forage 

for whole-year animal nutrition (Staudacher, 2012; Wilkinson and Davies, 2013; Wilkinson and 

Rinne, 2018). Livestock husbandry tends to a decreasing number of farms with increasing herd 

sizes. This affects feed consumption, for instance, in the dairy industry: Rotz et al. (2024) 

calculated a nearly constant amount (decrease of -2.6%) of forage consumed in the USA between 

1971 and 2020. However, conserved forage consumption changed by +17% and grazed forage 

by -71%. Various agricultural conservation techniques are possible (Jungbluth et al., 2017b).  

One conservation procedure is mitigating deterioration due to water extraction to undercut the 

water availability of microbial activity. For instance, this procedure is used to dry grass or legumes 

by on-field sunlight radiation or technical dryers to produce hay. Conservation procedures without 

water extraction include the ones with chemical conservation and the ones with airtight storage. 

For the latter, procedures can be split up into the ones with deterioration mitigation by 

CO2-atmosphere and those with pH-changes based on fermentation, often called silage.  

Hay (drying) and silage (fermentation) are considered the most essential feeds for ruminant 

nutrition (Ávila and Carvalho, 2020; Wilkinson et al., 2003). In addition, silage can be used for 

plant-based energy production utilising CH4 formation in biogas plants. However, besides several 

aspects, the trend towards increasing herd sizes and challenging harvest conditions due to climate 

change favoured the change towards silage (Pahlow et al., 2003; Rotz et al., 2024; Wilkinson et 

al., 2003; Wilkinson and Rinne, 2018). The diets of US dairy cows comprise up to 60% of silage 

(Vyas and Adesogan, 2023). This led to a quantity increase of silage in the past decades. Weinberg 

and Ashbell (2003) report a global silage production of 200 × 106 tDM per year. Assuming average 

DM losses (DML) of about 20.95% between field and trough (Wilkinson, 2015), this equals 

241.9 × 106 tDM of harvested forage; this aligns with the magnitude stated in Section 1. 

Silage is embedded in the nitrogen (N) and carbon (C) flux for on-farm feed provision. It starts 

with crop production, includes the process chain of silage provision and is complemented by silage 

digestion. The latter can be significantly influenced by silage quality, affecting, among others, 

animals’ dry matter intake or health (Bandla et al., 2024; Brüning et al., 2018; Driehuis and Oude 

Elferink, 2000; Queiroz et al., 2018; Roß, 2014; Wilkinson, 1999). The slurry and manure can be 

used as fertiliser for crop production, closing the cyclical flux of resources. Several pathways of 

losses and emissions may apply in the various stages, as shown in Fig. 2.1. 
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Fig. 2.1 Simplified carbon (C) and nitrogen (N) fluxes in arable forage production systems for animal-

based food production. As shown in the top elements, the extra nutrient input is via 
photosynthesis (CO2) and artificial fertilisers (NH4

+ and NO3
-). In addition to gas emissions 

(orange arrows) and the removal of end products (e.g. milk and meat, bottom elements), 
additional nutrient discharge occurs via the removal of liquid and solid manure, silage effluent 
or leaching and erosion processes (not included). 

 CH4 = Methane, CO2 = Carbon dioxide, N = Nitrogen, N2O = Nitrous oxide, 
NH3 = Ammonia, NH4

+ = Ammonium, NO3
- = Nitrate, VOC = Volatile organic compounds. 

The losses during this flux are generally considered climate- or environment-relevant.  

The formation of GHG, like CH4 or N2O, applies at various stages. CH4 is mainly formed during 

anaerobic digestion or by manure and slurry, N2O, as part of the N cycle in the soil 

(Umweltbundesamt, 2018). CO2 is also a GHG, but the climate-relevance depends on the emission 

source. CO2 from fossil fuel combustion is climate-relevant. In contrast, CO2 emissions based on 

the metabolism of plants and MO are climate-neutral since initial biomass build-up during crop 

growth is based on CO2 sequestration during photosynthesis (Fehrenbach and Bürck, 2022).  

In accordance with the data provided by the Intergovernmental Panel on Climate Change (IPCC), 

GHG have varying global warming potentials (GWP): CO2 = 1, CH4 = 25 and N2O = 298 (Forster 

et al., 2007). These are required to calculate the CO2 equivalent (CO2eq) emissions. 
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Furthermore, the metabolism of prokaryotes and eukaryotes leads to the synthesis of organic 

matter. Some products, e.g. the VOC, may change into the gaseous phase emitting to the 

atmosphere. These lead to environmental pollution (aerosol formation), and the photochemical 

reaction of VOC and oxides of nitrogen (NOx) may form climate-relevant ozone (O3) (Howard et 

al., 2010a). Besides GHG and VOC emissions, NH3 may be formed during manure or slurry 

degradation based on urease activity (Umweltbundesamt, 2018).  

Livestock farming is increasingly being investigated for its impact on global sustainability, 

partly due to the emissions mentioned above. Assessing the CF or lifecycle assessment of plant- 

and animal-based food mostly favours plant-based foods (Aleksandrowicz et al., 2016; Nonhebel, 

2006; Poore and Nemecek, 2018). CF for animal-based food can be derived (FAO, 2022);  

for instance, the CF of cattle meat is considered 30.3 (kg CO2) kg-1, and the one of fresh cow milk 

1.0 (kg CO2) kg-1. However, detailed models show that the CF of milk varies widely between 

countries and production systems from 0.74 to 5.99 (kg CO2eq) per kg of fat- and 

protein-corrected milk (FPCM) (Mazzetto et al., 2022). In detail, the provision of feed contributes 

3%–31% of this CF, showing high ratios for farms with indoor husbandry for (nearly) all year 

(Mazzetto et al., 2022). In these systems, the feed can be off-farm feeds such as, among others, 

concentrates or co-products of other (industrial) processes. On-farm feeds include pasture, hay, 

milled grain or silages (Cortés et al., 2021; van Boxmeer et al., 2021). 

One of the main objectives in silage production – to supply a high-quality product 

efficiently – is minimising DML (Adesogan, 2014; Ávila and Carvalho, 2020; Wróbel et al., 

2023). Parameters like the concentrations of digestible energy, proteins and trace elements, as well 

as impeccable hygiene, i.e. the absence of contaminating substances such as mycotoxins or 

pathogens (Gallo et al., 2023; Queiroz et al., 2018), are part of the quality assessment. Silages of 

low quality can reduce feed intake and feed values or increase feed disposal rates up to total losses. 

Losses can be divided into unavoidable and avoidable losses (Borreani et al., 2018; Köhler et al., 

2013). The former is based on biochemical metabolism pathways required for oxygen (O2) 

depletion or fermentation, e.g. the activity of lactic acid bacteria (LAB) (Borreani et al., 2018; 

Muck, 1988). The latter is due to wastage of material or substrate breakdown in (an-)aerobic 

metabolism of (undesired) MO (Ávila and Carvalho, 2020; Wilkinson, 2015; Wróbel et al., 2023). 

In general, most of the heterofermentative or aerobic respiration pathways in the metabolism of 

eukaryotes or prokaryotes lead to DML and the formation of products with a low feed value. 

Losses may increase due to challenging harvesting conditions, wrong machine settings, human 

errors or adverse forage material characteristics. DML were considered relevant for feed 

conservation efficiency for animal nutrition for several decades. This connection remains relevant 
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in future livestock farming to produce resource-efficient animal-based food. Nevertheless, DML 

are connected to gas – primarily CO2 – emissions (Chen et al., 2021; Daniel and Nussio, 2015; 

Milimonka et al., 2019). Thus, parameters like management decisions, silo and material 

characteristics or MO activity influence not only the DML (Pahlow and Muck, 2009) but also the 

emissions of silage about climate and environmental relevant substrates. In general, DML should 

be minimised to follow the United Nations sustainable development goal 12, ‘Sustainable 

consumption and production’ to reduce losses along the supply chains of human food production 

(cf. Nabuurs et al., 2023; United Nations Environment Programme, 2018). 

The course of the ensiling process and the quality of the final product can be influenced by SA, 

which are usually applied during harvesting or storage. The form of SA varies and includes, among 

others (cf. Kung et al., 2003), targeted inoculation with specific MO, the application of (organic) 

acids or substrates for nutrient supplementation, e.g. SA containing molasses or nitrite (NO2
-). 

Thus, biological and/or chemical components are used. At the same time, they can be categorised 

according to their direction of action (Kalzendorf and Staudacher, 2012). Two of the most 

important directions are influencing the fermentation (direction of action 1) and increasing the 

aerobic stability (ASTA) (direction of action 2). The former is especially suitable for crops with  

a low fermentation coefficient (FC), for instance, grass or lucerne silage with low DM and water-

soluble carbohydrates (WSC) concentrations, high protein and crude ash concentrations,  

and a high load of undesirable MO, such as clostridia. Direction of action 2 reduces aerobic 

deterioration caused by acetic acid bacteria (AAB), yeasts and moulds. This is achieved, for 

example, by the microbiological formation of acetic acid (AA) (CH3COOH) or the application of 

organic acids with suitable acid dissociation constant (pKa) values (Kung et al., 2003; Woolford, 

1975). Acids are often used in the form of salts to reduce corrosion and work safety hazards. 

Combination products and subsequent SA applications, e.g. to the silo face, are possible.  

The effect of SA on silage emission has scarcely been investigated (Cai et al., 1997; Chen et al., 

2021; Daniel et al., 2015). SA of the direction of action 1 are most suitable in situations of 

malfermentation risks (Study 1) but may not affect aerobic DML. Studies 2 and 3 and the general 

discussion (Section 6) focus mainly on SA of the direction of action 2 unless otherwise stated. 

2.2 The process chain of silage provision and quality management 

In this thesis, the following definitions apply to clarify the stages of silage management 

(Fig. 2.2). The silage storage period comprises the anaerobic phase of fermentation and the aerobic 

phase of feed-out. Beyond this, the ensiling process also includes the period of silo packing,  

i.e. filling and compaction (Pahlow et al., 2003). The process chain of silage provision, also 

comprises the harvest and transport of the forage, the silo packing, the silage removal and mixing 
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and the submission of the animal diet. Finally, silage production includes crop production, from 

sowing the crop to feeding the silage in the trough. This is followed by the final fate of the silage,  

i.e. digestion. Crop production provides the forage material for the process chain. Management 

decisions in each phase affect the subsequent phases regarding DML and resource retention 

efficiency. 

 

Fig. 2.2 Phases of the process chain of silage production and selected decisions and parameters 
influencing the management and emissions (partially based on Cooper and Hutley, 2010; 
Pahlow et al., 2003; Rooke and Hatfield, 2003; Wagner, 2005). 

 DM = Dry matter (concentration), FC = Fermentation coefficient. 

Management during silage production affects DML, emissions and the characteristics of the 

final product. Decisions within a process can be categorised into two groups (Daydé et al., 2014). 

Strategic decisions are long-term actions that usually involve increased effort and serve to define 

the process conditions or objectives. Operational decisions are short-run actions during the 

production process to reach the goals.  

Previous studies addressed quality management in producing feedstuffs and silage (Borreani et 

al., 2018; Kung and Neylon, 2002; Lindgren, 1999; Pickert et al., 2019; Wagner, 2005). Due to 

the interdisciplinary complexity, quality management must be implemented in all phases (Wagner, 

2005), and the focus should be on process-orientated decision-making steps. Previous studies used 

the ‘Hazard Analysis of Critical Control Points’ (HACCP) to assess the essential decision-making 

parameters to ensure that the product fulfils the quality demands (Lindgren, 1999; Wagner, 2005). 

However, the HACCP method requires clearly defined limits for quantifiable parameters in order 

to decide whether the current state puts the target parameters of the end product at risk (cf. National 
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Advisory Committee on Microbiological Criteria for Foods, 1998; Wagner, 2005). In most cases, 

the aim is high quality and perfect hygiene. In the case of this thesis, low DML and reduced 

emissions are the objectives. In the context of silage emissions, it is to be feared that the complexity 

and limited research into the matter affect the quantification of generally applicable limit values 

at this point (cf. Lindgren, 1999). Thus, the chance of implementation of general HACCP limits is 

vague considering the several open questions: When do which emissions occur? Which pathways 

in which periods are of the most importance? Which material and management factors affect the 

emissions? Can later management compensate for wrong decisions? Answers are needed to specify 

if HACCP can be formulated and help to assess and improve silage management. 

2.3 Phases of the ensiling process 

The most common definitions of phases structuring a successful ensiling process are shown in 

Table 2.1. These are defined by O2 availability and MO metabolism rather than chronology.  

The phases differ in length and intensity, and the transition between the phases may be 

temporal-spatially blurred (Pahlow et al., 2003). The literature shows that MO activity determines 

whether it leads to a positive course of the ensiling process or impairments, such as increased DML 

and emission quantities or the formation of harmful substances, e.g. mycotoxins or butyric acid 

(CH3CH2CH2CO2H). The abundance and activity of various MO groups and species varies widely 

between the phases (Table 2.2). 

Table 2.1 Overview of published models for structuring the phases of the ensiling process. 

Conditions Merry and Davies 

(1999) 

Pahlow et al. 

(2003) A 

Cooper and Hutley  

(2010) 

Seglar  

(2003) 

aerobic 
Phase P1 

Initial phase 
Phase P1 
Filling 

Phase P1 
Aerobic fermentation 

Phase P1 
Aerobic metabolism 

anaerobic 
Phase P2 

Fermentation 
 

Phase P2 
Main fermentation 

 

Phase P2 
Heterofermentation 

(EB) 

Phase P2 
Heterofermentation 

(EB) 

anaerobic / / 
Phase P3 

Homofermentation 
(LAB) 

Phase P3 
Homofermentation 
(thermophile LAB) 

anaerobic / / / 
Phase P4 

Homofermentation  
(mesophile LAB) 

anaerobic / 
Phase P3 

Stable storage 
Phase P4 

Stable storage 
Phase P5 

Stable storage 

aerobic 
Phase P3 

Feed-out phase 
Phase P4 

Feed-out phase 
Phase P5 

Feed-out phase 
Phase P6 

Feed-out phase 

EB = Enterobacteria, LAB = Lactic acid bacteria. 
A High-impact publication, however, the structure is probably based on Barnett (1954) (cited by Pahlow et al., 

2003). 
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Phase P1 lasts for the period of silo filling until the O2 in the silo is respired. After chopping, 

the increase of particulate surface area, damaged cell structures, and subsequently, the provision 

of WSC facilitates the metabolism of aerobic MO. WSC are respired, and enzymatical activity 

provides further substrates due to hydrolysis and proteolysis (Pahlow et al., 2003; Rooke and 

Hatfield, 2003; Schroeder, 2004). In addition, the aerobic respiration of the plant material 

continues during this first aerobic phase. Previous studies showed Phase P1 lasted for about 3 h in 

the laboratory (Li et al., 2017) and 6 h in commercial silos (Wang and Burris, 1960). However,  

O2 availability shows temporal-spatial differences throughout the silo, and therefore varying 

microbial metabolism (Emery and Mosier, 2015; Weiß et al., 2020). Silage temperature can 

increase due to enterobacterial and plant material activity (McCullough, 1984, cited by Schroeder, 

2004; Seglar, 2003). The respiratory pathways metabolise O2 to CO2. Thus, the gas volume within 

the silo is constant, and the gas composition turns anaerobic. DML in this phase is considered 

minimal (Muck, 1988). 

Table 2.2 Common microorganisms during the phases of the ensiling process (modified, based on Ávila 
and Carvalho, 2020; Seglar, 2003). 

Group of 

microorganisms 

Phase P1 

Aerobic metabolism 

Phases P2–P3 

Fermentation 

Phase P5 

Stable 

Phase P6 

Feed-out 

LAB Present 
Low population 

Present 
Population ↑ 

Present Present 
Population ↓ 

AAB Present 
Very low population 

Present 
Population ↓ 

Absent Present 
Population ↑ 

Enterobacteria Present Present 
Population ↓ 

Absent Absent 

Clostridia Present A Present (Spores) B,C Present (Spores) B Present D 

Yeasts Present Present 
Low population 

Present 
Low population 

Present 
Population ↑ 

Moulds Present Present (Spores) B 

Population ↓ 
Present (Spores) B 

Population ↓ 
Present 

Population ↑ 

AAB = Acetic acid bacteria, LAB = Lactic acid bacteria. 
A  Based on contamination. 
B  Survive in the form of spores. 
C High population increase and activity in case of malfermentation. 
D Development in anaerobic niches possible. 

Phase P2 starts with total O2 depletion within the closed silo; the fermentation begins.  

The anaerobic phases differ in the varying models (Table 2.1); subsequent descriptions align with 

Seglar (2003) focussing on maize silage. Heterofermentation converts hexoses and pentoses to 

short-chain volatile fatty acids like acetate, lactate and propionate (Table 2.3). Furthermore, 

ethanol (CH3CH2OH), CO2, and other products are formed, and high ratios of DM and energy 

losses are applied. Heterofermentation by enterobacteria (EB), yeasts, LAB or propionic acid 

bacteria is considered inefficient, i.e. the pH drops slowly in times of high DML (Day and 
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Liscansky, 1987; Seglar, 2003; Wróbel et al., 2023). The various MO are inhibited one by one 

when the pH decreases according to their acidic pH tolerance. EB and LAB remain active, showing 

hetero- and homofermentative metabolism until pH drops below pH 5 (Seglar, 2003). After this 

point, EB activity decreases (above pH > 4.5–5.0) (Pahlow et al., 2003; Spoelstra, 1985),  

and homofermentation increases lactic acid (LA) (CH3CH(OH)COOH) production and reduces 

DML. Phase P2 is considered to last about 24–72 h (Seglar, 2003). 

Table 2.3 Acidification and fermentation efficiencies of main fermentation pathways of silage bacteria 
(Rooke and Hatfield, 2003). 

Organism Pathway Substrate Product Recovery [%] 

    Energy DM 

LAB Homofermentative Glucose 2 Lactate 96.9 100 

LAB Heterofermentative Glucose 1 Lactate + 1 Acetate 79.6   83 

LAB Heterofermentative Glucose 1 Lactate + 1 Ethanol 97.2   83 

Yeasts / Glucose 2 Ethanol 97.4   51 

Clostridia / Glucose 1 Butyrate 77.9   66 

Enterobacteria / 2 Glucose 2 Lactate + 1 Acetate + 1 Ethanol 88.9   83 

DM = Dry matter, LAB = Lactic acid bacteria. 

Phase P3 lasts about 24 hours (Seglar, 2003) and can be seen as a transition period. The low pH 

favours the activity of acid-tolerant, homofermentative LAB (LABho). LABho ferment hexoses to 

LA efficiently, resulting in energy losses of only 3.1% (Table 2.3) (Rooke and Hatfield, 2003). 

However, increased silage temperatures resulting from the previous phases lead to the activity of 

specific thermophile LAB species and strains fostered by these temperatures (Seglar, 2003).  

The transition to Phase P4 is fluid due to the change in the LABho community towards 

mesophilic species. Considerable amounts of LA are formed, leading to a pH decrease until the 

potential activity of (almost) all MO is inhibited (Seglar, 2003), but many, e.g. yeasts, bacilli or 

clostridia, persist in endospore dormancy (Pahlow et al., 2003). The total length of all phases up 

to this point is given as 10–21 d, which can be shortened by SA (Schroeder, 2004; Seglar, 2003). 

Phase P5 is a stable phase stretching until the end of anaerobic storage unless leakages allow 

O2 penetration (Seglar, 2003). In the latter, aerobic respiration can lead to substantial deterioration. 

The length of Phases P2–P5 may depend, among others, on the MO community or SA use  

(cf. Arriola et al., 2021) but also on the plant type (cf. Whittenbury et al., 1967) or silage 

characteristics like the crude protein, NH3–N and crude ash concentrations affecting the buffer 

capacity (cf. Kung et al., 2018; Kung and Shaver, 2001). If anaerobic conditions remain, little 

changes occur. Acid-tolerant enzymes cause hydrolysis of carbohydrates or proteolysis to NH3 

(Pahlow et al., 2003). LAB counts are reduced, but the conversion of lactate into AA is possible 
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by heterofermentative LAB (LABhe) (Oude Elferink et al., 2001; Rooke and Hatfield, 2003). Some 

acidic-tolerant yeast strains may convert excess sugars to ethanol (Rooke and Hatfield, 2003).  

Phase P6 is the last phase of the ensiling process when the silo is opened and aerobic conditions 

are restored. The silage shall be fed quickly to the animals or biogas plant before ASTA – i.e. the 

silage temperature is at a maximum of 2 K above ambient temperature (Shan et al., 2021a; 

Wilkinson and Davies, 2013) – is at risk. ASTA is the duration of stable silage temperature which 

is influenced by – despite fluctuating ambient temperatures – physical silo characteristics (e.g. silo 

geometry and thermal insulation, silage mass, DM and porosity) and aerobic MO activity.  

The latter is the product of active MO counts and (substrate and) O2 supply rate. The facultative 

or obligate aerobic MO, in particular LAB, AAB, EB, bacilli, yeasts and moulds, reactivate their 

respiratory metabolism (Borreani et al., 2018; Merry and Davies, 1999; Wróbel et al., 2023).  

LAB are the most abundant MO for several days (Drouin et al., 2021; Vigne, 2022; Yin et al., 

2023). The amount of O2 supplied is mainly determined by the silo type, geometry, sealing and 

silage porosity (cf. Leurs, 2006). The various silo types, such as bunker silos, tower silos, silo bags 

or silage bales, can be designed in varying geometries, i.e. dimensions or shapes (e.g. vertical or 

sloping walls of the bunker silos). The latter influences the temporally and spatially varying 

amounts of O2 that penetrate into the different layers of silage material behind the silage face. 

Silages with high concentrations of DM, LA and WSC, low concentrations of AA and high 

porosity are particularly prone to aerobic deterioration (Borreani et al., 2018; Merry and Davies, 

1999; Seglar, 2003). AAB and yeasts initiate deterioration by metabolising the remaining WSC 

and LA to, among other things, heat and CO2 (Merry and Davies, 1999; Pahlow et al., 2003). 

Subsequently, moulds displace yeasts, resulting in additional heat production, CO2 emissions, 

DML and toxin production (Merry and Davies, 1999). This reduces the feed value to the point 

where the feed should be discarded entirely. 

Except for the description of aerobic deterioration, the phases presented assume a successful, 

high-quality ensiling process. In some cases, malfermentation may apply due to the activity of 

clostridia. Besides glucose metabolism, LA is converted into butyric and AA with high DML (Day 

and Liscansky, 1987; Pahlow et al., 2003; Wróbel et al., 2023). Clostridial activity occurs 

especially in contaminated plant material with low DM and high protein and crude ash 

concentrations. These parameters increase the buffer capacity, so the pH remains above the limit 

values for clostridial activity (pH > 4.2–4.5) (Pahlow et al., 2003) in phases P2–P4. 

2.4 History of silage emission research 

The first approaches to silage gas research date back to the year 1868 (cf. Reid et al., 1984). 

Further research addressed the formation of toxic gases like nitrogen dioxide (NO2) (Peterson et 
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al., 1958; Wang and Burris, 1960). The so-called ‘silo-fillers disease’ led to injuries and deaths in 

people working with silos based on the formation of nitric acid (HNO3) in the lungs after inhalation 

of brown or yellow-orange fumes containing NO2 (Grayson, 1956; Pahlow et al., 2003). 

NO2 results from microbial nitric oxide (NO) formation, which passes over to NO2 when it comes 

into contact with air (Pahlow et al., 2003). The formation of NO was traced back to the nitrate 

(NO3
-) degradation by EB in ongoing research (Pahlow et al., 2003; Spoelstra, 1985). Although 

N2O formation was known, it was not linked to any influence on climate change (e.g. Reid et al., 

1984). The synergy of silage emission and silage microbiome research showed mutual interactions. 

Subsequent studies investigated the development of anaerobic and aerobic conditions within the 

silo. These focussed on the escape of CO2 and the penetration of O2 at the silage face to derive 

findings on aerobic deterioration (Ashbell and Weinberg, 1992; Honig, 1991; Weinberg and 

Ashbell, 1994). This led to the development of models for determining silage deterioration (Pitt et 

al., 1991; Pitt and Muck, 1993). In the new millennium, the environmental consequences of silage 

production came into focus (Howard et al., 2010b; Howard et al., 2010a; cf. Zhao et al., 2021). 

Here, the emission behaviour of VOC, e.g. ethanol, methanol (CH3OH) and ethyl acetate (EA) 

(CH3CO2CH2CH3), was investigated with material from the silage face (Hafner et al., 2010; 

Montes et al., 2010) and contextualised to the farms (Bonifacio et al., 2017; Malkina et al., 2011). 

Other scientists linked silage emissions to the context of gas formation during ruminal digestion 

(Gerlach et al., 2018). The use of additional measurement technology enabled the more precise 

differentiation of gas components and corrected earlier possible measurement errors (cf. Wang and 

Burris, 1960; Zhao et al., 2021, 2016). Later on, results regarding the gas formation at the start  

(Li et al., 2017) or the total duration (Daniel et al., 2015; Daniel and Nussio, 2015) of fermentation 

were published. Varying plant materials were used (Daniel and Nussio, 2015; Li et al., 2017; 

Schmidt et al., 2011), and the influence of biological SA was investigated (Daniel et al., 2015). 

The effect of chemical SA on emission behaviour has not yet been investigated. For the first time, 

the total amount of GHG emissions during the ensiling process was determined; a large proportion 

of the gases formed is CO2 (Schmidt et al., 2012). Some studies reported gas concentrations and 

quantities of accumulated gas before gas sampling (Schmidt et al., 2011; Zhao et al., 2021, 2016). 

Thus, the exact time and length of gas formation remained uncertain. The innovative application 

of additional sensors helped reveal profound findings in aerobic deterioration and correlations 

between microbial respiration and changes in the silage characteristics, e.g. pH, temperature, or 

CO2 formation (Jungbluth et al., 2017a; Shan et al., 2021a; Shan et al., 2019; Sun et al., 2015). 

Modern sensors were also used to determine the fermentation efficiency of silage-relevant LAB 

(Shan et al., 2021b). Furthermore, silage gas formation was directly connected with MO 
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community analysis (Chen et al., 2021). While most of the investigations were conducted on a 

laboratory scale using silage material from laboratory or commercial silos, some initial studies 

have carried out measurements directly at commercially used silos (Krommweh et al., 2020; Shan 

et al., 2023; Zhao et al., 2021). Most recently, researchers have reported that silage material and 

its MO can fix CO2 and N biochemically, e.g. via the Wood-Ljungdahl-pathway (Schmidt et al., 

2023; Schmidt et al., 2018; Vigne et al., 2019). This has led to the hope that silage could serve as 

a CO2 sink. In this subject, Schmidt and Vigne (2023) said: ‘We believe this is the beginning of a 

new branch of silage science. By now, we have more questions than answers.’ 

2.5 Open research questions 

The overview shows that gas dynamics in silages are currently being examined, but several 

questions remain in this field of science. These determined the scope and impetus of this thesis. 

The studies comprised were conducted to directly address the questions 1–5. The studies’ results 

and discussion combined with additional literature review derived the additional questions 6–7: 

1 When are which climate- and environment-relevant gases and gas quantities formed 

during fermentation? 

Former research conducted comprehensive gas analytics within the first hours of fermentation 

(Li et al., 2017; Spoelstra, 1985; Wang and Burris, 1960) or collected samples of accumulated 

gases after several ensiling days (Schmidt et al., 2011; Zhao et al., 2021, 2016). Other approaches 

focused on silage-related broth (Shan et al., 2021b). Extensive sampling and analysis of GHG and 

VOC in silos during the whole fermentation process is necessary to complete knowledge of phases 

in gas dynamics. Developing previous methodology (Knicky et al., 2014) should help answer this 

question.  

2 To what extent do the factors of plant type, DM, and management (e.g. packing density 

and use of SA) affect gas formation? What emissions occur under more challenging 

conditions, such as malfermentation and increased risk of aerobic deterioration? 

Growing challenges – e.g. unfavourable harvest periods or complications during the harvesting 

process – in commercial silage management can increase the risk of adverse material 

characteristics, like too low or high DM or packing densities. Furthermore, management choices 

like the use of SA may apply. All aspects affect gas dynamics during the ensiling process. 

Particularly harsh circumstances can lead to malfermentation based on clostridial activity or 

extensive heating in the feed-out phase. The design of the studies addresses these situations, 

showing gas dynamic impacts to derive recommendations.  
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3 Which emission quantities apply in the fermentation and which in the aerobic feed-out 

phase? Which ratio is derived for continuous silage material? When should action be 

taken to reduce emissions? 

Former studies focused on specific periods of the ensiling process, i.e. the fermentation or the 

aerobic feed-out phase, with varying measurement periods. Therefore, comparing emission 

quantities between the studies may be misleading. To the author’s knowledge, the design of 

Studies 2 and 3 will address this required long-time measurement over both phases for the first 

time in scientific research.  

4 Does silage fix gases in modified trial set-ups using gas-proof materials? When are 

which quantities fixed? Can silage be a CO2 sink? 

Brazilian researchers reported that silages absorb CO2 and N during fermentation due to 

biochemical pathways, but trial set-ups contained CO2 diffusion-permeable materials (Bueno et 

al., 2020; Restelatto et al., 2019; Schmidt et al., 2018). Modified trials are necessary to prove or 

refute these claims. Furthermore, the quantification of gas fixation should be compared to the 

actual gas formation of silages to balance overall gas dynamics. 

5 If the use of SA mitigates silage emissions during fermentation and/or the feed-out 

phase, what’s the balance of silage-related mitigations and the CF of SA themselves? 

SA affect the fermentation and ASTA. The gas formation during fermentation can be increased 

(Daniel et al., 2015), but it decreases during feed-out due to reduced degradation. However, SA’s 

production and application are connected to climate-relevant emissions (Milimonka et al., 2019). 

By now, no empirical study has compared their CF and their CO2eq mitigation potential to the 

author’s knowledge. Quantifying emissions enables this balance based on trials and literature data. 

6 Which gases are formed, emitted or fixed by which MO in which pathways?  

What phases of gas dynamics can be deduced? 

The previous categorisation of the ensiling process into 3 to 6 phases (see Table 2.1) may not 

be precise enough to apply to the phases of gas dynamics. The trial results and literature research 

can be combined to derive modified phases of gas dynamics, including the microbial and 

biochemical pathways involved. 

7 Which recommendations can be formulated for silage research and commercial silage 

management to reduce environmental impacts? 

By now, most silage emission research has been conducted in lab-scale trials. New approaches 

for further research can be derived. However, recommendations for commercial silage are 

necessary to mitigate emissions in global silage management.   
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Abstract 

Silage is an essential global feedstuff and an emitter of greenhouse gases. However, few studies 

have examined the formation of carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) 

during the ensiling process. This study aimed to record the course of gas concentrations in forage 

during the ensiling process and determine the temporal variation in the (microbiological) formation 

processes. Grass and lucerne, each with two different dry matter (DM) concentrations (four 

variants, each n = 3), were ensiled in laboratory-scale barrels (120 L). Gas samples were taken 

from the headspace of the barrels and analysed using a gas chromatograph. The measurement 

period included the first 49 days of the ensiling process and the measurement interval was  

0.5–48.0 h. For all variants, a rapid increase in CO2 concentration and a one-time N2O 

concentration peak was observed between ensiling hours 36 and 96. Lower DM concentration led 

to significantly faster CO2 production (p < 0.05). Lucerne forage and higher DM concentrations 

led to significantly increased N2O concentrations (p < 0.05). The extensive measurements 

demonstrated that butyric acid formation by clostridia contributes to CH4 formation; thus, lucerne 

silage had a significantly higher concentration from ensiling day 13 (p < 0.05). Therefore, 

malfermentation actively contributes to the formation of greenhouse gases. The method described 

here provides further insights into greenhouse gas formation during the ensiling process and can 

thus help to improve ensiling research and management.  

Keywords 

Fermentation, Carbon dioxide, Methane, Nitrous oxide, Enterobacteria, Clostridia 

Graphical abstract 

 

Fig. 3.1 Graphical abstract of Study 1. 
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3.1 Introduction 

The quantification of climate-relevant emissions from agriculture is increasingly important, 

particularly in climate change research (Gerber et al., 2013; Grossi et al., 2019; Myhre et al., 2014). 

In livestock husbandry, emissions from the husbandry process itself (Mostafa et al., 2020; Philippe 

et al., 2011; Schmithausen et al., 2018a, b) as well as the downstream process chain (Amon et al., 

2006; Kupper et al., 2020; Rodhe et al., 2015), e. g. slurry management, have been thoroughly 

investigated. However, emission behaviour in the upstream part of the process chain, such as 

during feed production, is not well studied.  

To ensure that livestock are adequately fed throughout the year, one-time harvest yields must 

be preserved. The aim is to ensure that the final feed product suffers the smallest possible losses 

in quantity and quality. Consequently, feed preservation methods are used to conserve natural 

resources. Silage is one of the most important feeds used in global livestock production (Weinberg 

and Ashbell, 2003; Wilkins et al., 1999; Wilkinson and Muck, 2019), especially for ruminants.  

In addition, silage is used to feed pigs (Ebertz et al., 2020; Lengling et al., 2020) and for biogas 

production (Jacobs et al., 2017; Weiland, 2010). It is now known that silage emits greenhouse 

gases (GHGs) (Krommweh et al., 2020; Schmidt et al., 2011, 2012; Zhao et al., 2016) with various 

global warming potentials (GWPs) (Myhre et al., 2014): carbon dioxide (CO2; GWP = 1), methane 

(CH4; GWP = 28) and nitrous oxide (N2O; GWP = 265). CO2 emissions are considered climate-

neutral because of their biological origin, but forage production does require the use of fossil 

carbon reserves (e.g. fertilisers or fuels). Additionally, carbon emissions during the ensiling 

process or the aerobic feed-out phase (mostly due to yeast metabolism) are associated with feed 

and energy losses. Poor silage quality due to, for example, butyric acid production by clostridia 

[high risk in silages with low dry matter concentrations (DM)] can induce the degradation of 

proteins and amino acids to ammonia (Ohshima and McDonald, 1978). These effects are 

considered negative as they can exacerbate the loss of feed quality and negatively affect animal 

nutrition. Importantly, the conversion of forage into climate-relevant gases and the environmental 

impact of this process are increasingly understood to play a role in ongoing climate change. 

Therefore, the development of successful and efficient feed conservation processes is relevant to 

both animal nutrition and environmental protection. CH4 and N2O emissions are not considered 

climate-neutral because of their higher GWPs; thus, the conversion of high-value feed substances 

into these climate-relevant gases is a particularly important issue.  

Much of the previous research has focused on silage emissions during the aerobic feed-out 

phase (Gerlach et al., 2018; Hafner et al., 2010; Krommweh et al., 2020; Malkina et al., 2011; 

Montes et al., 2010), with the focus in part on yeast activity and aerobic stability (Jungbluth et al., 
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2017; Shan et al., 2021a, b; Sun et al., 2015). Some GHGs are emitted once after formation during 

the ensiling process (Krommweh et al., 2020). Studies on GHG concentrations during the ensiling 

process date back several decades (Peterson et al., 1958; Wang and Burris, 1960; Weinberg and 

Ashbell, 1994) or do not include measurements of CO2, CH4 and N2O (Franco, 2016; Peterson et 

al., 1958; Wang and Burris, 1960; Weinberg and Ashbell, 1994; Zhao et al., 2016). The earlier 

studies (Peterson et al., 1958; Wang and Burris, 1960) had methodological limitations in this 

context because the gas analysis technique used (mass spectrometry) was not capable of 

differentiating precisely between CO2 and N2O (Zhao et al., 2016). Furthermore, the earlier 

conducted studies were mostly aimed at assessing gas emissions from silage from the perspective 

of occupational safety (e.g. silo filler’s disease caused by nitrogen dioxide) or in relation to the 

effects on animal nutrition. The current focus is largely on the environmental consequences of 

these gas emissions, especially in modern political discussions (e.g. farm-to-fork). A large 

proportion of the studies have been conducted using maize (Zea mays) silage (Peterson et al., 1958; 

Schmidt et al., 2012; Wang and Burris, 1960; Weinberg and Ashbell, 1994; Zhao et al., 2016), 

whereas studies using grass (Krommweh et al., 2020; Wang and Burris, 1960) or lucerne 

(Medicago sativa) silage (Franco, 2016; Krommweh et al., 2020; Peterson et al., 1958) are scarce. 

Since the anaerobic ensiling process involves several phases (Pahlow et al., 2003), the composition 

and metabolic activity of microorganisms change, especially during the early days of the process. 

Consequently, the formation and concentration of gases from the silage can also change. Although 

earlier studies (Peterson et al., 1958; Wang and Burris, 1960) primarily used measurement 

intervals of 6 h within the first 66 ensiling hours, more recent studies (Bueno et al., 2020; Schmidt 

et al., 2011, 2012, 2013) have mainly examined gas concentrations on single ensiling days  

(days 5–61). Only Franco (2016) has investigated silage gases over shorter measurement intervals 

(down to 0.5 h) within the first 209 ensiling hours; however, in this PhD dissertation, not all GHGs 

were investigated and concentration courses were not provided.  

Consequently, there is still a research gap to be filled, i.e. a study of the formation of individual 

GHGs at different stages within the ensiling process. In the present study, detailed measurements 

of the gases produced were taken using precise measurement technology over short measurement 

intervals and a long measurement period. To this end, two different forages, namely grass and 

lucerne, with varying DM concentrations (following shorter and longer wilting periods) were 

investigated. Both DM concentrations were kept at low levels to simulate poor environmental 

conditions during harvesting and provoke poor silage quality. Measuring the course of the gas 

concentrations should provide conclusions on the (microbiological) formation processes and 

therefore the quality of the ensiling process itself.  
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To summarise, the objectives of this investigation were as follows: (1) to examine whether the 

method is suitable for analysing climate-relevant gases in silage at a laboratory scale; (2) to record 

the course of concentrations of three GHGs (CO2, CH4 and N2O) from two forage types (grass and 

lucerne) ensiled with different DM concentrations (shorter and longer wilting periods) using short 

sampling intervals over a long period of the ensiling process; (3) to determine the temporal changes 

in microbiological gas formation during the ensiling process in relation to the chemical 

composition of the silage. 

3.2  Material and methods 

3.2.1 Forage material and silage variants  

Grass and lucerne grown at Campus Frankenforst of the Rheinische Friedrich-Wilhelms-

Universität Bonn (Königswinter, Germany; 50°42′50.1′′ N, 7°12′24.9′′ E) were used as forage for 

the experiment. The crops were fertilised and managed under common practice conditions.  

The forage (for chemical composition, see Section 3.3.1) was cut on the evening of the 9 May 

(second cut) and kept overnight on the pasture for wilting. After collection with a loading wagon 

(theoretical cutting length: 55 mm) at noon the following day (ca. 20 h of wilting), half of each 

forage material was ensiled. The other half was spread on a black film in direct sunlight for an 

additional 4 h (at about 17°C, i.e. ambient air temperature, under a clear sky) and regularly turned 

to ensure higher DM concentrations. Consequently, four forage material variants were produced 

(for details see Table 3.1): grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer 

wilted (G LW) and lucerne longer wilted (L LW).  

Table 3.1  Characteristics of silage variants within laboratory-scale barrels (120-L volume) according to 
wilting period and forage material. 

 Silage variants A 
 

Unit G SW L SW G LW L LW 

Number of barrels  3 3 3 3 

Forage material  Grass Lucerne Grass Lucerne 

Wilting duration  
Shortly 

(ca. 20 h) 
Longer 

(ca. 24 h) 
Temperature range during wilting °C 0.8–16.8 0.8–17.9 

Temperature sum during wilting B °C 151.3 219.9 

Fresh material per barrel (mean) kg FM   85.0   81.1   72.9   63.2 

Dry matter concentration (mean) %   21.5   19.5   26.2   22.7 

Silage density (mean) (kg DM) m-3 152.3 131.7 159.1 119.5 

FM = fresh matter, DM = dry matter. 
A  Variants: grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer wilted (G LW) and lucerne 

longer wilted (L LW). 
B  Sum of hourly mean values. 
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After wilting, the plant materials were added to twelve 120-L barrels (high-density 

polyethylene) for ensiling (n = 3 for each forage variant). The fresh material was filled in layers 

and each layer was compacted with a hydraulic press to ensure uniform compaction within each 

barrel (Jungbluth et al., 2016). The density of the material was determined using the volume and 

weight of the barrel as well as the DM concentration (see Table 3.1). The plastic barrels were 

sealed with a modified lid, which was pressed onto the corresponding barrel using a clamping ring. 

A rubber septum was inserted into the plastic lids, which allowed gas sampling during the ensiling 

process (see Section 3.2.3). The lids prevented the penetration of ambient air but allowed the 

(formed) gases inside the barrel to escape above a certain overpressure within the barrel.  

After the ensiling procedure was complete, the barrels were stored indoors to ensure constant 

ambient air temperatures (23.2 ± 1.4°C). Finally, the barrels were opened on day 149 to collect 

material samples for laboratory analysis (see Sections 3.2.2 and 3.3.1).  

During wilting, the outdoor air temperatures were collected from the German weather service’s 

climate data centre (station ID 603; opendata.dwd.de, 2021); the weather station itself was 

positioned in Bonn-Roleber (Germany, 50 44′06.4′′ N 7 11′ 35.2′′ E). During forage storage,  

the ambient air temperature was measured using NTC thermistor sensors (TinyTag Plus 2 Logger 

TGP-4500; Gemini Data Loggers Ltd, Chichester, UK). The temperature measurement interval 

was 15 min. 

3.2.2  Laboratory analysis of the silage material 

Material samples were collected from the fresh material (on the day of ensiling, before filling 

barrels with SW variants) and the ensiled material (149th ensiling day). All samples were stored 

immediately at -20°C until they were analysed, which is necessary to avoid further microbial 

activity and material composition changes before analysis. Because various types of technical 

equipment were required for analysis, the samples were sent to different laboratories for testing.  

The first laboratory (Institute of Animal Science, Rheinische Friedrich-Wilhelms-Universität 

Bonn, Bonn, Germany) analysed the crude ash (see Section 3.3.1) and crude protein concentration 

of samples according to specific numbered methods in the German Handbook of Agricultural 

Research and Analytic Methods (VDLUFA, 2012). Crude ash was determined by ashing the silage 

samples at 550°C (method number 8.1). Crude protein concentration was determined using the 

Dumas combustion method (method number 4.1.2; using a FP328, Leco 8.1; Leco Instrumente, 

Mönchengladbach, Germany) in which the sample is burnt at 1,000°C, nitrogen oxides are 

reduced, and other combustion products are removed. The remaining molecular nitrogen was 

detected using a thermal conductivity detector and the data were used to calculate the crude protein 
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concentration. These measurement methods have been well established in previous studies 

(Brüning et al., 2018; Gerlach et al., 2014, 2018).  

The second laboratory (Albrecht Daniel Thaer-Institute of Agricultural and Horticultural 

Sciences, Universität zu Berlin, Berlin, Germany) analysed the pH and concentrations of lactic 

acid, acetic acid, butyric acid and its (higher) homologues (in a total sum of n- and iso-butyric 

acids, C4 molecules; n- and iso-valeric acids, C5 molecules; and n-caproic acid, C6 molecules),  

and ammonia–N (NH3–N). DM was corrected for losses of volatiles during drying (Weiß et al., 

2020) according to the method of Weißbach and Strubelt (2008). After pre-treatment, lactic acid 

levels were determined using a liquid chromatography method (via refractive index detection;  

LC-20 AB, Shimadzu Deutschland, Duisburg, Germany). The other acids were detected using a 

gas chromatograph (including a flame ionisation detector; GC-2010, Shimadzu Deutschland, 

Duisburg, Germany) with a free fatty acid phase column (Permabond FFAP 0.25 μm; Macherey-

Nagel, Düren, Germany). NH3–N levels were determined colourimetrically using a continuous 

flow analyser (San++, Skalar Analytical, Breda, Netherlands). This laboratory methodology has 

been described in detail in previous studies (Brüning et al., 2018; Gerlach et al., 2018; Weiß et al., 

2020; Weiß and Sommer, 2012).  

3.2.3  Sampling and analysis of fermentation gases  

During the early part of the ensiling period (i.e. the first 49 days), gas samples were taken 

manually at regular intervals from the headspace of the silage barrels. Samples were collected 

using a double cannula connected to a vacuumed glass vial (20-mL volume; Jungbluth et al., 2016; 

Schmithausen et al., 2018b). The intervals at which gas samples were collected from the barrels 

varied during the ensiling process: in the first 12 h, the sampling interval was 30 min; from 12 to 

48 h, the sampling interval was 2 h; and from ensiling days 3–49, the sampling interval was 2 days. 

No further gas samples were taken after the 49th ensiling day. The number of gas samples per 

barrel was 82, with 984 samples taken in total.  

Subsequently, the gas samples were analysed using a gas chromatograph (equipped with an 

electron capture detector and a flame ionisation detector; model 8610C, SRI Instruments, 

Torrance, CA, USA) according to an established analytical procedure (Krommweh et al., 2020; 

Schmithausen et al., 2016). CO2, CH4 and N2O were analysed with detection limits of 50.00, 0.08 

and 0.01 ppm, respectively. If the concentrations were outside the measuring range of the gas 

chromatograph, the samples were diluted (1:101 with ambient air) and the corresponding original 

concentration was calculated. 
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Fig. 3.2  Silage barrels with injected double cannulas and glass vials for gas sampling.  
 Left: parallel gas sampling. Middle: schematic sketch of the barrels and the gas sampling. 

Right: rubber septum, injected double cannula and vial. 

3.2.4  Data processing and statistics 

The compositions of the different silage variants were compared using one-way analysis of 

variance (ANOVA). The gas concentrations within the silage barrels during ensiling were 

compared using a mixed ANOVA. In all analyses, Tukey’s-HSD test was used as a post hoc test 

if the homogeneity of variance was given; if not, a Games-Howell test was used. For all statistical 

analysis, p values < 0.05 were considered significant. IBM SPSS Statistics (Version 26.0) was 

used to conduct statistical analysis, whereas Microsoft Excel was used to perform descriptive data 

analysis.  

3.3  Results and discussion 

3.3.1  Composition of the silage 

The fresh forage and the ensiled material had low DM concentrations (see Table 3.2) below or 

at the lower limit of the recommended range, which is 25%–35% DM for grass silage (Kung et 

al., 2018) and 30%–35% DM for lucerne silage (Kung et al., 2018; Seglar, 2003). Nevertheless, 

the difference in DM concentration between the SW and LW variants was significant (p < 0.05). 

The L SW variant was under the target value for the crude protein concentration of lucerne silages 

(however, incorrect laboratory results were possible due to NH3–N out-gassing, as explained in 

the last paragraph of this Section), whereas the other variants exceed the target values,  

i.e. < 170 g (kg DM)-1 for grass silage (Spiekers, 2012) and ~ 200 g (kg DM)-1 for lucerne silage 

(Seglar, 2003). These characteristics are due to the early cutting time of lucerne, a leafy second 

grass cut, the fertiliser management process and the low external air temperature during wilting 

(see Table 3.1). 
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Table 3.2 Chemical compositions of fresh and ensiled materials A for the tested silage variants B. 

Variant pH Dry  

matter 

Crude  

ash 

Crude  

protein 

Lactic  

acid 

Acetic  

acid 

Butyric  

acid C 

Ammonia  

nitrogen 

Ammonia  

nitrogen 

  [g (kg FM)-1] [g (kg DM)-1] [g (kg total N)-1] 

Gfresh 6.4 258 131 172 2.2 16.2 0.5 3.3 119 

Lfresh 6.9 237 118 217 2.0 17.7 0.7 4.2 121 

G SW D 4.9a ± 0.2 215b ± 3 131a ± 0.3 208b ± 8.1 47.2c ± 11.0 11.3a ± 1.0 41.6a ± 7.4   6.9a ± 0.5 206a ± 12 

L SW D 6.2b ± 0.0 195a ± 3 179b ± 3.5 176a ± 4.0   1.9b ±   0.1 38.6b ± 2.3 83.5b ± 7.2 22.2b ± 1.2 788c ± 66 

G LW D 4.8a ± 0.1 262d ± 1 127a ± 4.9 225c ± 1.7 64.6c ±   7.4   9.6a ± 1.7 26.5a ± 0.7   5.8a ± 0.1 160a ±   5 

L LW D 7.1c ± 0.2 227c ± 1 185b ± 9.0 246c ± 8.9   0.0a ±   0.0 29.9b ± 4.0 69.0b ± 7.6 22.8b ± 0.3 580b ± 22 

FM = fresh matter, DM = dry matter, N = nitrogen. 
Means with different superscript lowercase letters within a column differ significantly (Tukey’s-HSD or Games-Howell tests, p < 0.05). 

A  Fresh material was sampled on the ensiling day before the SW variants were ensiled; ensiled material was sampled on the 149th ensiling day. 
B  Variants: grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer wilted (G LW) and lucerne longer wilted (L LW). 
C  Sum of n- and iso-butyric acids (C4 molecules), n- and iso-valeric acids (C5 molecules) and n-caproic acid (C6 molecules). 
D  Means ± standard deviation. 
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High crude protein, NH3–N and crude ash concentrations in the silage have buffering properties 

and can inhibit a rapid decrease in pH at the beginning of ensiling (Kung et al., 2018; Kung and 

Shaver, 2001). Both grass variants had pH values at the upper end of the recommended values,  

i.e. 4.0–5.0; however, especially with low DM concentrations, pH values should be at the low end 

of this target range (Spiekers, 2012). L SW and L LW variants had pH values that were too high 

given that the maximum target value is pH 4.5 (Kung et al., 2018; Seglar, 2003). These values can 

be explained by high NH3–N [partially in the form of dissolved ammonium–N (NH4
+-N), alkaline 

substances], low lactic acid and high butyric acid concentrations in the lucerne silage. The butyric 

acid concentration was greater than the given maximum value of 3 g (kg DM)-1 (Spiekers, 2012); 

thus, it can be considered an indicator of the undesirable activity of clostridia (Rooke and Hatfield, 

2003), which can metabolise lactic acid to butyric acid, hydrogen (H2) and CO2 during anaerobic 

(saccharolytic) metabolism. Clostridia are particularly active in silage with pH values > 4.2–4.5 

(Pahlow et al., 2003) and DM concentrations < 30%–35% (Kung et al., 2018). The LW variants 

tested here tended to have low butyric acid concentrations (p < 0.1 within G variants; p < 0.05 

within L variants). 

All tested materials showed higher NH3–N concentrations than those measured in previous 

analyses (Hartinger et al., 2019; Kung and Shaver, 2001; Wyss et al., 2017). Previously, Weiß 

(2001) reported NH3–N concentrations of up to 30% in a grass-legume silage mix with added 

clostridia spores. Wet silages seem to have higher NH3–N concentrations (Hartinger et al., 2019; 

Kung and Shaver, 2001) and low wilting intensity also favours high NH3–N concentrations 

(Hartinger et al., 2019). Concentrations of NH3–N at > 12% of total N indicate protein degradation 

by enterobacteria (Pahlow et al., 2003; Spoelstra, 1987) and clostridial activity (Kung and Shaver, 

2001; Pahlow and Hünting, 2012). Enterobacteria, which are particularly active during the early 

stage of ensiling (Heron et al., 1993), can convert nitrate first to nitrite and then to NH3 and N2O 

during denitrification at high pH values (> 4.5). Nitrate is known to have an inhibitory effect on 

clostridia (Kaiser and Weiβ, 2007; Weiβ, 2001; Wilkinson, 1999), but this was apparently 

insufficient in the tested materials. Proteolytic clostridia metabolise various proteins and amino 

acids to NH3 (Ohshima and McDonald, 1978; Weiβ, 2001), among other compounds, during the 

second stage of anaerobic (clostridial) malfermentation (deamination, decarboxylation and 

Stickland reactions) (Kaiser and Weiβ, 2007; Rooke and Hatfield, 2003; Weiβ, 2001). However, 

clostridial activity has the greatest impact (Kaiser and Weiβ, 2007); it causes the formation of 

ammonia, butyric acid and (higher) homologues (Weiβ, 2001) (Table 3.2).  

The combination of low lactic acid, high butyric acid and high NH3–N concentrations indicates 

high clostridial activity (Kaiser and Weiβ, 2007; Weiβ, 2001), in which the saccharolytic clostridia 
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that are active at > 4.2 pH (Pahlow et al., 2003) precede the proteolytic clostridia (Weiβ, 2001) 

that are active at > 5.0 pH (Pahlow et al., 2003), during the malfermentation phase (lactic acid 

degradation). The conversion of high-value proteins and amino acids to NH3–N is known to reduce 

feed quality (Kung and Shaver, 2001; Wilkinson, 1999) and lead to gaseous emissions, especially 

when the material has high pH values (i.e. when the equilibrium between volatile ammonia and 

nonvolatile ammonium shifts towards ammonia). These emissions could be relevant during 

material analysis, e.g. potential NH3–N emissions before or during the analysis of crude protein in 

the L SW variant could affect the calculation of relative NH3–N concentrations, and for 

determination of environmental pollution. Further research is therefore recommended because 

NH3 emissions were not assessed during this investigation. 

3.3.2 Gas formation during the ensiling process 

3.3.2.1 CO2  

A rapid increase in CO2 concentration was detected in all silage barrels (see Fig. 3.3). 

The G and L variants did not differ in terms of these concentrations. However, lower DM 

concentrations in the SW variants led to a significantly faster increase in CO2 concentrations at the 

start of ensiling, i.e. between ensiling hours 4.5 to 35.0 (p < 0.05; exception for ensiling hour 19). 

CO2 concentrations above 100% may have resulted from the analysis of diluted gas samples 

(see Section 3.2.3); thus, a modified methodology (e.g. dilution with pure nitrogen or a smaller 

dilution ratio) should be considered in future investigations.  

The course of the measured CO2 concentrations is in agreement with data published in earlier 

literature, which show a rapid increase in CO2 concentrations in silage (Li et al., 2017; Wang and 

Burris, 1960). Wang and Burris (1960) showed a degressive course in the measured 

CO2 concentrations of maize silage (field tower silos), which is consistent with the results of the 

present study (see Fig. 3.3) and with those reported by Li et al. (2017). In contrast, Wang and 

Burris (1960) recorded a linear increase in a feed mix containing soybean and Sudan grass (42.6% 

CO2 after 60 h). However, the measured concentrations can vary depending on the gas tightness 

of the silos and the remaining air inside.  

Li et al. (2017) showed that CO2 formation starts once the silo is closed but that most of the 

CO2 is formed by lactic acid bacteria after anaerobic conditions have been reached. Gomes et al. 

(2019) found that lower DM concentrations lead to higher gas formation, which explains the rapid 

increase in CO2 concentrations in the SW variants observed in the present study between ensiling 

hours 4.5 to 35.0 (see Fig. 3.3). Higher water availability affects microbial activity, regardless of 

the plant material. Faster gas formation can be interpreted as a rapid start to ensiling when it is 

(primarily) due to lactic acid bacteria. In the present study, all variants were characterised by wet 
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plant material that provokes malfermentation. Thus, even the low DM concentrations are not 

recommended and the target values should be used in practice (see Section 3.3.1). 

 

Fig. 3.3  Mean carbon dioxide concentration (%) within the headspace of the silage barrels (n = 3) 
containing each silage variant during the ensiling process. 

 Error bars indicate standard deviations. Significant differences (p < 0.05) among the four 
variants at selected time points are indicated by different lowercase letters. 

 Variants: grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer wilted 
(G LW) and lucerne longer wilted (L LW). 

During CO2 formation, the pressure inside the silage storage containers increases (Daniel et al., 

2016; Daniel and Nussio, 2015b; Li et al., 2017) and the gases escape, which results in measurable 

(GHG) emissions (Schmidt et al., 2011, 2012). CO2 concentrations are correlated with the 

microbial activity and positive pressure in the silage barrel (Daniel et al., 2016; Li et al., 2017). 

After completing the main fermentation phase (Pahlow et al., 2003), a pressure drop can be 

detected that leads to negative pressure in the silage containers (Schmidt et al., 2018). This could 

be attributable to the dissolution of CO2 in the liquid phase (Li et al., 2017) or microbial activity 

(possibly the Wood-Ljungdahl pathway) (Schmidt et al., 2018; Vigne et al., 2019). Qualitative 

observations in the current study, i.e. lids slightly curved inwards, suggested negative pressure 

within the silage barrels containing G variants. In contrast, barrels with L variants showed 

overpressure during the complete anaerobic storage phase, i.e. the lid was curved outwards; 

moreover, when the clamping rings on the barrel were opened on ensiling day 149, gas was 

observed to escape immediately. This indicates that the lucerne silage never reached the stable 

anaerobic storage phase (Pahlow et al., 2003), which was confirmed by the butyric acid formation 

results (see Section 3.3.1). Consequently, steady but varying gas formation may have occurred 
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from the L variants over the storage period, which resulted in an outward gas flow. However,  

gas formation can vary widely (Daniel et al., 2015; Daniel and Nussio, 2015a; Gomes et al., 2019); 

therefore, it is difficult to predict the emission quantities produced in these trials.  

Nevertheless, continuous gas formation is relevant for evaluating the measured CH4 and N2O 

concentrations (see Sections 3.3.2.2 and 3.3.2.3). Furthermore, emission measurements should be 

performed for both high- and low-quality silages in future studies. 

3.3.2.2 CH4 

The four experimental silage variants had an initial CH4 concentration peak that varied from 

4.6 ± 0.2 to 5.8 ± 0.3 ppm between ensiling hours 16.2 ± 4.8 and 39.2 ± 3.1 (Figs. 3.4 and 3.6). 

The G SW variant showed a significantly higher CH4 concentration than the G LW variant between 

ensiling hours 6 and 27 (p < 0.05) but lower concentrations between ensiling hours 40 and 106.  

A similar trend applied to the L SW and L LW variants for ensiling hours 7 to 21 and 31 to 94, 

respectively. After reaching these peaks, the CH4 concentrations in all variants decreased to 

< 1 ppm. The CH4 concentrations in the G barrels were constant after ensiling day 6 

(0.7 ± 0.4 ppm), whereas the CH4 concentrations from lucerne silage substantially increased after 

ensiling day 12 resulting in a significant difference between the G and L variants (p < 0.05). 

Additionally, the L SW variant had significantly higher CH4 concentrations than the L LW variant 

for ensiling days 9.5–10.5, 11.5–12.5 and 21.0–30.0 but lower concentrations after ensiling day 38 

(p < 0.05).  

Studies of CH4 formation within forage, especially in silage, are scarce. Emery and Mosier 

(2015) studied CH4 concentrations at the laboratory-scale using gas-tight plastic containers with 

aerobically stored nonforage switchgrass and corn stover. During the storage phase (59 days), 

these researchers were generally able to measure CH4 concentrations at 2–15 ppm (although single 

peaks were up to 2,100 ppm); low moisture concentrations resulted in the highest CH4 

concentrations. The current findings are only partially consistent with those of Emery and Mosier 

(2015), i.e. higher CH4 concentrations were detected in the SW variants during the first ensiling 

day (Figs. 3.4 and 3.6); however, the SW variants had lower CH4 concentrations in the second 

phase of the initial peak. The earlier formation of CO2 in the SW variants (see Section 3.3.2.1) led 

to the release of CH4 via outward gas mass flow. In one study, Schmidt et al. (2011) measured 

CH4 concentrations at 2 ppm in sugarcane silage on ensiling days 5, 33 and 61; in another study, 

they detected 7 ppm CH4 in maize silage on ensiling days 5 and 15 (Schmidt et al., 2012). 

Krommweh et al. (2020) measured CH4 concentrations of 3.2–9.6 ppm within grass silage bales 

and of 10.2–24.4 ppm within lucerne silage bales at the time of silage opening. However, Gerlach 

et al. (2018) did not detect CH4 emissions during the feed-out phase of maize and lucerne silage.  
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Fig. 3.4 Mean methane concentration (ppm) within the headspace of the silage barrels (n = 3) 
containing each silage variant during the ensiling process. 

 Error bars indicate standard deviations. Significant differences (p < 0.05) among the four 
variants at selected time points are indicated by different lowercase letters. 

 Variants: grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer wilted 
(G LW) and lucerne longer wilted (L LW). 

To our knowledge, a detailed course of CH4 concentrations during the ensiling process has yet 

to be reported. Consequently, the curves shown in Figs. 3.4 and 3.6 represent new information on 

the time course of CH4 formation. Nevertheless, further investigations with various forage types 

will be necessary.  

An increase in CH4 concentrations (see Fig. 3.4) has yet to be detected during the ensiling 

process. One earlier postulated explanation (Pahlow et al., 2003; Spoelstra, 1983; see 

Section 3.3.1) is as follows: during lactate degradation to butyric and acetic acid, clostridia can 

form H2 that is converted to CH4 during anaerobic methanogenesis. In addition, archaea can form 

CH4 (as well as CO2 and other compounds) from H2 and acetic acid (Aumüller-Gruber et al., 2013). 

Given the current lack of research related to CH4 production, it is unclear which microorganisms 

within the silage contribute to methanogenesis. Likewise, it is uncertain whether the population of 

methanogenic microorganisms differs among different forage materials (Emery and Mosier, 2015; 

Yenjai et al., 2012) and among different stages of the anaerobic storage phase. However,  

the production of biogas has shown that obligate anaerobic methane-forming organisms are active 

when pH values are neutral (Aumüller-Gruber et al., 2013). Thus, the organisms likely benefit 

from the provision of H2 and the rising pH values during the course of lactic acid degradation and 
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NH3 or NH4
+ formation, respectively, in lucerne variants (see Section 3.3.1). Consequently, 

increasing CH4 concentrations may be useful for indicating clostridia activity. Compared with the 

L LW variant, the L SW variant showed an increase in CH4 concentration at an earlier stage of the 

ensiling process (Fig. 3.4). The higher water availability seems to affect the onset of microbial 

activity (see Section 3.3.2.1). However, the L LW variant subsequently shows higher CH4 

concentrations than the L SW variant. This is in line with higher pH values and lower lactic acid 

concentrations (Table 3.2), i.e. indicators of higher clostridial activity, as well as previous reports 

in the literature (Emery and Mosier, 2015).  

Gerlach et al. (2018) stated that ‘fermented forages seem to be an unlikely source of  

CH4 emissions’, which is contradicted by the current results, at least for lucerne silage with poor 

ensiling quality. At present, it is not possible to determine whether CH4 is formed at  

climate-relevant levels. Further investigations with different forage types and (induced) clostridial 

activity must therefore be conducted. 

3.3.2.3 N2O 

The time course of N2O concentrations in the silage barrels revealed that N2O levels increased 

for all variants in the first hours of the ensiling process, peaked between ensiling hours 38.3 ± 4.2 

and 94.5 ± 6.9, and then subsequently regressively decreased (Fig. 3.5). The grass silage produced 

higher N2O concentrations than the lucerne silage from ensiling day 3 onwards. Thus, with a few 

exceptional individual gas samples, significant differences between the G SW and L SW variants 

and between the G LW and L LW variants, respectively, were consistently detected (p < 0.05). 

Additionally, higher DM concentrations in individual forage led to higher N2O concentrations but 

delayed N2O peaks. The barrels containing the LW variants had significantly lower N2O 

concentrations than those containing the SW variants between ensiling hours 16 to 45, but N2O 

levels were higher in the former from ensiling days 3.5–16.0 (p < 0.05). After the peaks had been 

reached, the N2O concentrations of L variants decreased to < 10 ppm until ensiling day 47. In the 

G variants, N2O concentrations remained at higher levels; thus, from ensiling day 29 onwards, a 

significant difference in N2O concentrations was detected between the G and L variants (p < 0.05). 

Zhao et al. (2016) measured N2O concentrations in maize silage (gas sampling during the first 

week of ensiling in a laboratory-scale silage experiment) at 1,806–1,836 ppm. Wang and Burris 

(1960) measured N2O concentrations in a field silo (maize silage) at 10,000–43,500 ppm within 

the first 66 h of ensiling. The substantially higher values reported by Wang and Burris (1960) have 

already been discussed by Zhao et al. (2016) with one possible explanation: the identical mass of 

CO2 and N2O could have led to uncertain N2O values in the course of mass spectroscopy and 

subsequent differentiation. The current results tend to confirm N2O levels stated by Zhao et al. 
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(2016). In the emission studies from a Brazilian working group, detected N2O concentrations were 

1–937 ppb in emitted gas samples from various silages (Schmidt et al., 2011, 2012). Furthermore, 

Franco (2016) detected emission rates of 374 mg (kg DM)-1 up to the 120th hour of ensiling for 

lucerne silage, although no further emissions occurred after this point. Additionally, Gerlach et al. 

(2018) reported that lucerne silage with pH values of ~ 5.8 emitted N2O during the feed-out phase. 

 

Fig. 3.5 Mean nitrous oxide concentration (ppm) within the headspace of the silage barrels (n = 3) 
containing each silage variant during the ensiling process. 

 Error bars indicate standard deviations. Significant differences (p < 0.05) among the four 
variants at selected time points are indicated by different lowercase letters. 

 Variants: grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer wilted 
(G LW) and lucerne longer wilted (L LW). 

Lower DM concentrations led to earlier gas formation (see Sections 3.3.2.1 and 3.3.2.2). After 

a specific point within the first four days of ensiling (N2O peaks; Fig. 3.5), no further (relevant) 

amounts of N2O were produced. The formation by enterobacteria ends as soon as the nitrate and 

respective nitrite contents in the materials have been entirely converted or when the enterobacteria 

are inhibited by decreasing pH values (see Section 3.3.1). Unfortunately, pH measurements and 

nitrate concentrations were not recorded for this period. Consequently, it is unclear whether 

additional N2O was formed from the LW variants or whether the higher concentrations were due 

to other unknown effects. N2O concentrations decreased more quickly in the SW variants than in 

LW, which might have been due to the higher bacterial activity and earlier CO2 formation in the 

former (see Sections 3.3.2.1 and 3.3.2.2). After fermentation was complete, the grass silage did 

not produce any additional gas; thus, the produced amounts of N2O remained in the barrels.  
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For the L variants, it can be assumed that the outward gas flow entirely released the produced N2O 

(see Section 3.3.2.1). Nevertheless, enterobacteria may have remained active and formed N2O 

from other sources because the pH of the lucerne silage was above the critical activity limit of 

enterobacteria, i.e. > 4.5–5.0 (Gerlach et al., 2018; Spoelstra, 1985). However, considering the 

increased CH4 concentrations in the barrels (see Section 3.3.2.2), it can be assumed that relevant 

amounts of N2O were not produced (Fig. 3.5). Franco (2016) showed that lucerne silage emitted 

significantly higher amounts of CO2 and N2O than were emitted by maize silage. Nonetheless, 

further studies will be necessary to determine the emission behaviour during the ensiling process 

for different forage types under various conditions and ensiling management practices. 

3.3.2.4 CH4 and N2O concentrations within the first four ensiling days 

Fig. 3.6 shows that, for each silage variant, CH4 formation occurred before N2O formation.  

The time interval between the concentration peaks of the two gases was longer in the LW variants: 

34.7 ± 13.3 h for G SW, 22.2 ± 5.6 h for L SW, 55.3 ± 5.0 h for G LW and 66.0 ± 2.0 h for L LW, 

respectively. 

At this stage, a final conclusion cannot be made regarding which microorganisms and metabolic 

processes are involved in gas formation at the beginning of ensiling. One potential explanation 

follows, although other (biochemical) formation processes are also possible (e.g. degradation of 

cell components). It is possible that facultative anaerobic enterobacteria enzymatically convert 

formate (HCO2
-) into CO2 and H2 during the first hours (Pahlow et al., 2003). The increase in  

CH4 concentration ended when CO2 concentrations exceeded 88.9% for G SW, 81.4% for L SW, 

84.1% for G LW and 74.4% for L LW. The formed H2 can be used for methanogenesis because of 

the anaerobic conditions and formation of small anaerobic pockets within aerobic plant material 

(Emery and Mosier, 2015; Yenjai et al., 2012). Additionally, the residual respiration of the forage 

and the increasing activity of the lactic acid bacteria lead to complete anaerobic conditions and a 

decrease in pH levels. The former condition leads to increased formation of N2O by enterobacteria 

(see Sections 3.3.1 and 3.3.2.3). This process releases oxygen that this is rapidly respired.  

The latter condition first inhibits methanogenic microorganisms, which are typically active at 

higher pH levels, e.g. > 6.8 pH for archaea (Aumüller-Gruber et al., 2013), and then inhibits the 

enterobacteria, which are active at > 4.5 pH (see Section 3.3.1). Consequently, the first CH4 peak 

and the N2O peak can be attributed (indirectly) to the metabolism of the enterobacteria. 
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Fig. 3.6 Mean methane and nitrous oxide concentrations (ppm) within the headspace of silage barrels 
(n = 3) containing each silage variant within the first 4 days of the ensiling process. 

 Error bars indicate standard deviations at selected time points. 
 Variants: grass shortly wilted (G SW), lucerne shortly wilted (L SW), grass longer wilted 

(G LW) and lucerne longer wilted (L LW). 

The higher measured gas concentrations suggest that the activity of enterobacteria is higher in 

the G variants. Unfortunately, the concentrations of formate and nitrate in the fresh material and 

microbial population were not analysed. Consequently, it is not possible to conclude whether 

additional substrate or a bigger microbial population led to increased gas formation in the grass 

variants. The similar CO2 formation results for the two forages (see Section 3.3.2.1) suggest that 

more CH4 and N2O were formed in the grass variants. Earlier release of the gases via CO2 mass 

flow seems unlikely. However, it is unclear why the time interval between the gas peaks was longer 

in the LW variants. A more detailed investigation of gas concentrations and emission quantities 

could potentially clarify when the gases are released; thus, further studies evaluating  

GHG formation during this period should be conducted. 
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3.3.3 Examination of the methodological procedure 

In this study, 82 gas samples per silage barrel were taken and analysed using a gas 

chromatograph; overall, 984 gas samples were analysed. To our knowledge (see Section 3.1),  

this is the first study to investigate such an extended ensiling period (49 days) using such short 

sampling intervals (as frequent as 0.5 h). Furthermore, this study used the largest common 

laboratory-scale containers available (120-L volume), whereas previous studies mainly used much 

smaller silos (maximum volume: 20 L) (Bueno et al., 2020; Franco, 2016; Schmidt et al., 2011, 

2012). 

The gas samples were taken in the headspace of the standing laboratory-scale barrels above the 

silage material. Although the methods used do not provide an answer to the open question (Zhao 

et al., 2016) of how relevant gas measurements taken at the laboratory-scale are on a practical 

scale, the plastic barrels used here are established laboratory silos (Jungbluth et al., 2017; Sun et 

al., 2015) and the gas sampling technique is comparable to that used in earlier studies (Bueno et 

al., 2020; Restelatto et al., 2019; Schmidt et al., 2011, 2012). In practice bunker silos, gas formation 

during the ensiling process is observed through inflated silo film or gas escape at ground level 

(for instance, reddish-brown gas clouds for nitrous gases containing nitrogen dioxide). CO2 and 

N2O have a higher molecular weight than air and can accumulate within the silage barrels. The gas 

measurements show a N2O peak in the first ensiling days (no discolouration was visible), but gas 

concentrations may have been higher in the deeper layers of the barrel. However, gas formation 

(mainly CO2) from the material led to an outward gas flow (see Section 3.3.2.1), which escapes 

between the barrel and the lid. The gas sampling point (see Section 3.2.3) was located at the edge 

of the lid; thus, the escaping gases, which contained quantities of N2O, flowed past the measuring 

point. Given the lower molecular weight of CH4, the concentration of this gas (see Section 3.3.2.2) 

could be measured continuously. Consequently, it is assumed that the measurement results are 

transferable to practice silos with a comparable ensiling process. 

The measurement of GHGs using a gas chromatograph is an established method that is 

practically suitable for use in animal houses, even when gas concentrations are low (Schmithausen 

et al., 2016, 2018b). However, this methodology is not applicable for measurements in practice. 

Therefore, additional studies are required to examine the potential use of rapid testing systems 

with lower measurement accuracy to determine the appropriateness of the ensiling process in 

practice. 

In the present study, the measurements taken using the tested materials under the specific 

conditions showed that gas concentrations within silage vary considerably over time. On the one 

hand, the experiment indicated that CH4 formation preceded N2O formation by several hours 
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during the first days of the ensiling process (see Section 3.3.2.3). On the other hand, the measured 

values show CH4 formation after ensiling day 12 in silages with increased butyric acid 

concentrations (see Section 3.3.2.1). To our knowledge, this was the first practical measurement 

to show this phenomenon. Therefore, the methodology described here could provide further 

insights into the metabolic activity of microbiota during the ensiling process. 

Unfortunately, the quantification of GHG emissions was not possible in this study because the 

objective was instead to record detailed concentration courses over time. Schmidt et al. (2012, 

2011) concluded that GHG emissions from the ensiling process play a subordinate role compared 

with the emissions from cattle and dairy farming processes. This statement could be re-examined 

considering the varying gas concentrations observed during the ensiling process as well as 

calculated emission quantities. Any projections of GHG emission quantities based on one-time 

measurements of gas concentrations (Bueno et al., 2020; Schmidt et al., 2011, 2012) could 

underestimate or overestimate the emissions from silage (especially in cases with poor ensiling 

quality). Further studies should also include assessment of NH3 concentrations or emissions as 

well as more extensive material analyses. 

Finally, it can be concluded that, in addition to chemical analyses of silage material, repeated 

gas analyses, as described in the present study, could contribute to improving our understanding 

of the ensiling process and ensiling quality. Therefore, new studies addressing open research 

questions and comparing various types of forage are recommended. 

3.3.4 Implications for ensiling management research 

In practice, silages are too often of poor quality; hence, it is necessary to investigate these 

situations appropriately. In some regions of the world, weather fluctuations and relatively short 

harvest periods (due to precipitation) can impair harvest conditions, harvest security and 

fermentation capacity (Persson and Höglind, 2014). In addition, the demand for high-quality silage 

will increase globally over time (Wilkinson, 1999; Wilkinson and Muck, 2019). However,  

if high-efficiency harvesting machinery is not available, it is difficult to use shorter harvesting 

periods effectively. For this reason, fresh material with low DM concentration was used here to 

provoke malfermentation and simulate adverse harvest conditions. However, differences in the gas 

courses of the silage variants show that DM concentrations noticeably affect microbiological gas 

formation. Additional research should therefore involve experiments with varying  

DM concentrations. 

According to current knowledge, malfermentation leads to five negative outcomes: 

(1) decreased feed intake (Spiekers, 2012), (2) reduced feed quality (especially energy and protein 

losses) (Wilkinson, 1999), (3) increased feed quantity demand to fulfil the nutritional needs of the 
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animals, (4) higher levels of feed disposal, and (5) increased direct GHG emissions during the 

anaerobic storage period. The first four factors lead to a rise in indirect emission quantities and 

climate impacts from animal feeding and biogas production, respectively, because silage quantities 

must be increased to produce the final outputs. This situation may also be applicable to the ensiling 

of other forages (e.g. maize or whole-plant grain silage), although further experimental studies are 

required to confirm this. Future studies must also examine whether significant GHG emissions 

occur in this case. 

Especially in modern times, various methods should be used to investigate and analyse the 

environmental impact of ensiling for livestock feed or biogas production and the optimisation of 

these methods should be attempted. The use of ensiling additives to control the ensiling process 

may be one viable option. The addition of chemical compounds or microorganisms (mostly 

homofermentative or heterofermentative lactic acid bacteria) could positively influence the 

ensiling process, which could improve ensiling quality even under unfavourable conditions. 

However, the production and application of these substances is associated with increased effort 

for which the climate impact cannot currently be quantified. A future comparison could involve 

the reduction in GHG emissions as result of minimising fermentation losses vs. the additional 

effort required to include silage additives. 

This study investigated the GHG emissions of different feeds with varying DM concentrations. 

DM concentrations especially were found to affect the timing of microbial formation processes 

(see Section 3.3.2). Thus, studies must be conducted to determine the effects of various  

DM concentrations and investigate larger DM differences between silage variants. In addition, 

DM concentrations can influence other silage parameters, such as the possible packing density of 

the silo, and can therefore influence aerobic stability. As stated above, several additional studies 

are required to improve our understanding of the multidisciplinary natural and man-made silage 

process chains. 

3.4 Conclusion 

Based on the execution and results of the experiment, the sampling methodology was suitable 

to measure the varying gas concentration courses within the silos and conclude the gas formation. 

This method can be used for future fundamental research concerning different silage variants for 

laboratory-scale measurements. However, further research should quantify gas emissions and 

analyse microbial populations for more detailed insights. The short measurement intervals (down 

to 0.5 h) demonstrated that gas formation occurs within short periods, especially during the first 

four ensiling days. Lower dry matter concentrations favoured an earlier onset of CO2, CH4 and 

N2O formation. Besides, the produced gases affect each other; the ongoing formation of CO2 forces 
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the other gases out of the silos. Thus, dry matter concentration plays a significant role for the 

measured concentration courses and should be considered in future studies. For lucerne variants, 

lactate degradation and butyrate formation by clostridia (malfermentation) led to the production 

of CH4 at rising pH values from ensiling day 12. This phenomenon is reported here for the first 

time. Thus, malfermentation impairs silage quality (reduced feed value or increased disposal 

quantities) and actively contributes to GHG formation. An optimal ensiling process, obtained using 

the best possible management practices, would therefore be desirable from the perspective of 

animal nutrition and environmental protection. However, further research is needed to determine 

GHG emission quantities and the effects of various elements such as versatile forage types,  

DM concentration, silage additives and environmental factors. 

3.5  Supplementary information 

List of abbreviations 

ANOVA Analysis of variance 

DM Dry matter 

FM Fresh matter 

G Grass 

G LW Grass longer wilted (ca. 24 h wilting) 

G SW Grass shortly wilted (ca. 20 h wilting) 

GHG Greenhouse gas 

GWP Global warming potential 

L Lucerne 

LW Longer wilted (ca. 24 h wilting) 

L LW Lucerne longer wilted (ca. 24 h wilting) 

L SW Lucerne shortly wilted (ca. 20 h wilting) 

SW Shortly wilted (ca. 20 h wilting) 
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Abstract 

Background: Silage emits climate- and environment-relevant gases during fermentation and 

feed-out periods. This trial aimed to determine the unknown carbon dioxide (CO2), methane, 

nitrous oxide, ethanol, and ethyl acetate emissions of constant maize silage material over both 

periods. The results will be published in two consecutive articles (Part A: anaerobic fermentation 

period, Part B: aerobic storage period). 

Methods: The untreated control (CON) was compared with the chemical additive treatment 

(CHE; 0.5 g sodium benzoate and 0.3 g potassium sorbate per kg fresh matter) and the biological 

additive treatment (BIO; 108 colony-forming units (CFU) Lentilactobacillus buchneri and 

107 CFU Lactiplantibacillus plantarum per kg fresh matter). Barrel silos (n = 4) were connected 

to gas bags to quantify gas formation during anaerobic fermentation (30 or 135 ensiling days). 

Glass jar silos (n = 12) were used for laboratory silage analysis. 

Results: CHE produced significantly (p < 0.05) less gas (6.7 ± 0.3 L per kg dry matter ensiled 

material (kgDM) until ensiling day 14.0 ± 0.0) and ethanol (8.6 ± 1.5 mg kgDM
-1) than CON did 

(8.5 ± 0.2 L kgDM
-1 until ensiling day 19.5 ± 6.4; 12.2 ± 1.5 (mg ethanol) kgDM

-1). BIO indicates 

prolonged gas formation (9.1 ± 0.9 L kgDM
-1 until ensiling day 61.3 ± 51.9; 12.0 ± 2.1 mg kgDM

-1). 

CO2 is the main component of the gas formed. All treatments formed methane and nitrous oxide 

in small quantities. CON emitted significantly more CO2eq emissions than BIO and less than 

CHE (p < 0.05). Additives had no effect on ethyl acetate gas emissions. For BIO, ethanol 

concentrations in the material (rS = 0.609, p < 0.05) and gas quantities (rS = 0.691, p < 0.05) 

correlate with ethyl acetate gas quantities. All the treatments exhibited decreasing gas and 

CO2 quantities, and the dry matter mass increased between ensiling days 14 and 30 

(-0.810 ≤ rS ≤ 0.442; p < 0.05 to p = 0.20). 

Conclusion: Silage generates climate- and environmental-relevant gases during fermentation 

and silage additives affect this pattern. Gas formation exceeds the fixation potential, and the carbon 

footprint of silage fermentation is negative.  
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Graphical abstract 

 

Fig. 4.1 Graphical abstract of Study 2. 

4.1 Introduction 

Silage is an essential global feedstuff, with the opportunity to conserve one-time crop yields. 

The supply of high-quality feed is crucial to feed ruminants resource-efficiently throughout the 

year. The same applies to biogas plants. The ensiling process includes, among others, the anaerobic 

main fermentation and aerobic feed-out phase [1]. One of the main objectives is to minimise dry 

matter (DM), energy, and quality losses to maintain the resource cycle and the nutritional value of 

harvested plant material in the best possible manner. DM losses in silage are generally 

accompanied by gaseous emissions [2, 3, 4, 5] or effluent losses. 

Losses are partially unavoidable for high-quality silage fermentation, e.g. heterofermentative 

metabolism of lactic acid bacteria (LAB) [6, 7], but include avoidable losses, too. The latter 

consists of exceeding activity of undesirable microbes, such as enterobacteria, yeasts, or moulds 

during anaerobic fermentation or aerobic storage. Several authors provided overviews [7, 8, 9] 

concerning losses and management effects, e.g. silage additive (SA) use, packing density, or 

aerobic stability (ASTA). Köhler et al. [10] reported losses of -5 to -15% for farm-scale maize 

silos during anaerobic fermentation. According to Wilkinson [9], the expected total loss of maize 

silage production was -20.6% from field to trough. SA, such as LAB inoculants and organic acids 

or their salts, can influence microbial metabolism and losses in various ways. This article focuses 

on the specific group of SA that achieves a prolongation of ASTA through increased acetic acid 

(AA) production or antimicrobial properties [1, 6, 7, 11, 12]. 
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Silage production leads to the emission of climate-relevant greenhouse gases (GHG) [2, 4, 5, 

13, 14] with various global warming potentials (GWP) and other climate- and environment-

relevant gases, e.g. volatile organic compounds (VOC), which are precursors of ground-level 

ozone formation [15, 16, 17]. The inoculation of ensiling material with heterofermentative LAB 

can increase DM losses [6] and gas formation during the anaerobic fermentation period [5] due to 

AA and carbon dioxide (CO2) production [18]. Chemical additives can decrease DM losses [7] 

and the formation of VOC during anaerobic fermentation [19, 20]. Both additives can improve 

ASTA and, therefore, reduce respiratory emissions during the feed-out phase [6, 7]. Ethanol can 

be used as an indicator of VOC formation patterns, since alcohols contribute to the majority of 

VOC in silage [15, 16, 21]. Ethyl acetate (EA) is reported to have antibacterial and antifungal 

properties and may affect microbial metabolism [22, 23]. Furthermore, the high vapour pressure 

of EA could lead to increased volatilisation into the gaseous phase [20]. 

According to Schmidt et al. [13], most of the gas produced during anaerobic fermentation is 

CO2. The same applies to the aerobic feed-out phase based on respiration pathways. CO2 can be 

considered climate-neutral. In the carbon (C) cycle of agricultural resources, photosynthesis 

converts CO2 to biomass, which will be converted back to CO2 in later stages. While 

photosynthesis is considered a CO2 sink, the other stages are CO2 sources. If biomass is degraded 

to CO2 during silage storage, those energy-rich C-molecules are unavailable in the later stages of 

the cycle. Therefore, DM losses during silage storage affect the C retention efficiency of the 

resource cycle. As far as the authors are aware, quantification of GHG and VOC emissions from 

anaerobic fermentation to feed-out of constant silage material is lacking in the scientific literature. 

Former trials examined either emissions of ensiling material during anaerobic fermentation or of 

ensiled material during the feed-out period. Total quantities could be used to compare the 

emissions during silage storage with those during the other stages of the cycle or with alternative 

methods of conserving animal feed. Moreover, a comparison between the carbon footprint (CF) of 

SA and their effect on silage emissions can be made. Therefore, the CO2 emissions from silage 

storage are not classified as climate-relevant emissions but rather as emissions of climate-relevant 

gases. 

Schmidt et al. [13] estimated that silage emissions during anaerobic fermentation are lower than 

those during animal husbandry. However, others demanded more research to assess the relevance 

of all silage production stages for VOC – and the same applies to GHG – emissions [15]. 

Henriksson et al. [24] stated: ‘In-depth knowledge of GHG emissions associated with silage 

production is, therefore, crucial in mitigating GHG emissions on farm level’. This applies in 

modern times, to assess the CF of various agricultural food products [25]. However, some studies 
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have reported the opposite behaviour, i.e. a gas fixation and DM increase during anaerobic 

fermentation, based on unclear biological or chemophysical processes [14, 26]. 

Previous silage emission research has shown that the activity of microorganisms leads to 

ongoing gas production and an outwards-directed gas flow from silos [2, 27]. Brazilian working 

groups assessed gas production by measuring positive pressure in silos [4] or collecting gases in a 

beaker [28, 29]. Knicky et al. [30] used gas bags to collect silage emissions. Most recently, Krueger 

et al. [14] published a calculation model to estimate CO2 emissions during the fermentation process 

of ensiled maize. An American working group established a model to calculate the emission 

quantities of ethanol during the ensiling process [31]. However, no working group has conducted 

trials to verify the calculated data. Shan et al. [32] investigated the ethanol gas emissions of silage-

related LAB in broth. Earlier research revealed several measurement and procedural inaccuracies 

[33, 34]. In one of the most recent studies, gas was sampled in the silo headspace regularly within 

the first 49 days of anaerobic fermentation [2]. Furthermore, gaseous substances formed during 

the ensiling process are emitted once the silo is opened [21, 35, 36, 37]. 

The quantity of emissions generated during the ensiling period is affected by microbiological 

activity [5]. In addition, factors, such as plant species [2, 4], the wilting period and DM 

concentration of the harvested material [2, 38], a delayed sealing time [20, 39, 40], and the use of 

SA [5, 20, 29], influence metabolite formation. SA are usually considered to ensure high silage 

qualities and improved ASTA [7, 8, 12]. However, the effect of heterofermentative LAB 

inoculation depends on the length of the fermentation process [5, 6]. 

Moreover, recent research has examined the negative pressures within silos [2, 41] and the 

ability of silage to absorb gas. An overview is given by Schmidt and Vigne [42]. Maize silage was 

observed to absorb supplied CO2 and nitrogen (N2) gas [43]. Empirical data from the Brazilian 

working group [26, 44, 45] were strengthened by a model for CO2 absorption and DM build-up 

[14]. This model has yet to be validated. Schmidt and Vigne [42] expressed the optimistic question: 

‘Can silage absorb more carbon than it emits during fermentation?’ This question still has to be 

answered. 

Within this trial, the quantification of emission masses during anaerobic fermentation was 

determined considering the optional use of SA. The objectives of this article are (1) to examine 

whether former gas concentration measurements in the silo headspace [2] are combinable with gas 

quantity collection [28, 29, 30] to quantify the gas quantities formed; (2) to calculate the GHG, 

ethanol and ethyl acetate emissions of untreated or treated (biological inoculants or chemical 

additives) maize silage during varying anaerobic storage periods (duration 30 or 135 days); (3) to 

assess the temporal changes in gas formation and fixation during the ensiling process; and (4) to 
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determine the chemical and microbiological parameters of the silage (as indicators of ensiling 

quality) and the emission quantities of climate- and environment-relevant gases.  

4.2 Methods 

4.2.1 Principles of the overarching trial and the two consecutive articles 

A trial was conducted to determine the emissions of CO2, nitrous oxide (N2O), methane (CH4), 

ethanol, and EA as indicators of VOC emissions from constant maize silage during anaerobic and 

aerobic storage. Constant material means that the forage was filled into silos, where it remained 

intact and unchanged for the entire trial duration (both storage periods). Forage material treatments 

were supplemented with SA to affect microbial metabolism. Heterofermentative LAB may lead to 

a trade-off between increased CO2 formation during anaerobic fermentation and decreased 

respiratory losses during the feed-out phase. The impact of chemical SA on VOC gas formation 

during anaerobic fermentation has yet to be examined. To the authors’ knowledge, this trial is the 

first to determine the emission quantities of constant silage material during all phases of silage 

storage. The results are to be presented in two consecutive research articles. This article (Part A) 

describes two sub-experiments (see Fig. 4.2). Experiment A1 focuses on gas formation and 

fixation during the anaerobic fermentation period using barrel silos. Furthermore, Part A includes 

the analysis of chemical and microbial composition of the treatments ensiled in glass jars used in 

parallel (Experiment A2). The second article (Part B) addresses the emissions during two aerobic 

feed-out periods and the sum emissions during anaerobic fermentation and feed-out. Furthermore, 

the second article provides a first step toward balancing SA’s CF and effects on emission quantities 

during silage storage. 
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Fig. 4.2  Procedure of the overarching trial and the two consecutive articles. The processing of the 
treatments (grey boxes) is followed by the gas emission measurements (Article Part A, 
Experiment A1; blue boxes) and the analyses of chemical and microbial composition (Article 
Part A, Experiment A2; green boxes) during anaerobic fermentation. After 30 and 135 days of 
anaerobic storage, two aerobic emission measurement periods (AEMP) follow (Article Part B; 
yellow boxes). 

 Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE). 
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4.2.2 Forage material, silage treatments, and ensiling management 

Whole-plant maize (Zea mays; variant SY Werena, Syngenta Agro GmbH, Frankfurt am Main, 

Germany) grown at the Campus Frankenforst of the University of Bonn (Königswinter, Germany; 

50° 42′ 50.1′′ N, 7° 12′ 24.9′′ E) was harvested on 6th October 2021 using a forage harvester with 

a corncracker (Claas Jaguar 940, Claas KGaA mbH, Harsewinkel, Germany). Chopped material 

was collected randomly. The theoretical cutting length was set to 11 mm. However, 7% of the 

particles were ≥ 15 mm, 28% were 10–15 mm, 34% were 6–10 mm, 22% were 3–6 mm, and 9% 

were < 3 mm long.  

The forage material was split into equal parts to prepare the three silage treatments. The control 

treatment (CON) was not supplemented with a silage additive. The chemical additive treatment 

(CHE) was supplemented with the additive Kofasil Stabil (Addcon GmbH, Bitterfeld-Wolfen, 

Germany) to improve the ASTA. The resulting dosage was 0.5 g of sodium benzoate per kg fresh 

matter (kgFM) and 0.3 g of potassium sorbate per kgFM. The biological additive treatment (BIO) 

was supplemented with 1.0 × 108 colony-forming units (CFU) of Lentilactobacillus buchneri per 

kgFM and 1.0 × 107 CFU of Lactiplantibacillus plantarum per kgFM of silage. In detail, the original 

concentrations of the bacteria in the additive (SILA-BAC RAPID REACT Maize Combi, Pioneer 

Hi-Bred International Inc., Johnston, Iowa, USA) were obtained as follows: Llb. buchneri ATCC 

PTA-2494 7.0 × 1010 CFU g-1, Llb. buchneri NRRL B-50733 3.0 × 1010 CFU g-1, Lpb. plantarum 

DSM 18112 5.0 × 109 CFU g-1, and Lpb. plantarum ATCC 55942 5.0 × 109 CFU g-1. LAB are 

considered bacterial strains for short ensiling periods. Both additives were applied according to 

the manufacturers’ dosage recommendations using a cleaned backpack sprayer, while the material 

was mixed regularly.  

In Experiment A1, the silage treatments (n = 4) were packed into high-density polyethene 

barrels (34.8 L maximum volume). The barrel-specific silage material was retained within the 

barrels throughout the anaerobic fermentation (Experiment A1) and aerobic measurement period 

(Article Part B). Consequently, constant material was employed for both emission trials. 

The filling was performed in layers to ensure even filling and packing density. In detail, silage was 

loaded onto perforated plastic intermediate plates (diameter of 27.5 cm; Fig. 4.3), which were 

positioned on small stands into plastic barrels and had 63 drill holes (diameter of 10 mm). 

Underneath these intermediate plates was a 3 L volume of gas space (hereafter referred to as floor 

space) to ensure adequate ventilation of the silage during the following aerobic emission 

measurements (Article Part B). The silage used to fill each barrel had a mass of 10,206.6 ± 7.6 gFM 

for CON, 10,200.3 ± 1.3 gFM for BIO and 10,198.9 ± 0.9 gFM for CHE; a volume of 28.8 L for all 

silos; and a resulting packing density of 150.60 ± 0.08 kgDM m-3. During packing, a temperature 
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logger (Testo 174 T, Testo SE Co. KGaA, Titisee-Neustadt, Germany) was positioned in the centre 

of the silage material. The silage was filled in such a volume that a gas space (3 L in volume, 

hereafter referred to as head space) remained above it when the barrel cover was put on and closed 

with a clamping ring. Both the barrel (at the level of the floor space) and the cover were equipped 

with two hose connections each (Section 4.2.4). 

 

Fig. 4.3  Maize silage barrels and set-up used in the anaerobic emission measurements. 

On the harvest date, the silage barrels of the CON treatment were filled first. Afterwards, the 

CHE forage and the BIO forage were treated, and the silos were packed. All 12 silage barrels were 

closed and sealed simultaneously. This should ensure (a) that the silage is exposed to oxygen for 

the same length of time and (b) that the ensiling process starts simultaneously.  

The barrels were transported to the Institute of Agricultural Engineering (University of Bonn) 

and stored indoors (for ambient temperatures, see Section 4.3.1). During anaerobic storage, the 

barrels were regularly checked, and emission measurements were carried out (Section 4.2.4). 

After 30 days of ensiling, 6 barrels (2 of each treatment) were opened for aerobic emission 

measurements (Fig. 4.2 and Article Part B). Anaerobic emission measurements were taken with 

the remaining 6 barrels until the second aerobic measurement period started on day 135. 

In Experiment A2, in parallel with the barrel preparation, the same silage treatment material 

was added to glass jars (maximum volume 1.8 L; J. Weck GmbH u. Co. KG, Wehr-Öflingen, 

Germany). The jars were filled with 0.602 kgFM up to a volume of 1.65 litres. This corresponds to 

a packing density of 155.1 kgDM m-3 and is therefore at a similar level as the barrel silos. The 36 jars 
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(n = 12 per treatment) provided the material for the chemical and microbiological analyses 

(Section 4.2.3), so the silage barrels in Experiment A1 were unaffected during the ensiling process. 

4.2.3 Laboratory analysis of the silage material 

Material samples were collected before the CON barrels were packed for chemical and 

microbiological analysis on the harvest date. In Experiment A2, the ensiled material was collected 

for analysis on ensiling days 2, 14, 30, and 135 (Fig. 4.2). Samples for the chemical analyses were 

stored at -18°C immediately after sampling; samples for microbiological analyses were stored at 

4°C and analysed on the same day.  

Silage barrels and glass jars were weighed during the anaerobic fermentation period on ensiling 

days 0, 2, 14, 30, and 135. The silo masses were used to calculate the DM losses of the silage 

during the fermentation process. Two balances were used to balance the barrel (range 0–35,100 g, 

readability of 0.10 g; BBK 422-35 LA, Mettler Toledo, Germany) and the glass jar weights (range 

0–2,410 g, readability of 0.01 g, linearity ± 0.05 g; KB 2400-2N, Kern & Sohn GmbH, Balingen, 

Germany). Crude ash, sugar, starch, crude fibre, crude protein, utilisable crude protein at the 

duodenum, and metabolizable energy concentrations were analysed according to the German 

Handbook of Agricultural Research and Analytic Methods [46]. 

Organic acids, alcohols and esters, pH, and water-soluble carbohydrates (WSC) were analysed 

in aqueous silage extracts after mixing 50 g of frozen silage material with toluene (1 mL) and 

distilled water (300 mL) [47]. Subsequently, various analyses were performed after filtration 

(MN 615 filter paper; Machery-Nagel, Düren, Germany) and microfiltration (0.45 µm pore size, 

Minisart RC, Sartorius, Göttingen, Germany) on the following day. Lactic acid (LA) was detected 

using high-performance liquid chromatography (refractive index detection; LC-20 AB, Shimadzu 

Deutschland, Duisburg, Germany; [48]). Volatile organic acids, alcohols, and ethyl esters 

(including EA) were determined using gas chromatography (GC) with a free fatty acid phase 

column (Permabond FFAP 0.25 µm, Macherey-Nagel, Düren, Germany) or an optima wax column 

(Macherey-Nagel, Düren, Germany), respectively, and a flame ionisation detector  

(GC-2010, Shimadzu, Deutschland, Duisburg, Germany) [47]. The detection limit for all 

parameters with the free fatty acid phase column was 0.01% of FM, and that with the optima wax 

column was 0.001% of FM. WSC were analysed by the anthrone method [49] using a continuous 

flow analyser (Scan++, Skalar Analytical, Breda, The Netherlands). The pH was analysed 

potentiometrically using a calibrated pH electrode. The DM concentration was corrected based on 

Weißbach and Strubelt [50]. 

The microbial analysis procedure was conducted by two different laboratories. The first 

analysed the fresh material samples according to the methods of VDLUFA [46] for aerobic and 
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mesophilic bacteria, moulds, Dematiaceae, and yeasts (methods 28.1.2 and 28.1.3). In the first 

step, 20 g of silage was suspended in 180 mL of solution (pH 7.0, 0.58 g L-1 NaH2PO4,  

2.5 g L-1 Na2HPO4, 4.0 g L-1 NaCl, 1.0 g L-1 peptone, and 0.3 mL L-1 Tween 80) and treated with 

a paddle blender. From this solution, subsequent dilutions were prepared in phosphate buffer 

(pH 7.0, 0.58 g L-1 NaH2PO4 × 2 H2O, 2.5 g L-1 Na2HPO4 × 2 H2O, and 4.0 g L-1 NaCl), and the 

appropriate dilutions were used for microbial analysis. For bacteria, tryptose/TTC agar (pH 7.3, 

20.0 g tryptose, 1.0 g L-1 glucose, 5.0 g L-1 NaCl, 15.0 g L-1 agar, and 10 mg L-1  

2,3,5-triphenyltetrazolium chloride) was used, and the plates were incubated for 2 days at 30°C. 

For fungi, rose-bengal chloramphenicol agar supplemented with Tergitol (pH 7.2, 5.0 g peptone, 

10.0 g L-1 glucose, 1.0 g L-1 K2PO4, 0.5 g L-1 MgSO4, 0.05 mg L-1 Rose-Bengal, 15.5 g L-1 agar, 

0.1 ml L-1 Tergitol, and 20 mg L-1 chlortetracyclin-HCl) was incubated for 3 days at 25°C. 

For enumeration of mesophilic LAB (method 28.3.3, [51]), pour-plates of de Man, Rogosa, and 

Sharpe agar (68.2 g L-1; type 1.10660, Merck, Darmstadt, Germany) – to provide micro-aerophilic 

conditions – with an overlay were prepared from the dilutions used for determination of aerobic, 

mesophilic bacteria, and fungi and incubated at 30°C for 5 days. The second laboratory analysed 

the samples collected on ensiling days 2, 14, 30, and 135. For this purpose, 30 g of silage was 

suspended and homogenised in ¼-strength Ringer solution (0.05 g L-1 NaHCO3, 0.06 g L-1 CaCl2, 

0.105 g L-1 KCl, 2.25 g L-1 NaCl; Merck, Darmstadt, Germany). This suspension was used for the 

analysis of total bacterial counts on plate-count agar (pH 7.0, 1.0 g L-1 glucose, 2.5 g L-1 yeast 

extract, 5.0 g L-1 enzymatic digest of casein, 15 g L-1 agar; Merck, Darmstadt, Germany) after 

2 days of incubation at 30°C; LAB counts on de Man, Rogosa, and Sharpe agar (Merck, 

Darmstadt, Germany) after 3 days of incubation at 30°C under anaerobic conditions; and yeasts 

and moulds on yeast extract glucose chloramphenicol agar (pH 6.6, 0.1 g L-1 chloramphenicol, 

5.0 g L-1 yeast extract, 14.9 g L-1 agar, and 20.0 g L-1 glucose; Merck, Darmstadt, Germany) after 

3 days of incubation at 25°C. 

Furthermore, silage quality in Experiment A2 was assessed using the V-Score according to the 

procedure described by the Society of Utilisation of Self Supplied Feeds (2009) [52] and applied 

by Tian et al. [53]. V-Scores of Y > 80 were considered favourable, 80 ≥ Y ≥ 60 average and 60 > Y 

bad silage quality [54].  

In Experiment A1, silage quality was assessed using the silage scoring system of the German 

Agricultural Society [55, 56] after opening the barrels. This methodology helps to assess the 

quality of various silage parameters, such as smell, structure, colour, and mould. A more detailed 
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qualitative observation supplemented this scoring system to assess mould and yeast contamination 

by two trained persons. For this purpose, a scale from 0 (very good) to 5 (very bad) was used, 

which included the following values: 0.0 = no mould/yeast spots; 0.5 = occasional mould/yeast 

spots, approx. < 5% of the surface; 1.0 = occasional mould/yeast spots, approx. 5% of the surface; 

2 = small mould/yeast nests, approx. 15% of the silo face; 2.5 = small mould/yeast nests, approx. 

20% of the silo face; and 3.5 = multiplied mould/yeast nests, approx. 30% of the silo face. 

4.2.4 Measurement of silage emissions 

During the anaerobic storage period, measurements of silage emissions occurred regularly in 

Experiment A1 (Fig. 4.2), hereafter referred to as measurement time points. 

Each silo barrel had four hose connectors (Section 4.2.2). Two connectors (at the level of the 

floor space) were closed during the ensiling process to ensure anaerobic conditions.  

One of the connectors in the cover was attached to a short hose (all hoses in the experimental 

set-up were made of polytetrafluoroethylene unless otherwise stated), to which a ball valve and a 

rubber septum were mounted. The ball valve was only opened for gas sampling. For this purpose, 

a laboratory syringe (50 mL volume) was inserted into the rubber septum, and 50 mL of gas was 

removed and pumped back into the barrel twice. This procedure was used to ensure homogeneous 

mixing of the gas in the barrel headspace. A double needle was subsequently inserted, and four 

vacuumed glass vials (20 mL volume each) were filled one after the other. This procedure was 

performed for all the barrels in the anaerobic storage phase, i.e. for 12 barrels between ensiling 

days 0 and 30 and 6 barrels between ensiling days 30 and 135, respectively. A similar methodology 

was used by Schmithausen et al. [2]. 

The other connector in the cover was connected to a gas sampling bag (nominal volume 25 L), 

which collected the gases formed by the silage during the ensiling process [30]. For the bag 

connection, polyurethane and polytetrafluoroethylene hoses were fitted using connectors. The 

system of a barrel and a gas bag can be regarded as a zero-pressure system, as inflation of the bags 

captured the formed gas. After gas sampling at ensiling hour 36, each gas bag was exchanged for 

an empty, new gas bag due to the high gas formation of the silage material. 

After gas sampling, the gas bags were carefully clamped in a calliper with flat pads until the 

bags were under tension to a certain degree. The filling volume of the bags could be measured 

using the deflection of the calliper and a preliminary calibrated scale. Afterwards, all hose 

connectors were checked for gas tightness, and the bags were stored until the subsequent 

measurements. To ensure the comparability of this procedure, all the measurements were taken by 

only two trained persons. Furthermore, this procedure was carried out indoors to avoid any change 
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in the gas volume due to temperature (Section 4.3.1). After 36 h of ensiling, the first and second 

gas bag volumes were added to determine the total gas formation quantity per silo. 

The gas samples in the vials were used to analyse the composition of the gas mixture. One of 

the vials was used to analyse the greenhouse gas concentrations using a gas chromatograph 

(electron capture detector and a flame ionisation detector; model 8610C, SRI Instruments, 

Torrance, CA, USA). Due to the high CO2 concentrations in the barrel headspace, a diluted sample 

(diluted 1:101 with room air) was analysed (detection limit of 50.00 ppm). The initial CO2 

concentration was calculated using the CO2 concentration in the room air. Subsequently, 

the undiluted gas sample was used to analyse the concentrations of CH4 (detection limit of 0.08 

ppm) and N2O (detection limit of 0.01 ppm). The subsequent values considered the amount of gas 

taken for CO2 analysis. This procedure of Experiment A1 is similar to the methodology used in 

the previous trials [2, 35]. 

Another vial was used to analyse the concentrations of VOCs. For this purpose, the sample air 

was diluted with room air (dilution 1:153) and then analysed using infrared photoacoustic 

spectroscopy (PAS; Multi-Gas Analyser INNOVA 1312; LumaSense Technologies SA, Ballerup, 

Denmark). Cross and water compensation were turned on for measurement [21, 35]. The initial 

concentration was calculated again based on the results of the room air analysis. The accuracy of 

the Multi-Gas Analyser INNOVA 1312 was 3% of the gas concentration, and the detection limits, 

based on the calibration chart of the manufacturer, were 0.1 ppm for ethanol and 0.02 ppm for EA. 

Furthermore, the analyser was used to measure the CO2 concentration. These data are not shown 

but should be considered in terms of cross-compensation (Section 4.4.4). 

Each gas bag was sampled after removing it from the barrel. 

The remaining two vials per barrel and measurement time point were stored in the laboratory 

for use in case of erroneous measurements. In Experiment A1, 2,280 vials were filled; 1,681 gas 

samples were analysed using GC, and 926 using PAS. 

4.2.5 Calculation of gas emissions during anaerobic storage 

Due to the accumulation of gases formed in the zero-pressure system (barrel plus gas bag), 

cumulative gas emissions were calculated for each measurement time point in Experiment A1. 

For this purpose, homogeneous gas dispersion within the total gas space of each zero-pressure 

system was assumed. The total gas space was calculated using Equation 4.1: 
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Equation 4.1 Calculation of the total gas space of the zero-pressure systems. 

Vgas = Vbag + Vheadspace + Vgas pores + Vfloorspace (4.1) 

where Vgas is the volume of the total gas space [L]; Vbag is the volume of the gas bag [L]; 

Vheadspace is the volume of the headspace [L] (3 L volume); Vgas pores is the volume of the gas pores 

in the packed silage material [L] (Equations 4.2 and 4.3); and Vfloorspace is the volume of the 

floorspace [L] (3 L volume). 

The volume of the gas pores was calculated using Equations 4.2 and 4.3 [57]: 

Equation 4.2 General calculation of the gas space of the gas pores. 

Vgas pores = Vsilage × porositysilage  (4.2) 

Equation 4.3 Specific calculation of the gas space of the gas pores (based on [54]). 

Vgas pores = Vsilage × (1.733 × DM – 0.256 × density + 39.778)  (4.3) 

where Vgas pores is the volume of the gas pores in the packed silage material [L]; porositysilage is 

the ratio of gas pores in the volume of packed silage [%]; Vsilage is the volume of the packed silage 

material in the barrel [L] (28.8 L volume); DM is the dry matter concentration of the silage 

material [%] (425 gDM kgFM
-1 during silo packing); and density is the packing density [kgDM m-3] 

(150.6 kgDM m-3). At the time of silo closure, the porosity was 74.90% ± 0.02%, 

Vgas pores 21.57 ± 0.01 L and Vgas 27.57 ± 0.01 L for the twelve barrels. 

The cumulative gas emission quantities were calculated for each measurement time point i in 

Experiment A1 using Equation 4.4: 

Equation 4.4 Calculation of the cumulative gas emission quantities. 

Mgas, i = Vgas, i × cgas, i (4.4) 

where Mgas, i is the cumulative gas emission mass [g]; Vgas, i is the total gas space at this 

measurement time point i [L] (Equations 4.1 to 4.3); and cgas, i is the gas concentration in the gas 

bag at measuring time point i [ggas L-1]. 

Equation 4.4 was also used for calculating the gas emission masses in the various gas bags. 

After the gas bags of all the zero-pressure systems were changed at ensiling hour 36, the gases in 

the system (barrel plus second gas bag) were added to the gases in the first bags. 

The maximum gas emissions per silo in Experiment A1 were the gas emission masses at that 

measurement time point when the gas formation quantity – i.e. the sum of the gas volume of the 

gas bag one and two per silo – reached its maximum. 
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4.2.6 Data processing and statistics 

The following conversion ratios were used: 1 ppm CO2 = 1.83 (mg CO2) m-3; 

1 ppm CH4 = 0.67 (mg CH4) m-3; and 1 ppm N2O = 1.83 (mg N2O) m-3. In Experiment A1, the gas 

quantities formed per silage mass are given for the DM mass at the time of ensiling (day 0), 

according to Bueno et al. [29]. The following GWP were applied according to the fourth 

assessment report of the Intergovernmental Panel on Climate Change (IPCC) [58]: CO2 = 1, 

CH4 = 25, and N2O = 298. The CO2 equivalent (CO2eq) emissions derived in this trial considered 

only climate-relevant gases, i.e. CH4 and N2O; GHG emissions also included CO2. DM losses are 

indicated by negative values, and DM gains are indicated by positive values. 

In Experiment A2, the chemical compositions and microbial counts of the fresh and ensiled 

materials were compared using one-way analysis of variance (ANOVA). In Experiment A1, 

the gas formation quantities, the gas concentrations, and the subsequently calculated gas emission 

masses were compared using mixed ANOVA, with subsequent one-way ANOVAs for each 

measurement analysis interval. These intervals differ from the measurement time points described 

above (Sections 4.2.4 and 4.2.5). Multiple measurement time points were combined into one 

measurement analysis interval to ensure a sufficient sample size for the ANOVA (Table 4.4). 

For each one-way ANOVA, if homogeneity of variance was given, Tukey’s-HSD test was used 

for post hoc significance comparison; if not, a Welch-ANOVA was followed by a Games-Howell 

post hoc test. Linear correlations were analysed using Spearman correlation. In all the analyses, 

p < 0.05 was considered to indicate statistical significance. 

Microsoft Office Excel 2019 (Microsoft Corporation, Redmond, Washington, DC, USA) was 

used for descriptive data analysis. IBM SPSS 26.0 (International Business Machines Corporation 

Armonk, New York, NY, USA) was used for statistical analysis.  

 4.3 Results 

4.3.1 Ambient air and silage temperatures 

The maize was harvested at an ambient air temperature of 12.2 ± 0.4°C. At the time of silo 

closing, the silage temperatures were 13.9 ± 0.1°C for CON, 13.1 ± 0.1°C for BIO, and 

13.4 ± 0.1°C for CHE barrels in Experiment A1. After 2 h, the barrels and glass jars were stored 

indoors (19.0 ± 1.4°C). CON barrels reached the temperature level of ambient air after 

1.22 ± 0.02 d, BIO after 1.18 ± 0.01 d, and CHE after 1.23 ± 0.02 d. Afterwards, the temperatures 

of the BIO barrels were greater than those of the CON (+ 0.3 ± 0.1 K) and CHE (+ 0.3 ± 0.1 K) 

barrels until ensiling hour 36. The silage temperatures subsequently remained at steady levels in 

Experiment A1: 18.7 ± 0.9°C for the CON barrels, 18.7 ± 1.0°C for the BIO barrels, and 

18.7 ± 1.0°C for the CHE barrels. 
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4.3.2 Composition of the silage 

The DM losses in Experiment A1 and the chemical compositions, the V-Score, and microbial 

counts of the fresh and ensiled materials of the silage treatments in Experiment A2 are shown in 

Tables 4.1 and 4.2.  In Experiment A1, all the silage barrels exhibited decreasing FM weights 

throughout the fermentation process. These results were as follows: for d2, CON -0.33% ± 0.01%, 

BIO -0.36% ± 0.01%, and CHE -0.29% ± 0.01%; for d14, -0.51% ± 0.02%, -0.55% ± 0.02%, 

and -0.46% ± 0.02%; for d30, -0.56% ± 0.03%, -0.66% ± 0.02%, and -0.54% ± 0.02%; and for 

d135, -0.74% ± 0.01%, -1.27% ± 0.04%, and -0.71% ± 0.03%, respectively. Considering the DM 

of the silage material (based on the DM in Experiment A2), CON barrels indicated the most 

considerable DM losses between ensiling days 0 and 14, followed by BIO and CHE (p < 0.05). 

However, the DM losses were not linear for all the treatments over time (Table 4.1). CON and 

CHE presented DM mass increases between ensiling days 14 and 30, and subsequent losses 

occurred between days 30 and 135. BIO showed a constant increase in DM after ensiling day 14. 

Based on the silo fresh mass decrease, this DM mass increase resulted from rising DM 

concentrations (Section 4.4.5). In Experiment A2, the glass jars indicated similar FM and DM 

mass losses throughout the fermentation process.  

In Experiment A2, VOC concentrations in the silage material differed between the treatments. 

At ensiling day 30, the ethanol concentrations did not vary, but BIO had higher EA concentrations 

than CON and CHE did (p < 0.05). On ensiling day 135, BIO had higher ethanol, propanol,  

1,2-propanediol, 2-butanol, and EA but lower ethyl lactate concentrations than CON (p < 0.05). 

In the BIO treatment, a decrease in LA and an increase in AA concentrations were consistent with 

an increase in EA and a decrease in ethyl lactate concentrations.  

All silage treatments are characterised by a quick decrease in pH within the first 2 ensiling days 

in Experiment A2; BIO increases after ensiling day 30. This aligns with a decrease in LA, sugar, 

and WSC concentrations, and an increase in AA concentrations. All the silages were free of butyric 

acid (not shown), and only BIO had small amounts of propionic acid at ensiling day 135. 

In Experiment A2, all the treatments had higher LAB counts on ensiling day 2 than on day 0. 

This difference aligns with the findings of LA formation and a decrease in pH during this period. 

Subsequently, the LAB counts decreased continuously until ensiling day 30 in all the treatments. 

BIO had significantly greater counts since ensiling day 30; the counts at ensiling day 135 were 

similar to those at ensiling day 2, while CON and CHE showed noticeable decreases. Yeast counts 

decreased during anaerobic storage in all the treatments. In detail, the decline is fastest in the CHE 

treatment and slowest in the CON treatment. The high yeast counts in the CON treatment at 

ensiling day 135 are due to an outlier (possibly a tiny oxygen leakage in one of the silage glass 
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jars), proven by the high standard deviation. However, since the other parameters of this sample 

did not show outliers, this sample was not excluded. 

The V-Score showed consistently high values of ≥ 90 indicating favourable silage quality.  

The lowest values were indicated by the BIO treatment based on the ongoing AA production. 

In Experiment A1, the inspection of the silage faces in the silage barrels on the days of opening 

showed a consistently high silage quality (Tables 4.5 and 4.6). The BIO barrels indicated a slight 

smell of alcohol on ensiling day 30, even though the BIO ethanol concentrations in the material 

(Experiment A2) were slightly below the level of CON. At ensiling day 30, BIO and CHE barrels 

showed a pungent odour of AA, which increased in the BIO treatment until ensiling day 135. 

In addition, slight mould growth and a recurring yeast formation were evident in individual barrels. 

At ensiling day 30, 5%–20% of CON’s, 15% of BIO’s and 15% of CHE’s silage faces were 

covered with yeast spots; at day 135, 15%–30%, < 5%–5%, 5%–15%, respectively (Tables 4.5 

and 4.6). 
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Table 4.1 Chemical composition and energy concentration of fresh maize and ensiled material for the silage treatments in Experiment A2 (unless otherwise 
stated). 
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[d]  [g kgDM
-1]  [g kgDM

-1] [MJ kgDM
-1] 

    0 fresh 425 ±   6 / 5.94   ± 0.05   1.4   ± 0.1   2.6     ± 0.5 N/D 30.0 ± 1.7 56.0   ± 5.3 353 ± 11 144     ± 15 203 ±   4 65.7 ± 2.1 128 ± 1 11.1 ± 0.1 

    2 CON 399 ±   2 -64.2a ± 0.1 4.61   ± 0.03 17.0a ± 0.5   7.4     ± 0.6 N/D 33.0 ± 1.0 20.7   ± 1.5 371 ± 14   34ab ±   5 191 ±   5 70.0 ± 1.0 131 ± 1 11.2 ± 0.1 

    2 BIO 402 ± 16 -57.5b ± 0.1 4.55   ± 0.04 19.4b ± 0.6   7.4     ± 0.8 N/D 33.7 ± 1.5 18.3   ± 4.6 372 ± 29   25a   ±   1 191 ± 12 71.0 ± 1.0 132 ± 1 11.2 ± 0.2 

    2 CHE 405 ±   5 -51.0c ± 0.1 4.64   ± 0.05 16.5a ± 0.5   6.9     ± 0.9 N/D 32.7 ± 2.1 21.7   ± 2.5 393 ± 25   43b   ±   1 180 ± 11 70.0 ± 2.6 133 ± 0 11.4 ± 0.2 

  14 CON 393 ±   5 -80.3a ± 0.2 3.94   ± 0.06 27.0a ± 2.2   8.1     ± 1.0 N/D 35.0 ± 1.0 13.0   ± 1.7 354 ± 24     5     ±   1 195 ±   9 76.0 ± 1.0 134 ± 2 11.2 ± 0.2 

  14 BIO 395 ± 10 -76.4b ± 0.1 3.98   ± 0.02 35.9b ± 1.6   9.1     ± 1.1 N/D 36.7 ± 0.6 10.7   ± 4.0 337 ± 18     5     ±   1 206 ±   9 78.0 ± 0.0 133 ± 2 11.0 ± 0.2 

  14 CHE 395 ±   4 -75.5c ± 0.2 3.97   ± 0.01 39.9b ± 1.6   7.7     ± 2.1 N/D 35.7 ± 0.6 10.3   ± 2.1 351 ± 19     6     ±   1 197 ±   7 77.7 ± 0.6 134 ± 1 11.1 ± 0.1 

  30 CON 397 ±   5 -71.5a ± 0.3 3.92   ± 0.00 41.1a ± 3.0   9.2ab ± 0.6 N/D 35.7 ± 1.2 12.7   ± 2.1 356 ± 24     6ab ±   1 193 ± 12 78.7 ± 1.5 135 ± 2 11.2 ± 0.2 

  30 BIO 400 ±   7 -66.5b ± 0.2 3.95   ± 0.02 36.3a ± 1.1 11.4b   ± 0.4 0.16 ± 0.02 35.7 ± 0.6 13.0   ± 1.7 358 ± 17     5a   ±   0 193 ±   6 77.7 ± 0.6 135 ± 1 11.2 ± 0.1 

  30 CHE 402 ±   7 -59.1c ± 0.2 3.91   ± 0.00 49.2b ± 1.7   8.7a   ± 1.5 N/D 35.7 ± 0.6 12.3   ± 2.3 366 ±   8     6b   ±   0 189 ±   4 77.7 ± 0.6 135 ± 1 11.2 ± 0.1 

135 CON 393 ± 14 -83.3a ± 0.1 3.91a ± 0.07 52.2c ± 2.2 11.6a   ± 0.6 0.09 ± 0.15 37.7 ± 1.5 16.0b ± 3.0 329 ± 33   11b   ±   1 200 ± 14 81.3 ± 1.2 135 ± 2 11.1 ± 0.2 

135 BIO 407 ±   2 -55.4b ± 0.4 4.29b ± 0.02 15.9a ± 1.3 30.3b   ± 2.4 1.85 ± 0.23 36.7 ± 0.6   4.0a ± 1.7 374 ±   5     3a   ±   0 187 ±   2 82.0 ± 1.0 138 ± 1 11.3 ± 0.0 

135 CHE 392 ±   8 -83.4a ± 0.3 3.92a ± 0.06 45.1b ± 0.8 11.7a   ± 0.9 0. N/D 37.0 ± 1.0 16.0b ± 3.0 346 ± 20   13b   ±   1 191 ± 10 81.0 ± 1.0 136 ± 2 11.2 ± 0.2 

DM = Dry matter (concentration), N/D = Not detectable. 
Treatments with different superscript lowercase letters within a parameter and ensiling day differ significantly (Tukey’s-HSD or Games-Howell tests, p < 0.05). 

A  Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE) 
B  Corrected dry matter based on Weißbach and Strubelt [50]. 
C  Based on the dry matter weight and losses of the silage barrels (Experiment A1, n = 4 for ensiling days 2–30, n = 2 for ensiling day 135). Losses concerning the silage 

mass filled into the silos on the harvest day (day 0). 
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Table 4.2  Chemical composition, the V-Score, and microbial counts of fresh maize and ensiled material for the silage treatments in Experiment A2. 
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[d]    [g kgDM
-1]  [log10 CFU gFM

-1] 

    0 fresh 0.04 ± 0.01 0.00   ± 0.00 N/D 0.09   ± 0.00 N/D 0.09     ± 0.00 N/D N/D 100    ± 0 8.20     ± 7.93 6.64   ± 5.56 7.48   ± 7.43 6.63 ± 6.18 

    2 CON 0.07 ± 0.01 5.35   ± 0.80 N/D 0.10   ± 0.00 N/D 0.22     ± 0.03 0.12a ± 0.02 0.01   ± 0.01  99     ± 0 9.43     ± 8.06 9.29   ± 8.18 6.56   ± 6.65 6.04 ± 6.28 

    2 BIO 0.07 ± 0.01 6.62   ± 1.36 N/D 0.10   ± 0.00 N/D 0.24     ± 0.02 0.16b ± 0.02 0.02   ± 0.00  99     ± 0 9.34     ± 8.95 9.43   ± 8.82 6.10   ± 5.06 3.17 ± 3.13 

    2 CHE 0.07 ± 0.01 4.28   ± 0.37 N/D 0.10   ± 0.00 N/D 0.12     ± 0.10 0.08a ± 0.01 0.01   ± 0.01  99     ± 0 9.36     ± 8.86 9.36   ± 8.80 6.52   ± 6.64 3.03 ± 2.55 

  14 CON 0.08 ± 0.00 7.14   ± 1.14 N/D 0.10a ± 0.00 0.05b ± 0.00 0.24     ± 0.04 0.14   ± 0.03 0.07   ± 0.00  99     ± 0 8.83     ± 7.30 8.71   ± 8.36 5.29b ± 4.67 1.52 ± 1.76 

  14 BIO 0.10 ± 0.02 7.12   ± 0.87 0.3   ± 0.0 0.42b ± 0.01 0.03a ± 0.00 0.23     ± 0.04 0.11   ± 0.02 0.07   ± 0.00  99     ± 0 9.15     ± 8.42 8.76   ± 8.46 5.09b ± 4.18 1.52 ± 1.76 

  14 CHE 0.08 ± 0.01 5.18   ± 1.09 N/D 0.10a ± 0.00 0.02a ± 0.00 0.11     ± 0.09 0.08   ± 0.02 0.06   ± 0.02  99     ± 1 8.88     ± 7.98 8.63   ± 8.14 4.33a ± 3.18 N/D 

  30 CON 0.12 ± 0.01 8.25   ± 0.88 0.1   ± 0.1 0.10   ± 0.00 0.11b ± 0.02 0.24b   ± 0.06 0.17a ± 0.01 0.12   ± 0.01  99ab ± 0 8.00     ± 6.93 7.97a ± 7.21 4.49b ± 3.49 N/D 

  30 BIO 0.15 ± 0.02 7.49   ± 1.29 1.8   ± 0.1 1.63   ± 0.11 0.06b ± 0.01 0.15a   ± 0.01 0.26b ± 0.01 0.10   ± 0.01  98a   ± 0 9.29     ± 8.89 8.62b ± 8.08 3.16a ± 3.23 N/D 

  30 CHE 0.10 ± 0.03 5.59   ± 1.36 N/D N/D 0.03a ± 0.00 0.15a   ± 0.01 0.15a ± 0.01 0.10   ± 0.01  99b   ± 1 8.16     ± 8.23 7.56a ± 7.26 2.99a ± 3.12 N/D 

135 CON 0.25 ± 0.03 7.13a ± 0.25   1.4a ± 0.3 0.17a ± 0.06 0.22b ± 0.06 0.30ac ± 0.02 0.11a ± 0.02 0.17b ± 0.02  96b   ± 0 7.83a   ± 7.95 7.82a ± 7.96 6.70   ± 6.94 N/D 

135 BIO 0.20 ± 0.02 9.98b ± 0.22 16.0b ± 0.5 0.34b ± 0.02 0.58c ± 0.03 0.13ab ± 0.00 0.24b ± 0.03 0.09a ± 0.00  90a   ± 1 9.05b   ± 8.52 9.05b ± 8.06 N/D N/D 

135 CHE 0.21 ± 0.02 6.31a ± 0.66   1.1a ± 0.1 0.19a ± 0.04 0.07a ± 0.02 0.05a   ± 0.09 0.08a ± 0.02 0.14b ± 0.01  97b   ± 1 7.16ab ± 6.36 7.08a ± 6.00 N/D N/D 

CFU = Colony-forming units, DM = Dry matter, FM = Fresh matter, N/D = Not detectable. 
Treatments with different superscript lowercase letters within a parameter and ensiling day differ significantly (Tukey’s-HSD or Games-Howell tests, p < 0.05). 

A Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 
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4.3.3 Formation of greenhouse gases 

In Experiment A1, the courses of the gas volumes and the corresponding cumulative gas 

quantities within the barrels’ head space and gas bags, respectively, are visualised in Fig. 4.4. 

The central part of the gas formation occurred within the first ensiling days. The gas bags’ volume 

increased after ensiling hour 8. Until this time, barrels formed 11% ± 1% of the total CO2 gas 

quantities. After 2 ensiling days, 78% ± 4% of the CO2 was generated, and after 5 days, 93% ± 4% 

was generated. CON indicated increasing cumulative gas quantities until ensiling day 19.5 ± 6.4, 

BIO until ensiling day 60.0 ± 49.5, and CHE until ensiling day 14.0 ± 0.0 (Figs. 4.4, 4.7 and 

Table 4.3). CHE had a slower increase in gas volume (for ensiling days 0–14; see Fig. 4.7), with 

significantly lower volumes since ensiling day 0.5 (p < 0.05; see Table 4.7 for selected data). CON 

and BIO differ significantly (p < 0.05) for ensiling days 30–70. However, the large standard 

deviation in the BIO treatment since ensiling day 70 affects the statistical analysis. The central part 

of the gas formed is CO2, which shows a strong positive correlation between the gas and 

CO2 quantities (Fig. 4.8). Most of the CO2 generated during the main fermentation phase (ensiling 

days 0.3–4.0). During this phase, CO2 concentrations reach 1.20 × 106 mg m-3 (≈ 6.6 × 105 ppm), 

with a subsequent regressive decrease. After a certain point, i.e. between ensiling days 50 and 80, 

depending on the treatment, the CO2 quantities within the total gas space remain at a (nearly) 

constant level. 

The CH4 concentrations in the headspace reached 4.69–5.13 mg m-3 (≅ 7.04–7.69 ppm) 

between ensiling hours 132 and 144. The N2O concentrations peaked at 49.9–66.2 mg m-3  

(≅ 27.4–36.4 ppm) at ensiling hour 44. CHE had lower CH4 quantities than CON did between 

ensiling days 20 and 135 (p < 0.05). The combination of lower gas formation and 

CH4 concentrations leads to less CH4 emissions in the CHE treatment. A noticeable standard 

deviation of the BIO values reduces the statistical accuracy. For N2O, CHE had significantly 

greater quantities than CON and BIO since ensiling day 1.5 (p < 0.05). 

Several barrels show a constant decrease in gas quantities in the gas bags after 14–25 ensiling 

days (Figs. 4.4, 4.7 and Table 4.3; exceptions barrels BIO3 and BIO4). However, focusing on the 

individual gases, CO2 quantities peaked between ensiling days 4.0 and 7.5, and an average 

reduction of -25.3% occurred until ensiling day 30 (-44.3% until ensiling day 135). CH4 quantities 

peaked between ensiling days 5 and 12 and decreased by -31.0% and -49.0%, respectively; N2O 

quantities peaked between ensiling days 1.5 and 2.7 and decreased by -51.2% and -76.3%, 

respectively. 
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Fig. 4.4 Cumulative gas, CO2, CH4 and N2O quantities within the zero-pressure systems during the 
ensiling process. 
Error bars indicate the standard deviation of all treatments’ measurement time point values 
within each analysis interval. 
 Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE).  

All the barrels exhibited DM loss and gas formation until ensiling day 14 (Fig. 4.9).  

These parameters show strong correlations. Subsequently, the gas quantities decreased, and the 

DM masses of the silos increased (+ 0.88% for CON, + 0.99% for BIO, and + 1.64% for CHE; 

Table 4.1) between ensiling days 14–30 compared to ensiling day 14 (Fig. 4.10). Statistical 

correlations were partly given. However, the net losses were still negative. Between days 30 and 

135, CON and CHE exhibited DM losses and a decrease in gas quantities, while BIO exhibited 

nearly constant gas quantities and an increase in DM mass. 

When gas bags were exchanged at ensiling hour 36, GHG concentrations were greater in the 

headspace than in the first gas bags; on ensiling days 30 and 135, the opposite was true for the 

second gas bags. 

4.3.4 Formation of ethanol and ethyl acetate 

The cumulative ethanol and EA quantities during the anaerobic storage period are displayed in 

Figs. 4.5 and 4.11. Ethanol quantities rapidly increased within the first 5 ensiling days, and the gas 

quantity peaked at ensiling day 4.7 ± 0.4. After 2 ensiling days, 55% ± 8% ethanol was formed, 

and after 5 days, 94% ± 6% ethanol was produced. Subsequently, constant quantities were 
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observed for CON and CHE silos after a certain point during the anaerobic storage period. 

Ethanol gas quantities decreased by -38% to -47% of the maximum quantities until ensiling day 30 

and -30% to -62% until ensiling day 135. BIO showed a constant increase after ensiling day 60 

due to the increasing quantities in the BIO4 barrel (Table 4.3). CHE showed the lowest cumulative 

ethanol formation quantities throughout the anaerobic storage period (ensiling days 0.5 

to 135, p < 0.05) compared to CON and BIO; between the latter two, CON values were 

significantly lower than BIO values after ensiling day 70 (p < 0.05). 

 

Fig. 4.5 Cumulative ethanol and ethyl acetate quantities within the zero-pressure systems during the 
ensiling process. 
Error bars indicate the standard deviation of all treatments’ measurement time point values 
within each analysis interval. 
Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE). 

For EA, after the gas bags were exchanged at ensiling hour 36, all the treatments exhibited 

a spontaneous increase in the calculated quantities (Fig. 4.11). Subsequently, CHE increased until 

ensiling days 5 to 6; CON and BIO increased until ensiling days 12 and 30. After this, 

the EA quantities remained steady or showed small decreases (Fig. 4.5). At ensiling day 30, 

CON and CHE exhibited losses of -17% to -23% compared to the peak quantities. The decline 

changed to -30% to -34% at ensiling day 135. However, the BIO3 and BIO4 barrels exhibited 

a substantial increase in EA formation during the ongoing storage period (Table 4.3). These barrels 

formed only 23%–61% of the final quantity of EA gas before ensiling day 30. CHE indicates 

significantly lower EA gas quantities than CON and BIO at ensiling day 2 and between ensiling 

days 4 and 100 (p < 0.05). BIO had greater quantities than CON did between ensiling days 3 

and 100 (p < 0.05). 

The cumulative ethanol and EA gas quantities exhibited a strong linear correlation for all the 

treatments (Fig. 4.12). 
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The relationships between the ethanol and EA concentrations in the silage material and the 

cumulative gas quantities are shown in Fig. 4.6. For ethanol, the CON material exhibited 

a concentration increase until ensiling day 30 and a subsequent decrease (Table 4.2). BIO and 

CHE levels continuously increased. However, the gas quantity peak during the first days cannot 

be explained by a material concentration peak but aligns with the ethanol formation in the silage 

material. For EA, concentrations within the silage material increase until ensiling day 30, including 

local minima on day 14 for BIO and CHE; after this, all treatments indicate a decrease, which is 

in line with decreasing gas quantities for CON and CHE. Higher concentrations of EA in BIO 

material beginning on ensiling day 30 led to increased quantities of EA gas. However, higher 

material concentrations provide a limited explanation for the differences between BIO3 and BIO4. 

Ethanol concentrations within the material correlated positively with EA concentrations in 

CON (rS = 0.655, p < 0.05), and tended to in BIO (rS = 0.545, p = 0.08). For BIO, the ethanol 

concentrations in the material (rS = 0.609, p < 0.05) and the gas quantities (rS = 0.691, p < 0.05) 

correlate with the quantity of EA gas. The treatment CHE showed no significant correlations. 

 

Fig. 4.6 Ethanol and ethyl acetate concentrations in the silage material and cumulative gas quantities 
in the zero-pressure systems. 
Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE). 
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4.3.5 Emissions of climate- and environment-relevant gases 

Table 4.3 shows the maximum emission quantities of climate- and environment-relevant gases. 

CHE indicates significantly lower gas formation quantities than CON and BIO but the highest  

N2O and CO2eq emission quantities (p < 0.05). Furthermore, CHE had lower CO2 and ethanol 

emission quantities than CON did (p < 0.05). EA emission quantities show no differences. 

BIO indicates lower CH4, N2O, and CO2eq emission quantities than CON (p < 0.05). 

Table 4.3 Maximum cumulative gas quantity collected within the gas bags and cumulative GHG and 
VOC quantities at these time points.  

Barrel/ 

treatment A 

Storage 

period B 

Gas 

quantity 

Cumulative gas emission quantities 

CO2 CH4 N2O CO2eq C Ethanol 
Ethyl  

acetate 
 [d] [L kgDM

-1] [mg kgDM
-1] 

CON1   25.0   8.4 12,889 0.05 0.37 110 12.2 1.09 

CON2   14.0   8.8 12,237 0.05 0.31   94 10.9 1.20 

CON3   14.0   8.2 11,419 0.05 0.27   82 14.3 1.05 

CON4   25.0   8.4 11,391 0.04 0.33 100 11.3 1.28 

BIO1   25.0   8.7 11,973 0.04 0.28   83 13.2 1.36 

BIO2   25.0   8.4 11,493 0.04 0.27   80 10.3 1.15 

BIO3   60.0   8.9   9,895 0.03 0.18   54 10.2 1.49 
BIO4 130.0 10.5 11,091 0.03 0.13   41 14.4 4.00 

CHE1   14.0   6.8 10,293 0.05 0.49 147 10.3 1.01 

CHE2   14.0   6.5 10,310 0.05 0.50 151   9.5 0.77 

CHE3   14.0   6.4   9,418 0.04 0.50 150   6.8 0.84 

CHE4   14.0   7.1 10,127 0.04 0.43 130   7.9 0.87 

CON 
19.5 

± 6.4 
8.5b 

± 0.2 
11,984b   

± 720 
0.05b 

± 0.00 
0.32b 

± 0.04 
  97b 

± 12 
12.2b   

± 1.5 
1.15 

± 0.10 

BIO 
60.0 

± 49.5 
9.1b 

± 0.9 
11,113ab 

± 889 
0.03a 

± 0.01 
0.21a 

± 0.07 
  65a 

± 21 
12.0ab 

± 2.1 
2.00 

± 1.34 

CHE 
14.0 

± 0.0 
6.7a 

± 0.3 
10,037a   

± 421 
0.04ab 

± 0.00 
0.48c 

± 0.03 
144c 

± 9 
  8.6a   

± 1.5 
0.87 

± 0.10 
 Significant differences (p < 0.05, analysis based on single measurement time points) among the three treatments 

are indicated by different lowercase letters. 
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and 
treatment containing chemical additive (CHE).  

A Barrels opened on ensiling day 30: CON1, CON2, BIO1, BIO2, CHE2, and CHE3. Barrels opened on ensiling 
day 135: CON3, CON4, BIO3, BIO4, CHE1, and CHE4. 

B Measurement time point within the anaerobic storage period when the maximum amount of gas was formed,  
i.e. the maximum gas quantity in the first and second gas bags. At this point, most of the gases are expelled from 
the silo. 

C CO2eq emissions derived in this trial consider only the climate-relevant gases, i.e. CH4 and N2O.  
Global warming potentials: CH4 = 25, N2O = 298. 
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4.4 Discussion 

4.4.1 Composition of the silage 

Overall, the DM of the fresh material was greater than the target value of 30%–40% [59, 60]. 

However, the silage quality meets the requirements for modern maize silage [59] and the V-scores 

indicate excellent qualities. DM affects microbial activity and subsequent gas formation.  

With high DM, microbial metabolism seems to be less active: fewer acid quantities are generated 

[61], gas formation is delayed [2], and less gas is formed [38]. The pH values determined via 

laboratory analysis are in the recommended range of 3.7–4.0, the latest since ensiling day 14 [60].  

A continuous increase in LA is an indicator of homofermentative LAB activity, and an increase in 

AA is an indicator for heterofermentative LAB activity [6, 18, 62]. The LA concentrations for BIO 

on ensiling day 135 are below the target range (30–60 g kgDM
-1); the opposite applies for AA 

concentrations (10–30 g kgDM
-1) [60]. However, this pattern results from the use of biological 

inoculants: Llb. buchneri leads to the degradation of lactic acid to acetic acid, 1,2-propanediol, 

ethanol, and CO2 [18, 62, 63]. The presence of small amounts of propionic acid at ensiling day 135 

in BIO aligns with the activity of Llb. buchneri [60, 64]. 

The DM losses showed initial losses between ensiling days 0 and 14 and subsequent increases 

in DM mass up to day 30 for CON and CHE or day 135 for BIO (Section 4.4.5). The DM losses 

in the silage barrels are on the levels reported for commercial maize silos [10, 65]. However,  

as stated by Ostertag et al. [66], farm-scale silos exhibited greater DM losses than laboratory silos. 

Higher farm-scale losses seem reasonable due to prolonged oxygen supply [34, 41], lower gas 

tightness of the silos, and possible air leakages within silo sealing [14]. Furthermore, 67%–80% 

of the maximum DM losses (ensiling day 14) were detected within the first 2 ensiling days.  

The high DM and low packing density of silage lead to high porosity and high oxygen quantities 

in the silos at the moment of silo closure. This can promote the activity of plant material and 

aerobic microbes, e.g. enterobacteria or yeasts [1, 7]. Sun et al. [67] reported a negative correlation 

between packing density and Enterobacter abundance. Moreover, some articles have reported 

correlations between DM concentration and packing density and subsequent DM losses 

[7, 9, 68, 69]. For instance, Borreani et al. [7] report the findings of Holmes [70]: 

DM loss [%] = 29.1 – 0.058 × DM density [kgDM m-3]. The highest losses occurred with increasing 

DM concentration and low packing density [71]. These findings align with the noticeable GHG 

and VOC formation observed during the first days of ensiling (Sections 4.4.2 and 4.4.3). 

In principle, higher DM leads to lower gas formation in the silage if the porosity in laboratory silos 

is consistently low [38]. Compared to silage with low DM, the fermentation intensity is reduced 

with dry silage, as the acid tolerance of the microbes is lower. In practical silos, however, 
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compacting the dry particles is usually associated with greater effort; higher porosities and 

increased residual oxygen supply are the result. This was modelled in the laboratory silos here 

with high porosity. Therefore, the regression equations presented should be able to estimate the 

quantities of gas and CO2 emitted by farm-scale silos during the main fermentation phase of maize 

silage with similar DM. 

4.4.2 Formation and emissions of greenhouse gases 

All three treatments indicate a rapid increase in GHG quantities formed and emitted into gas 

bags, which aligns with former reports stating a regressive course of accumulative CO2 emission 

quantities [4, 5, 13, 38, 72, 73]. Emitted gas quantities vary between plant species [4] and are 

affected by SA use [5, 72]. In detail, SA did not affect the quantity of gas formed by maize silage 

during the first 10 ensiling days [5]. However, during the ongoing activity of heterofermentative 

LAB, additional gas was generated. The initial course of gas formation correlates with DM losses. 

The initial gas formation in the first phase of the ensiling process [1] is based on the aerobic activity 

of the plant material and microorganisms [2, 74]. The barrel silos indicated noticeable yeast counts 

on the silage face at ensiling day 30. This could result from high initial oxygen availability and 

low yeast inhibition due to lower CO2 concentrations in zero-pressure systems [75]. 

Several studies have measured gas concentrations within silos [2, 34, 76, 77].  

The CO2 concentrations presented here (approximately 66%) support the data from Peterson et al. 

[76] and Wang and Burris [34], who reported CO2 concentrations of 75%–85% after 48 h of 

ensiling in commercial farm-scale maize silos. The values seem comparable, considering the gas 

tightness of the zero-pressure set-up and the quantities of N2 remaining in the system. 

In addition to plant and aerobic microorganism activity, LAB are considered to be tolerant to 

aerobic conditions and are active in the first phase of ensiling [7, 78, 79, 80]. 

For instance, Lpb. plantarum can metabolise glucose first to lactate and subsequently to acetate 

under aerobic circumstances resulting in CO2 formation [78, 81, 82]. However, based on the 

abundance in the epiphytic microbial community [1, 83], proteobacteria and particularly 

enterobacteria seem to be the most important microorganisms for oxygen depletion, 

CO2 formation, and pH decrease in this phase [80, 84]. Other microorganisms such as yeasts 

contribute to CO2 formation during aerobic respiration. 

Unfortunately, gas sampling and analysis could not measure the oxygen concentrations within 

the silos’ headspaces. Therefore, it is unclear when absolute anaerobic conditions were present. 

Some of the O2 within the barrel may already be respired between filling and sealing the barrel. 

The availability of oxygen differs for the various layers and positions within silage due to 

metabolic respiration and limited oxygen diffusion [2, 20, 85, 86]. In former trials, the aerobic 
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phase in maize silos lasted only for several hours, e.g. 1.4–3.0 h in laboratory silos and 6.0 h 

in farm-scale silos [34, 41, 80]. The rapid decrease of pH until ensiling day 2 confirmed anaerobic 

conditions before this point. It is assumed that anaerobic conditions apply the latest at ensiling 

hour 8, based on the literature review, and that the gas bag volume starts to increase. 

The respiration of O2 to CO2 considers the constant gas volume of both gases. 

After this point, enterobacteria, yeasts, LAB, and propionic acid bacteria can form CO2 during 

anaerobic fermentation [8, 87]. Approximately 87%–93% of the total CO2 is generated after 

ensiling hour 8, i.e. in the anaerobic phase. The formation of LA – in combination with decreased 

water activity, microbial substrate concurrence, and additional factors – inhibits microbial activity 

when the pH tolerance of the bacteria is undercut. Currently, it is unclear which ratios of total 

CO2 production can be assigned to which phyla or genera of microorganisms. Sun et al. [80] 

described a high abundance of enterobacteria in the first hours after silo closure. The increase in 

2,3-butanediol quantities formed within the first 2 ensiling days indicates the metabolism of 

enterobacteria during neutral fermentation [8, 79, 87]. In this phase, anaerobic fermentation 

by enterobacteria leads to the synthesis of AA or CO2, among other products, and DM losses 

of -17% occur [79]. For this purpose, LA is a potential substrate [88] that affects the slope of the 

pH decrease. Vigne [84] reported that enterobacterial metabolism is the major gas producer in this 

phase. Upon further metabolism under acidic conditions (down to pH ≥ 4.5) [1], glucose is 

metabolised to lactate, acetate, ethanol and CO2 [79]. However, the abundance of enterobacteria 

decreased with decreasing pH to > 5.5 [80]. Yeasts ferment glucose to ethanol and CO2, leading to 

DM losses of -49% [7, 79]. Therefore, the formation of 1 mol of ethanol by yeasts is associated 

with greater DM losses (-24.5%) than is the formation of ethanol by enterobacteria (-17%) 

or heterofermentative LAB (-17%). The ratio of ethanol production during the first 2 ensiling days 

of maximum ethanol quantities (65%–68%) was less than the initial CO2 and gas quantity 

formation (71%–79%). Schmidt et al. [13] measured unrestrained CO2 production in the first 

2 ensiling days after treatment with natamycin. This food and feed additive should inhibit yeast 

spoilage [29] but not enterobacterial activity. Thus, in this study, a significant portion of the initial 

gas formation seemed to be metabolised by microorganisms such as enterobacteria or LAB rather 

than by yeasts. Enterobacteria counts were not quantified, but the literature reports significant 

counts and activity in the initial days [8]. A more detailed analysis of the microbiological 

community and fermentation products, such as formic acid, 1-butanol, and hydrogen gas, 

could provide additional information concerning CO2 formation. 

After the final pH values were reached, most of the CO2 formed could be assigned to obligate 

heterofermentative LAB, such as Llb. buchneri. These bacteria convert LA to 1,2-propanediol, 
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ethanol, AA, and CO2 [6, 18]. This anaerobic fermentation, which also occurred in the late phase 

of the storage period, explains the increase in gas quantities (up to ensiling day 60 or 135) 

measured in barrels BIO3 and BIO4 in combination with the increase in 1,2-propanediol, ethanol, 

and AA concentrations. Thus, the application of heterofermentative LAB using biological SA can 

lead to increased CO2 formation. However, the cumulative CO2 quantities did not differ between 

CON and BIO despite increasing gas bag volumes in BIO3 and BIO4. This aspect may be 

attributed to the short fermentation period of 30 days for some barrels and to CO2 degradation or 

fixation pathways (Section 4.4.5). To the best of the author’s knowledge, scientific research on 

gas formation during the fermentation process of maize silage treated with chemical SA is lacking. 

After 80 ensiling days, CON (425 gDM kgFM
-1) formed ≈ 7.4 (L gas) kgDM

-1. A preliminary trial 

by our working group (unpublished data) determined cumulative gas quantities of 10.0 L kgDM
-1 

for untreated maize silage (400 gDM kgFM
-1) after 83 days of storage. Daniel et al. [5] reported gas 

quantities of ≈ 13.0 L kgDM
-1 for untreated maize silage after 83 days (380 gDM kgFM

-1).  

Therefore, gas quantity formation seems to increase with decreasing DM. These findings align 

with the observations of Gomes et al. [38], who reported decreased gas formation with increased 

wilting intensity in oat silage. Nevertheless, while high DM seem to decrease CO2 emissions 

during anaerobic storage, higher emissions are possible during the aerobic phases after silo closure 

or in the feed-out phase (Part B) [7]. Therefore, managing the DM seems to be a compromise but 

is important for minimising DM losses and gas formation. 

Although other gases remain in the zero-pressure system, CH4 concentrations (maximum of 

6.8–8.0 ppm) exceed the values in grass and lucerne silage (maximum of 4.6–5.8 ppm) [2]. 

CH4 concentrations are on the level of Schmidt et al. [13], who measured 7 ppm methane in maize 

silo emissions on ensiling days 5 and 15. After oxygen depletion in the whole gas volume or in 

some areas of silage [2, 20, 85, 86], enterobacteria can provide free hydrogen (H2) during formate 

degradation in the first hours of the (partially) anaerobic phase [1, 2]. This H2 can be used partly 

by archaea for methanogenesis. This process can stop if the pH is ≤ 6.8, a typical threshold for 

common archaea in silage-based methanogenesis in biogas plants [89]. However, the highest 

CH4 concentrations were measured at ensiling days 5.5–6.0, and laboratory analysis indicated that 

the pH was ≤ 5.9 beginning on day 0. A literature review indicated that methanogenesis occurs in 

acidic environments by acetoclastic methanogens, using acetate as a substrate, or via 

hydrogenotrophic methanogenesis by specific archaea, using H2 as an electron donor [90].  

A decrease in the pH to 3.8 promotes the latter pathway based on the pH tolerance of various 

microorganisms, e.g. Methanobacterium and Methanothermobacter [90, 91, 92, 93]. However, 

to the author’s knowledge, little is known about the presence of these microorganisms in maize 
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silage. In particular, the sensitivity of various microorganisms to changes in pH [90, 94] requires 

additional research. Other biochemical pathways may also be involved [2]. Modified gas analysis, 

which involves measuring H2 concentrations within the silos, could supply additional information 

regarding methanogenesis and enterobacterial activity. 

The N2O concentrations (maximum of 24–38 ppm) are less than the maximum values 

mentioned by Schmithausen et al. [2] (686–1,118 ppm), Zhao et al. [33] (1,806–1,836 ppm), 

and Wang and Burris [34] (10,000–43,500 ppm). On the other hand, Schmidt et al. [13] reported 

concentrations of 1 ppb in the cumulative emissions of maize silage. The variety of values can be 

partly explained by the varying experimental set-ups, sampling points, or technical 

limitations [33]. N2O formation seems to be part of denitrification [2, 95, 96]. Franco [97] reported 

that silage treated with potassium sorbate emitted greater amounts of nitrogen oxides (NOx) during 

the initial fermentation period. The same applies to N2O in the CHE treatment. Franco [97] 

assumed that potassium sorbate has an inhibitory effect on denitrificating microorganisms and 

limits the degradation of nitrate and nitrite to N2. However, all three treatments showed no signs 

of extended proteolytic breakdown, which could lead to additional N2O formation. 

The LAB inoculation in BIO was able to reduce organic acids in CHE increased CO2eq 

emission quantities. Thus, the use of SA affects the formation of climate-relevant emissions, but 

the relevance of these differences has to be contextualised (Part B). All treatments show higher 

N2O emission quantities than CH4. This, in combination with the different GWPs, shows that the 

climate relevance of N2O emissions is more significant than that of CH4. Any mitigation measures 

should therefore start with a reduction in N2O emissions. To minimise DM losses and 

CO2 formation, the aim should be to achieve rapid oxygen exclusion through low porosity and 

rapid covering of the silo as well as a rapid pH reduction to minimise the activity of yeasts and 

enterobacteria. 

4.4.3 Formation and emissions of ethanol and ethyl acetate 

The course of ethanol concentrations within the material aligns with values stated by Weiß et 

al. [20], who reported a rapid increase within the first two days of the ensiling period and 

a subsequent slow increase until ensiling day 30. Weiß et al. [98] support these data, stating that 

high proportions of maximum ethanol concentrations are formed in the early fermentation phase. 

The formation of ethanol starts in silos with temporal-spatial variation considering oxygen 

depletion [20] and pH [32]. Weiß et al. [20] reported a very similar pattern in yeast counts and 

ethanol concentrations in promptly or delayed sealed maize silage and a strong linear correlation 

between DM losses and ethanol concentrations. However, the role of enterobacteria in ethanol 

fermentation should also be considered. The initial DM losses and gas formation, 
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possibly unrestrained by antifungal SA (Section 4.4.2), led to the assumption that the production 

of ethanol was also based on the metabolism of enterobacteria. However, further research is 

necessary to clarify this phenomenon in various silages. 

Concerning the continuous increase in BIO, Weiß et al. [47] measured heterogeneous ethanol 

concentrations in farm-scale silos, but the concentrations decreased with the addition of 

heterofermentative LAB. These findings align with those of Arriola et al. [6]. The laboratory-scale 

trial of Hafner et al. [19] measured higher ethanol and EA concentrations in heterofermentative 

LAB-treated maize silage than in CON silage (p < 0.01). The following assumptions for ethanol 

formation apply: (a) Ethanol can be produced in a pathway parallel to the degradation of LA to 

1,2-propanediol or AA by Llb. buchneri [18]. Therefore, increasing ethanol quantities are an 

indicator of the activity of heterofermentative LAB [18, 19, 32]. In addition to the formation of 

AA, heterofermentative LAB can produce ethanol during the anaerobic fermentation of glucose 

[79]. As shown, the counts of LAB and AA and ethanol concentrations are greater in BIO; 

(b) yeasts are a typical producer of ethanol in silage production [16, 20]. The increasing AA 

concentrations and decreasing yeast counts in the glass jars exclude this formation pathway in the 

BIO treatment. Furthermore, the excellent silage face scoring of the BIO barrels excludes 

a difference between the glass jars and the silo barrels. The formation of ethanol by yeasts may be 

from higher priority in practical silos than in laboratory silos which are characterised by rapid 

compaction and sealing. Based on the literature review, assumption a) seems the most reasonable 

in this trial. Thus, heterofermentative LAB may be beneficial for ethanol reduction in practical 

silos by suppressing yeast metabolism but contradictory in laboratory silos. 

The only article considering the measurements of ethanol gas formation during silage-related, 

broth-based anaerobic fermentation was by Shan et al. [32]. Their results indicate rapid ethanol 

production within the first 20–30 h with reduced gas formation quantities for the treatment 

supplemented with Llb. buchneri and Lpb. plantarum compared to that of Llb. buchneri alone. 

However, the trial presented here indicated no difference between CON and BIO during the first 

days of the ensiling process. Ethanol gas formation stopped at ensiling day 4.67, at which point no 

further increase in ethanol gas quantity occurred. The ethanol concentrations in the silage material 

further increased. At present, why gas formation stopped is unclear, but pH may be a factor.  

In the trials of Shan et al. [32], ethanol gas formation stopped rapidly at pH 3.7–4.0. 

Furthermore, previous research has shown that the gas quantities in silos are based on the VOC 

concentrations of the material considering Henry’s law [16, 31, 32]. Moreover, ethanol gas 

formation may depend on ambient and silage temperatures during anaerobic fermentation, aligning 

with emission patterns in the feed-out phase [21, 36]. This may be true, but correlations between 
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ethanol and EA concentrations and between ethanol and gas quantities are small or nonexistent. 

Therefore, measurements of ethanol or ethyl acetate concentrations within the gas phase of  

farm-scale silos may provide only limited information for assessing material concentrations. 

Consequently, this procedure would not be an improvement over a standard laboratory analysis. 

Hafner et al. [31] established a calculation model for VOC emissions during the fermentation 

process and calculated losses of 0.2%–1.0% of the present ethanol. For this purpose, they assumed 

uniform ethanol concentrations for the ensiling process, which should be constant at the final level. 

Based on the results presented here, the ratios of treatments CON, BIO, and CHE were 0.2%, 

0.1%, and 0.1%, respectively. The percentages for EA are 1.1% for CON, 0.8% for BIO, and 1.1% 

for CHE. The experimental data are lower than the calculated data, which aligns with the difference 

between assumed continuous ethanol concentrations and the actual pattern measured in the 

material [16]. 

The course of EA concentrations is, in principle, in line with the previous literature showing an 

increase in the first 16 [98] to 30 ensiling days [20], followed by a subsequent decrease. However, 

local minima at ensiling day 14 have not yet been reported. 

The formation of EA by yeasts was detected under various metabolic and processing conditions 

[99, 100]. In silage, EA can be produced through several biochemical pathways as previously 

described by Weiß et al. [20]. EA formation within the first days after silo closure can be mainly 

attributed to the enzymatic yeast activity of esterase, hemiacetal dehydrogenase, and alcohol 

acetyltransferase. Thus, EA may be formed by dehydration of acetate and ethanol, from  

acetyl-CoA and ethanol or from reduced hemiacetals like ethanol and aldehyde, respectively 

[20, 101]. In detail, the metabolism of some yeast genera shows a substantial increase in ethanol 

and especially EA formation shortly after oxygen depletion [102]. This could explain the rapid 

increase in material concentrations and gaseous emissions of EA during the initial phase of the 

ensiling process. Unfortunately, changing the gas bags at ensiling hour 36 could have affected the 

gas concentration measurements. In addition, the enzymatic activity of esterase in Acetobacter sp. 

[103] could also be of minor relevance in this first period. 

Due to microbial analysis and silage face scoring, the activity of yeasts can be neglected during 

the late increase in EA in the BIO treatment. At this point, other possible explanations could be 

the metabolism of LAB. Previous research has focused on the activity of the ferulate-esterase 

formed by Llb. buchneri to affect silage digestibility by ruminants [104]. Furthermore, naturally 

occurring LAB on plants cause EA formation [105]. Therefore, LAB can synthesise esters and 

probably also EA in silage. Thus, the increase in the EA concentration in BIO may be attributed 

to the activity of (heterofermentative) LAB. This aligns with the increased EA concentrations 
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in Llb. buchneri-treated silage treatments observed by Gomes et al. [38]. Moreover, combining 

lactic acid and acetic acid bacteria can enhance EA formation [106]. However, during the ongoing 

fermentation phase, enzyme activity seems to decrease with increasing concentrations of acids and 

decreasing pH [20, 107]. Thus, further research to determine a more precise bacterial species and 

strain specification is required concerning EA synthesis. 

According to the authors’ information, the formation of gaseous EA emissions during the 

anaerobic fermentation of silage has not yet been reported. Therefore, this study presents novel 

information concerning potential VOC emissions from silage production. 

Overall, the VOC concentrations in all silage treatment materials were lower than those in the 

former literature [20, 39, 47, 98, 108, 109]. Reviewing these studies leads to the assumption that 

ethanol (2.6–33.6 g kgDM
-1) and EA (0.02–1.60 g kgDM

-1) concentrations vary widely and EA 

concentrations decrease with increasing DM in maize silages. However, the literature data show 

high variation in trial set-up, plant variety, and storage length and conditions. Weiß et al. [110, 111] 

reported that VOC concentrations increase with strict anaerobic conditions, lower ambient air 

storage temperatures, and high packing density. For legume silage, VOC concentrations decrease 

with increasing DM [111]. Therefore, low CO2 concentrations within zero-pressure barrels, 

constant indoor storage temperatures, low packing density, and high DM could lead to reduced 

ethanol and subsequent EA formation compared to farm-scale silos. Whether practice silos with 

higher DM also form less EA cannot be generalised. The multifactorial influences, such as the 

achieved compaction, O2 supply, and resulting microbial activity, can have an impact. 

4.4.4 Examination of the methodological procedure 

The packing density of 150.60 ± 0.08 kgDM m-3 was significantly below the theoretical 

recommendations for farm-scale silos of approximately 346 kgDM m-3 for fresh material with 

42.5% DM [112, 113]. However, these theoretical target values cannot be achieved in practice 

silos, where a density of around 260–300 kgDM m-3 should be aimed for. The calculated porosity 

of the material was, therefore, very high. The trial set-up involved the combination of high DM 

and low packing density to provoke heating of the silage during the aerobic storage period 

(Article Part B) according to the German procedure for assessing the ASTA of silages [114]. 

With this, DM losses seem to be high compared to former laboratory-scale studies but at the level 

of well-managed commercial silos [7, 10, 65, 115, 116, 117]. Therefore, the correlation between 

DM losses and CO2 emissions could also apply to farm-scale silos, since the basics of metabolic 

processes differ only slightly between systems [14]. Nevertheless, diverse microbiota [75] should 

be considered, and farm-scale silos with similar properties (high DM and low packing density) 
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are likely to suffer greater DM losses. This aspect is especially relevant for increased oxygen 

exposure due to small leakages or during the aerobic feed-out phase (Part B).  

The set-up of barrels and gas bags is a variation of previous trials in silage [2, 30] and differs 

from the approaches of Brazilian researchers [4, 26, 38]. The importance of short measurement 

intervals has been discussed previously [2]. Barrel silos are established for laboratory-scale 

investigations and, at the same time, have larger masses than glass jars. This fact was utilised to 

achieve larger emission quantities. As a result, these corresponded to the measuring ranges of gas 

measurement technology, especially during the aerobic emission measurement periods (Part B). 

The addition of gas bags enables the quantification of GHG and VOC emissions. If no bags had 

been used, the gas quantities would have been released through the lid seal, and it would only have 

been possible to determine gas concentrations in the headspace and not emission quantities [2]. 

However, the storage of all gases, especially residual N2 and formed CO2, could affect the emission 

behaviour or gas fixation of silage due to varying volatilisation and diffusion rates based on Fick’s 

and Henry’s laws [15, 41]. Furthermore, little is known about the dispersion of gases in silos.  

The first gas bags had lower gas concentrations than did the headspace; the second gas bags had 

lower gas concentrations. A significant portion of the residual N2 was transferred into the first gas 

bag due to the formation of CO2 in the silage material. Thus, further trials should use larger gas 

bags (≥ 15 L kgDM
-1) to avoid methodological implications. Nevertheless, whether gases are 

subject to stratification in barrels and gas bags is unclear. Therefore, some variation between the 

calculated and actual gas quantities can apply. Furthermore, the storage of formed gases within a 

zero-pressure silo system differs from that of commercial silos with outwards-directed mass flow. 

Thus, gas dynamics could vary between this trial and farm-scale silos. 

The silage treatments showed an increase in DM mass at certain stages of the fermentation 

process. The weights of the barrel and glass jar silos were measured using scales with adequate 

measuring ranges. The method of DM analysis and correction was frequently used 

[2, 20, 39, 47, 50, 98] and is considered the best practice. Nevertheless, the DM at ensiling day 14 

showed a local minimum. Therefore, the increase in DM could be based on methodological errors, 

but a literature review suggested that gas fixation may be possible (Section 4.4.5). However, 

further studies are needed to verify these hypotheses in this new field of research [42]. 

In this trial, barrel silos were employed in Experiment A1 and glass jar silos in A2. 

The variation in silo geometry and storage conditions may influence the fermentation process and 

silage characteristics. For instance, glass jar silos were packed to provide the same silage porosity 

as the barrel silos, but lacked a head or floor space. Consequently, the residual oxygen supply 

within each glass jar was likely to be smaller affecting the microbial activity in this phase. 
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However, this compromise was unavoidable due to the overarching trial set-up. The silage material 

in the barrels (Experiment A1) was to be stored untouched. This also meant that the quality of the 

silage in experiment A1 could only be qualitatively assessed once. A laboratory analysis of the 

material would have been desirable, but was not possible. However, the specific silo characteristics 

were needed to conduct emission measurements during fermentation and feed-out (Part B). 

Furthermore, the trial was conducted in a way to minimise differences in external effects such as 

ambient air temperature. 

For statistical analysis, single measurement time points were merged into measurement 

intervals. This approach can lead to minor deviations from actual and stated time points for gas 

formation. However, the differences in gas formation patterns among the various silages were 

obvious. Furthermore, minor differences in the methodological procedure used by the two 

laboratories for microbial analysis may have affected the values. However, the course of microbial 

counts seems reasonable based on changes in chemical composition and gas formation. 

The use of these measurement technologies limits the number of silos used during subsequent 

aerobic emission measurement periods (Article Part B). More precisely, the Multipoint Sampler 

and Doser (INNOVA 1303, LumaSense Technologies SA, Ballerup, Denmark) used in the aerobic 

emissions measurement periods for the PAS technology has 6 measuring points, which limited the 

number of barrels (n = 2; Article Part B). Due to the extensive manual sampling and dilution, the 

experimental design was limited to a maximum of 2 aerobic measurement periods – i.e. a total of 

12 barrels. This affects the fermentation trial and restricts the statistical significance of the results 

shown. In particular, the significant deviation of the BIO3 and BIO4 barrels highlights the 

weakness of the small sample size. Nevertheless, new essential findings in silage research can be 

presented due to the extensive and detailed execution of the experiments and subsequent literature 

review. This case study should be considered an additional step in silage emission research and 

should be supplemented by further studies. 

4.4.5 Gas quantities decrease and DM mass increase 

CON and CHE showed a substantial increase in DM and a decrease in gas quantities between 

ensiling days 14 and 30, and BIO between days 14 and 135. On this basis, the following hypotheses 

were derived to explain the measured phenomena. 

When setting up the experiment, care was taken to use barrel, hose, and gas bag materials 

impermeable to relevant gases. In addition, all the hose connectors were checked regularly.  

Knicky et al. [30] and Schmithausen et al. [2] used similar approaches in silage research.  

Other trial set-ups [26, 29] used silicone hoses known to be CO2 permeable, leading to losses. 
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Long-term gas losses cannot be excluded in this trial. The decreasing quantities of gases in the 

zero-pressure system could result from tiny leakages, e.g. inside the seal of hose connectors. 

Similar loss rates for all silos and treatments are assumed if these losses apply, but it is unclear 

if they vary for the individual gases. For example, a greater decrease in N2O could result from a 

greater permeability of this gas through the materials of the set-up. Furthermore, gas loss via 

permeability through the material could also be applied to other laboratory or commercial silos 

[7]. However, the constant gas and CO2 quantities in the late phase of the storage period make 

leakage unlikely. Rather, the regressive course of CO2 quantities strengthens the suspicion of 

controlled – and, from a particular point, time-saturated – gas fixation in contrast to uncontrolled, 

linear gas escape due to leakage [42]. 

Although an increase in DM during extended anaerobic storage periods is not mandatory, this 

phenomenon has been reported previously [6, 14, 118]. Savoie et al. [118] assumed errors in 

methodology and analysis (Section 4.4.4) or in the formation of effluent. The effluent was not 

detectable in this trial due to the set-up but seemed unlikely due to high DM [119]. 

These decreasing gas volumes contradict the findings of Daniel et al. [4, 5], who described 

degressive courses. The Brazilian silos indicate positive pressure, and gases were released after 

pressure measurements. The set-up used here is based on the zero-pressure principle.  

These differences could depend on the various solubilities of CO2 in the liquid phase, considering 

the varying DM. Furthermore, the concentrations in the gas space of the silos affect the solubility 

and volatilisation of substances, but this methodology was necessary to quantify the decrease in 

gas quantities. Furthermore, BIO had a pH value of 4.3, whereas it was 3.8 for the treatment 

‘ComboHigh’ (Llb. buchneri and Lpb. plantarum) in Daniel et al. [5]. This could increase the 

solubility of CO2 in the form of carbonic acid in the liquid phase [120]. 

Other studies have reported negative pressure in silos after the completion of the main 

fermentation phase [2, 26, 44]. Krueger et al. [14] discussed the variance between the expected 

and calculated CO2 emissions of maize silage. Furthermore, CO2 absorption by maize silage 

exceeded the CO2 solution potential in the liquid phase [26, 42, 43]. In those studies,  

this phenomenon can be attributed to the CO2 permeability of the silicone hoses used in the trial. 

However, the decrease in the CO2 quantity also exceeded the solution potential in the trial 

presented here. 

Gas fixation in silage was described in recent reviews [42, 84], but these findings may be 

affected by erroneous methodology. Currently, two pathways of CO2 fixation in silage are a matter 

of conjecture. First, Brazilian researchers assumed microbiological CO2 reduction to acetate by 

acetogenic bacteria (Wood-Ljungdahl pathway) [26]. In this pathway, CO2, in combination with 
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‘free’ protons and electrons, is the substrate for the formation of acetate and water [121]. 

Several species are known for this reductive acetyl-coenzyme A pathway [121]. However, to the 

authors’ knowledge, only one species (Sporomusa ovata) has been detected in silage [122, 123]. 

Additional species could be present in the epiphytical microbial community. The application of 

this pathway could explain the differences in AA concentrations between laboratory-scale and 

farm-scale silages [124, 125]. The improved gastightness of laboratory-scale silos could lead to 

higher quantities of CO2 remaining inside for additional acetate provision. These findings align 

with those of Vigne et al. [45] reported in Schmidt and Vigne [42]. In particular, this could explain 

the increase in AA concentrations during the late phase of the ensiling process, while LAB counts 

remain at similar levels [125]. For commercial silos, the improved gastightness of tower silos could 

affect this pathway compared to bunker silos. 

In the second pathway, CO2 may be chemically fixed in the liquid phase during the ensiling 

process [41], e.g. in the form of solved CO2, bicarbonate (HCO3
-), or carbonic acid (H2CO3).  

At pH 4, no bicarbonate should actually occur, and the most common form should be protonated 

carbonic acid (H3CO3
+), which is in equilibrium with CO2. Furthermore, former titration trials 

indicated no presence of carbonates or bicarbonates in the press juice of silage samples [126, 127]. 

Nevertheless, microbial activity could affect the equilibrium. This includes transmembrane 

CO2 transport by LAB using aquaglyceroporin [128]. The transport of CO2 into the cytosol and its 

hydration to H2CO3 and bicarbonates are assumed to regulate the pH of the cell [14]. Furthermore, 

LAB can convert CO2 to H2CO3 and HCO3
- through carbonic anhydrase activity [129]. 

Subsequently, bicarbonate can be used for the formation of pyrimidines and arginines [129, 130]. 

This pathway can be auxotrophic at low CO2 concentrations in one-third of Lpb. plantarum-related 

strains [131]. Other LAB exhibit phosphoenolpyruvate carboxylase activity and upregulated 

bioenergetic metabolism in a CO2-enriched atmosphere [132]. The relevance of this pathway has 

yet to be proven for silage, and the possible impacts of chemical or physical pathways, e.g. buffer 

systems or pH changes, have yet to be assessed. 

CH4 quantities substantially decreased between ensiling days 5 and 30. Little is known about 

the underlying reasons for this pattern, but two assumptions apply: (a) methane leakage or 

relocation within the zero-pressure system, or (b) special acid-tolerant, anaerobic,  

methane-oxidising archaea metabolise methane to CO2 in ‘reverse methanogenesis’ [133, 134].  

Concerning a), low-density CH4 could have been shifted earlier and in larger parts into the gas 

bags. After formation, the low density leads to an accumulation in the headspace of the barrel from 

where it is subsequently driven into the bag. This would influence the calculation of the gas 

quantities in the zero-pressure system, as this is based on the gas concentration in the headspace 
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(Section 4.4.4). At this point, it is unknown whether the pathways of assumption b) are relevant 

for anaerobic fermentation of silage. 

After the initial peaks, N2O exhibited a greater decrease in quantity than did CO2 and CH4 for 

all the treatments. This pattern could be based on (a) N2O gas relocation or leakage at higher rates 

than CO2 and CH4, (b) denitrification of N2O to N2 in the silos, or (c) solubility of N2O in the 

liquid phase of silage material [95, 135]. Pathway a) was already discussed. Pathway b) is also 

possible, since N2O gas concentrations peak at ensiling hour 44 at pH values approximately or 

slightly above 4.6–4.7, and denitrification was shown to possibly occur under these acidic 

conditions [136]. Theoretically, denitrification leads to N2 formation. However, in a former trial 

by Wang and Burris [34], a decrease in N2O concentrations did not lead to detectable increases in 

N2 concentration. However, denitrification of the small quantities of N2O in the present study did 

not impact N2 or other gas concentrations. Concerning pathway c), N2O dissolves in the liquid 

phase spontaneously and in parallel with the increase in gas concentration. The increase in 

N2O emissions during aerobic emission measurements (Article Part B) underlines this fact. Thus, 

a mix of pathways b) and c) seems most reasonable. 

Little is known about ethanol degradation during the ongoing ensiling process. Some LAB and 

acetic acid bacteria are reported to metabolise ethanol to organic acids, e.g. AA [137, 138]. To the 

authors’ knowledge, no such metabolic pathways have been detected in silage. The same applies 

to EA degradation, considering the lower rates of decrease. 

Krueger et al. [14] mentioned that silage could serve as a sink and thus absorb CO2. Schmidt and 

Vigne [42] expressed similar hopes, stating the open question: ‘Can silage absorb more carbon 

than what it emits during fermentation?’. The results presented here clearly show that although 

silage can absorb gases during anaerobic storage, the net balance of the fermentation process is 

still negative. Consequently, reducing avoidable losses in the early phases of ensiling seems more 

of a matter. 

4.4.6 Implications for ensiling management and ensiling research 

Ongoing climate change can make optimal harvesting and silage management difficult for 

farmers worldwide. Sudden rainfall can lead to short wilting periods [2]. On the other hand, 

draughts increase temperatures and solar radiation, leading to high forage DM. Improving ensiling 

management – i.e. by shortening chopping lengths, increasing packing density, and rapidly closing 

the silo – or applying SA can minimise losses during anaerobic storage. Nevertheless, other types 

of forage conservation, e.g. hay making, are also related to CO2 emissions and should be compared 

to the silage process chain. 
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Further research should include O2 analysis at narrow intervals during the first days of the 

ensiling process to determine the start of anaerobic conditions. For this purpose, gas sampling at 

different positions within the silos and more detailed specifications for microbiological analysis 

are recommended in future studies. With this, further conclusions can be drawn regarding the 

temporal-spatial variation in microbial activity. Calculating the molar masses in the zero-pressure 

system could also help. 

To the authors’ knowledge, this research article is the first to quantify the formation and 

emission of gaseous ethanol and EA during the ensiling process of (maize) silage. Currently, 

at least 46 different VOCs have been identified in silage [16]. However, ethanol can be used as an 

indicator substance for the VOC formation pattern since approximately 80% of silage VOC 

emissions are alcohol [15, 16, 139], with ethanol as the primary contributor (> 70% of alcohol 

emissions). Furthermore, ethanol is essential for forming esters, e.g. ethyl lactate or EA [20].  

EA is reported to have antibacterial and antifungal properties. This phenomenon is primarily 

important for industrial processes and products, indicating the inhibitory effects of EA on yeast 

growth or specific bacteria [22, 23]. Thus, higher concentrations within BIO barrels could be 

a factor in suppressing adverse microorganisms and improving the ASTA of the BIO treatment. 

VOC can lead to ground-level ozone formation and affect air pollution and climate change 

[15, 17]. However, the impacts are difficult to quantify, but emissions are relevant for ecological 

systems and can lead to substantial DM losses. This process is especially important for 

transforming photosynthetically bonded CO2 to carbohydrates and subsequent emissions of 

methane, considering the higher GWP or high-energy and environment-relevant VOC. 

Measurements of GHG and VOC gas concentrations within silos can provide important 

information for assessing microbial activity and ensiling quality. For instance, a previous study 

shows that increasing CH4 concentrations in the silo can be used as an indicator for clostridial 

activity and quality decrease [2]. Furthermore, the formation of CO2 or VOC gases may be used 

to determine the efficiency of microbial metabolism in silage fermentation [32]. Therefore, this 

approach can complement the preliminary methodology used in silage research. If applied in 

reverse, easily assessed parameters such as DM losses could be used to derive accurate models to 

calculate silage emissions and effects on the CF of silage production (Part B). VOC concentrations 

in the material have been part of the silage evaluation criteria for a long time, e.g. in the methods 

used in this trial. However, it is still unclear whether VOC gases in silos can be used to assess 

fermentation quality. Data show that correlations between concentrations in the material and the 

quantities in the gas phase are limited. 
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Nevertheless, even if the basic principles of anaerobic fermentation in laboratory and practical 

silos are similar, the transferability of the test results to the field requires special attention.  

The larger dimensions, extended oxygen provision during silo filling and compaction, the greater 

risk of air infiltration through small leakages, and the fundamental difference in gas exhaustion 

compared to gas storage in zero-pressure gas bags can influence gas dynamics of practical silos. 

Thus, future tests should also be carried out on commercial silos. The integration of experiments 

conducted at both scales could potentially yield a synergistic enhancement in the quality of the 

findings. Furthermore, parameters of ensiling management, e.g. cutting length, packing density, 

time period until silo sealing, or external factors, e.g. ambient temperature, may be relevant factors. 

4.5 Conclusions 

This study effectively measured the gaseous emissions of GHG, ethanol, and ethyl acetate during 

the fermentation process of maize silage. These findings aid in the evaluation of the distinct gas 

formation patterns of laboratory-scale silos during the various stages of the ensiling process. 

Notably, CO2 formation is linked to DM loss under aerobic conditions and before the pH drops to 

3.9–4.3. The BIO treatment, which was supplemented with Llb. buchneri and Lpb. plantarum, 

exhibited prolonged CO2 and ethyl acetate formation. For the first time, records of ethanol and 

ethyl acetate gas formation during the fermentation process were made, validating earlier emission 

models. However, a few relationships were found between the material’s VOC levels and gaseous 

emissions. BIO emitted less methane and nitrous oxide than the untreated control (CON).  

The CHE treatment, supplemented with sodium benzoate and potassium sorbate, emitted more 

nitrous oxide than CON (p < 0.05). CHE had the highest climate-relevant CO2eq emission 

quantities, BIO the lowest (p < 0.05). After a certain point, the data indicate decreasing gas 

quantities, particularly CO2. This suggests a shift from formation to fixation, which coincides with 

an increase in DM. The results of these experiments are worthy of further research. Nevertheless, 

gas formation clearly exceeds gas fixation during anaerobic storage of silage. Further research 

should assess parameters that may influence silage gas dynamics, e.g. plant species, forage DM 

and maturity, epiphytic microbial counts, silo type, including laboratory- and farm-scale silos, 

management decisions such as chopping length or compaction effort, and malfermentation or 

external factors such as ambient temperature. 
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4.6 Supplementary material 

Table 4.4 Assignment of actual measurement time points to measurement analysis intervals for ANOVA 
analysis. 

Measurement  

time point  

[d] 

Analysis  

interval  

[d] 

Measurement  

time point  

[d] 

Analysis  

interval  

[d] 

0.08 0.25     8.00     8.00 

0.17 0.25     8.50     8.00 

0.33 0.25     9.00     8.00 
0.50 0.50     9.50   10.00 

0.67 0.50   10.00   10.00 

0.83 0.50   11.00   10.00 

1.00 1.00   12.00   12.00 

1.17 1.00   13.00   12.00 

1.33 1.00   14.00   12.00 

1.50 1.50   15.00   20.00 

1.67 1.50   20.00   20.00 

1.83 1.50   25.00   20.00 

2.00 2.00   30.00   30.00 

2.33 2.00   40.00   30.00 
2.67 2.00   50.00   30.00 

3.00 3.00   60.00   70.00 

3.33 3.00   70.00   70.00 

3.67 3.00   80.00   70.00 

4.00 4.00   90.00 100.00 

4.33 4.00 100.00 100.00 

4.67 4.00 110.00 100.00 

5.00 5.00 120.00 135.00 

5.50 5.00 130.00 135.00 

6.00 5.00 135.00 135.00 

6.50 7.00 / / 

7.00 7.00 / / 
7.50 7.00 / / 
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Table 4.5 Silo face characteristics for the barrel silos and silage treatments in Experiment A1 at silo opening at ensiling day 30 (right before the first aerobic 
emission measurement period started). 

Parameter Quality  

point deduction 

Treatment 

CON BIO CHE 

   CON1 CON2 BIO1 BIO2 CHE2 CHE3 

Se
ns

or
y 

te
st

 A
 

Smell 

Pleasantly acidic, aromatic, bread-like 0 X X   X X 
Slightly alcoholic  

or slight acetic acid odour 
1   X X   

Strong alcoholic or roasted smell 3       

Musty or slight smell of butyric acid 5       

Disgusting, rotten smell, yeasty 7       

Structure 

Unchanged (like the original material) 0 X X X X X X 

Easily attacked, plant parts friable 1       

Vigorously attacked, greasy, slimy 2       

Rotten 4       

Colour 

Colour similar to the original material 0 X X X X X X 

Colour little changed 1       

Colour strongly changed 2       

Moulds Visible mould infestation: Do not feed silage! 7 N/D N/D N/D N/D N/D N/D 

Total 
Quality  

(Mean ± SD) 
 Very good 

(0.00 ± 0.00) 
Very good 

(1.00 ± 0.00) 
Very good 

(0.00 ± 0.00) 

Q
ua

lit
at

iv
e 

ob
se

rv
at

io
n B

 

Moulds Scale  N/D N/D N/D 0.50 N/D 0.50 

Yeasts Scale  1.00 2.50 2.00 2.00 2.00 2.00 

N/D = Not detectable, SD = Standard deviation. 
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 

A Based on the official procedure for silage scoring from the German Agricultural Society [55, 56]. 
B  Qualitative, subjective observation via a scale from 0 (very good) to 5 (very bad): N/D = no mould/yeast spots; 0.50 = occasional mould/yeast spots, approx. < 5% of the 

surface; 1.00 = occasional mould/yeast spots, approx. 5% of the surface; 2.00 = small yeast nest, approx. 15% of the silo face, 2.50 = small yeast nest, approx. 20% of the 
silo face; 3.50 = multiplied yeast nests, approx. 30% of the silo face. 
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Table 4.6 Silo face characteristics for the barrel silos and silage treatments in Experiment A1 at silo opening at ensiling day 135 (right before the second 
aerobic emission measurement period started). 

Parameter Quality  

point deduction 

Treatment 

CON BIO CHE 

   CON3 CON4 BIO3 BIO4 CHE1 CHE4 

Se
ns

or
y 

te
st

 A
 

Smell 

Pleasantly acidic, aromatic, bread-like 0 X X     
Slightly alcoholic  

or slight acetic acid odour 
1   X X X X 

Strong alcoholic or roasted smell 3       

Musty or slight smell of butyric acid 5       

Disgusting, rotten smell, yeasty 7       

Structure 

Unchanged (like the original material) 0 X X X X X X 

Easily attacked, plant parts friable 1       

Vigorously attacked, greasy, slimy 2       

Rotten 4       

Colour 

Colour similar to the original material 0 X X X X X X 

Colour little changed 1       

Colour strongly changed 2       

Moulds Visible mould infestation: Do not feed silage! 7 N/D N/D N/D N/D N/D N/D 

Total 
Quality  

(Mean ± SD) 
 Very good 

(0.00 ± 0.00) 
Very good 

(1.00 ± 0.00) 
Very good 

(1.00 ± 0.00) 

Q
ua

lit
at

iv
e 

ob
se

rv
at

io
n B

 

Moulds Scale  N/D 1.00 N/D N/D N/D N/D 

Yeasts Scale  3.50 2.00 1.00 0.50 1.00 2.00 

N/D = Not detectable, SD = Standard deviation. 
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 

A Based on the official procedure for silage scoring from the German Agricultural Society [55, 56]. 
B  Qualitative, subjective observation via a scale from 0 (very good) to 5 (very bad): N/D= no mould/yeast spots; 0.50 = occasional mould/yeast spots, approx. < 5% of the 

surface; 1.00 = occasional mould/yeast spots, approx. 5% of the surface; 2.00 = small yeast nest, approx. 15% of the silo face, 2.50 = small yeast nest, approx. 20% of the 
silo face; 3.50 = multiplied yeast nests, approx. 30% of the silo face. 
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Table 4.7 Cumulative gas formation, and CO2, CH4, N2O, CO2eq, ethanol and ethyl acetate emissions 
during the fermentation in Experiment A1. 

Treatment
 A Ensiling 

time 

Gas  

quantity 

Cumulative gas emissions 

CO2 CH4 N2O CO2eq
 B Ethanol 

Ethyl 

acetate 

 [d] [L kgDM
-1] [mg kgDM

-1] 

CON     0.5 1.2b ± 0.6   3,393     ± 1,078 0.01     ± 0.00 0.06   ± 0.03   17   ± 10   0.6b ± 0.6 -0.01    ± 0.02 

BIO     0.5 1.2b ± 0.7   3,307     ± 1,040 0.01     ± 0.00 0.07   ± 0.04   22   ± 12   0.7b ± 0.5 -0.01    ± 0.01 

CHE     0.5 0.6a ± 0.3   2,573     ±    733 0.01     ± 0.00 0.06   ± 0.05   18   ± 13  -0.5a ± 0.4  0.00     ± 0.00 

CON     1.0 3.8b ± 0.5   8,793ab ± 1,762 0.02ab ± 0.00 0.26   ± 0.10   79   ± 29   3.3b ± 1.1  0.01a   ± 0.05 

BIO     1.0 3.9b ± 0.6   8,887b   ± 1,759 0.02b    ± 0.00 0.34   ± 0.13 102   ± 40   4.1b ± 1.1  0.01ab ± 0.08 

CHE     1.0 2.3a ± 0.5   6,293a   ± 1,000 0.02a    ± 0.00 0.33   ± 0.13 100   ± 38   0.9a ± 0.8  0.06b   ± 0.03 

CON     2.0 6.6b ± 0.4 11,380     ±    850 0.04     ± 0.00 0.46a ± 0.05 137a ± 15 11.5b ± 1.0  0.72b   ± 0.07 

BIO     2.0 6.6b ± 0.3 11,385     ±    455 0.04     ± 0.00 0.49a ± 0.04 146a ± 11 12.4b ± 1.3  0.79b   ± 0.08 

CHE     2.0 5.4a ± 0.4 10,014     ±    837 0.03     ± 0.00 0.65b ± 0.04 194b ± 12   6.9a ± 0.8  0.63a   ± 0.09 

CON     3.0 7.3b ± 0.2 12,369b   ±    360 0.04     ± 0.00 0.44a ± 0.06 134a ± 17 12.9b ± 0.5  0.81ab ± 0.08 

BIO     3.0 7.2b ± 0.2 12,062b   ±    337 0.05     ± 0.00 0.47a ± 0.03 141a ± 10 13.8b ± 0.9  0.87b   ± 0.05 

CHE     3.0 6.0a ± 0.3 10,634a   ±    402 0.04     ± 0.00 0.62b ± 0.05 185b ± 14   9.0a ± 1.5  0.74a   ± 0.09 

CON     4.0 7.6b ± 0.2 12,793b   ±    544 0.05a   ± 0.00 0.42a ± 0.06 127a ± 19 16.8b ± 2.7  1.00b   ± 0.13 

BIO     4.0 7.5b ± 0.2 12,788b   ±    382 0.05b   ± 0.00 0.45a ± 0.04 135a ± 11 16.4b ± 2.6  1.01b   ± 0.10 

CHE     4.0 6.2a ± 0.2 11,529a   ±    359 0.05b   ± 0.00 0.61b ± 0.03 182b ±   9 11.1a ± 2.7  0.84a   ± 0.08 

CON     7.0 7.9b ± 0.2 13,350b   ±    444 0.05     ± 0.00 0.39a ± 0.05 118a ± 14 16.2b ± 1.8  1.17b   ± 0.16 

BIO     7.0 7.7b ± 0.2 12,846a   ±    367 0.05     ± 0.00 0.41a ± 0.03 124a ±   8 16.2b ± 0.9  1.16b   ± 0.09 

CHE     7.0 6.4a ± 0.3 11,199a   ± 1,005 0.05     ± 0.00 0.56b ± 0.05 167b ± 16 10.9a ± 0.8  0.96a   ± 0.08 

CON   10.0 8.0b ± 0.2 13,182b   ±    360 0.05     ± 0.00 0.37a ± 0.05 112a ± 14 15.9b ± 0.9  1.24b   ± 0.20 

BIO   10.0 7.9b ± 0.2 12,676b   ±    359 0.05     ± 0.00 0.39a ± 0.03 116a ±   8 15.7b ± 0.9  1.23b   ± 0.06 

CHE   10.0 6.5a ± 0.3 10,946a   ±    416 0.05     ± 0.00 0.53b ± 0.04 158b ± 12 10.1a ± 0.9  0.96a   ± 0.09 

CON   30.0 8.0b ± 0.3   9,845b   ± 1,225 0.04b   ± 0.01 0.24a ± 0.06   72a ± 17 11.5b ± 1.5  1.08b   ± 0.09 

BIO   30.0 8.8c ± 0.3 10,610c   ±    619 0.03a   ± 0.00 0.23a ± 0.03   69a ±   8 11.3b ± 0.8  1.29c   ± 0.08 

CHE   30.0 6.2a ± 0.4   7,295a   ±    619 0.03a   ± 0.00 0.30b ± 0.04   89b ± 12   6.6a ± 0.8  0.84a   ± 0.06 

CON   70.0 7.6b ± 0.4   8,015b   ±    561 0.03b   ± 0.00 0.17a ± 0.04   52a ± 11   9.6b ± 0.6  1.02b   ± 0.15 

BIO   70.0 9.1c ± 0.6   9,967c   ±    871 0.03ab ± 0.00 0.17a ± 0.01   52a ±   4 10.8c ± 0.4  1.54c   ± 0.13 

CHE   70.0 5.8a ± 0.3   5,798a   ±    357 0.03a   ± 0.00 0.23b ± 0.02   68b ±   5   5.4a ± 1.0  0.79a   ± 0.03 

CON 135.0 7.1b ± 0.4   6,944b   ±    517 0.03b   ± 0.00 0.12a ± 0.03   37a ±   8   9.5b ± 0.8  0.96ab ± 0.14 

BIO 135.0 8.8b ± 1.8   9,625c   ± 1,561 0.03ab ± 0.00 0.14a ± 0.01   41a ±   2 13.6c ± 2.0  2.91b   ± 1.55 

CHE 135.0 5.5a ± 0.3   5,043a   ±    165 0.02a   ± 0.00 0.18b ± 0.00   53b ±   1   5.3a ± 0.6  0.80a   ± 0.06 

Treatments with different superscript lowercase letters within a parameter and ensiling day differ significantly 
(Tukey’s-HSD or Games-Howell tests, p < 0.05). 

A Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and 
treatment containing chemical additive (CHE). 

B CO2eq emissions consider only the climate-relevant CH4 and N2O emissions.  
Global warming potentials: CH4 = 25, N2O = 298.  
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Fig. 4.7 Cumulative gas, CO2, CH4 and N2O quantities within the zero-pressure systems during the 

main fermentation phase (ensiling days 0–14). 
 Error bars indicate the standard deviation of all treatments’ measurement time point values 

within each analysis interval. 
 Treatments: treatment containing no additive (CON), treatment containing biological additive 

(BIO), and treatment containing chemical additive (CHE).  

 

Fig. 4.8 Correlation of cumulative CO2 and gas quantities within the zero-pressure systems during the 
main fermentation phase (ensiling days 0–14). 

 The regression parameters are: y = -0.0007 × x – 0.9744, rS = -0.925, p < 0.05. 
 Treatments: treatment containing no additive (CON), treatment containing biological additive 

(BIO), and treatment containing chemical additive (CHE). 
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Fig. 4.9 Correlations between dry matter losses and cumulative gas quantity (left) or cumulative CO2 
emission quantity (right) during the main fermentation phase. 

 For gas quantities, the regression parameters are: for CON, y = -0.1386 × x – 2.742, 
rs = -0.976, p < 0.05; for BIO, y = -0.1047 × x + 0.2779, rs = -0.810, p < 0.05; for CHE, 
y = -0.0724 × x + 1.238, rs = -0.934, p < 0.05 For CO2 quantities, the regression parameters 
are: for CON, y = -99.579 × x + 4266.5, rs = -0.976, p < 0.05; for 
BIO, y = -50.549 × x + 8048.5, rs = -0.810, p < 0.05; for CHE, y = -37.982 × x + 7172.8, 
rs = -0.905, p < 0.05. 

 Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE). 

 

Fig. 4.10 Correlations between dry matter losses or increase and cumulative gas quantity (left) or 
cumulative CO2 emission quantity (right) during the time of DM increase (for CON and CHE 
ensiling days 14–30, for BIO ensiling days 14–135). 

 For gas quantities, the regression parameters are: for CON y = -0.0346 × x + 5.6093, 
rS = -0.738, p < 0.05; for BIO, y = 0.0314 × x + 10.685, rS = 0.442, p = 0.200; for CHE, 
y = -0.0294 × x + 4.4836, rS = -0.810, p = 0.200. For CO2 quantities, the regression 
parameters are: for CON y = -154.67 × x – 170.44, rS = -0.595, p = 0.120; for BIO, 
y = -104.19 × x + 3920.4, rS = -0.648, p < 0.05; for CHE, y = -148.73 × x – 1190.4, 
rS = -0.714, p < 0.05. 

 Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE). 
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Fig. 4.11 Cumulative ethanol and ethyl acetate quantities within the zero-pressure systems during the 
main fermentation phase (ensiling days 0–14). 

 Error bars indicate the standard deviation of all treatments’ measurement time point values 
within each analysisinterval. 

 Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE). 

 
Fig. 4.12 Correlation between ethanol and ethyl acetate gas quantities in the zero-pressure systems. 

The regression parameters were as follows: for CON, y = 0.0732 × x + 0.0038, rs = 0.763, 
p < 0.05; for BIO, y = 0.0819 × x – 0.0026, rs = 0.529, p < 0.05; and for CHE, 
y = 0.0755 × x + 0.1300, rs = 0.794, p < 0.05.  
Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE). 
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4.7 Supplementary information 

List of abbreviations 

AA Acetic acid 

AEMP Aerobic emission measurement period(s) 

ANOVA Analysis of variance 

ASTA Aerobic stability 

BIO Treatment containing biological additive  

C Carbon 

CF Carbon Footprint 

CFU Colony-forming units 

CH4 Methane 

CHE Treatment containing chemical additive  

CO2 Carbon dioxide 

CO2eq CO2 equivalent 

CON Treatment containing no additive 

DM Dry matter (concentration) 

EA Ethyl acetate 

FM Fresh matter 

GC Gas chromatography 

GHG Greenhouse gas(es) 

GWP Global warming potential(s) 

H2 Hydrogen 

H2CO3 Carbonic acid 

H3CO3
+ Protonated carbonic acid 

HCO3
- Bicarbonate 

IPCC Intergovernmental panel on climate change 

kgDM Mass of dry matter material in kg 

kgFM Mass of fresh matter material in kg 

LA Lactic acid 

LAB Lactic acid bacteria 

N2 Nitrogen 

N2O Nitrous Oxide 

NOx Nitrogen oxides 

PAS Photoacoustic spectroscopy 
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rS Spearman’s correlation coefficient 

SA Silage additive(s) 

SD Standard deviation 

VOC Volatile organic compound(s) 

WSC Water-soluble carbohydrates 
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Abstract 

Background: Silage emits climate- and environment-relevant gases during anaerobic 

fermentation and aerobic feed-out periods. This trial should determine the unknown CO2, methane, 

nitrous oxide, ethanol and ethyl acetate emissions of constant maize silage over both periods.  

The results will be published in two consecutive articles (Part A: anaerobic fermentation period; 

Part B: aerobic storage period). 

Methods: Three silage treatments were observed (n = 4): The untreated control (CON) was 

compared to the chemical additive treatment (CHE; 0.5 g sodium benzoate and 0.3 g potassium 

sorbate per kg fresh matter) and the biological additive treatment (BIO; 1 × 108 colony-forming 

units Lentilactobacillus buchneri and 1 × 107 colony-forming units Lactiplantibacillus plantarum 

per kg fresh matter). During the two aerobic emission measurement periods (AEMP), the silos 

were ventilated mechanically to supply 2–6 (L air) min-1 to the two faces of the material  

(150.6 kg dry matter m-3). AEMP1 (duration 14 days) began on ensiling day 30, AEMP2 (19 days) 

on day 135. 

Results: In AEMP1, aerobic stability differed among the treatments (p < 0.05): 5.17 ± 0.75 days 

for CON, 6.33 ± 0.15 days for BIO, and 7.33 ± 0.57 days for CHE. In AEMP2, only CON showed 

a temperature increase of 2 K above ambient temperature after 7.75 ± 0.31 days. BIO and CHE 

indicated higher ethanol and ethyl acetate emission rates during the first period of the heating 

process. Furthermore, 20.0%–70.4% of ethanol and 169.0%–953.6% of ethyl acetate quantities 

present in the material at the silo opening emitted as gases. 

Conclusion: Methane and nitrous oxide emissions during anaerobic fermentation exceeded the 

quantities during aerobic storage in all treatments. However, compared with those of crop 

production, the total climate-relevant CO2eq emissions are small. Microbial respiration during 

heating leads to climate-neutral CO2 emissions and dry matter losses. Minimising these losses is 

promising for mitigating climate-relevant emissions directly during silage storage and indirectly 

during crop production since less forage input is needed. Thus, silage additives can help improve 

the silage carbon footprint by improving aerobic stability and silage deterioration. 

  

Keywords 

Carbon dioxide, Carbon footprint, Corn silage, Ethanol, Ethyl acetate, Lactic acid bacteria, 

Methane, Nitrous oxide, Silage additives  
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Graphical abstract 

 

Fig. 5.1 Graphical abstract of Study 3. 

5.1 Introduction 

Silage is an essential global feedstuff, with the opportunity to conserve one-time crop yields. 

The supply of high-quality feed is crucial to feed ruminants resource-efficiently throughout the 

year. The same applies to biogas plants. The ensiling process includes, among others, the anaerobic 

main fermentation and aerobic feed-out phase [1]. One of the main objectives is to minimise dry 

matter (DM), energy and quality losses to maintain the resource cycle and the nutritional value of 

harvested plant material in the best possible manner. DM losses in silage are generally 

accompanied by gaseous emissions [2, 3, 4, 5] or effluent losses. 

Losses are partially unavoidable for high-quality silage fermentation, e.g. heterofermentative 

metabolism of lactic acid bacteria (LAB) [6, 7], but include avoidable losses, too. The latter 

consists of exceeding activity of undesirable microbes such as enterobacteria, yeasts or moulds 

during anaerobic fermentation or aerobic storage. Several authors provided overviews [7, 8, 9] 

concerning losses and management effects, e.g. silage additive (SA) use, packing density, or 

aerobic stability (ASTA). Köhler et al. [10] reported losses of -5% to -15% for farm-scale maize 

silos during anaerobic fermentation. According to Wilkinson [9], the expected total loss of maize 

silage production was -20.6% from field to trough. SA, such as LAB inoculants and organic acids 

or their salts, can influence microbial metabolism and losses in various ways. This article focuses 

on the specific group of SA that achieves a prolongation of ASTA through increased acetic 

acid (AA) production or antimicrobial properties [1, 6, 7, 11, 12]. 

Silage production leads to the emission of climate-relevant greenhouse gases (GHG) 

[2, 4, 5, 13, 14] with various global warming potentials (GWP) and other climate- and 

environment-relevant gases, e.g. volatile organic compounds (VOC), which are precursors of 

ground-level ozone formation [15, 16, 17]. The inoculation of ensiling material with 

heterofermentative LAB can increase DM losses [6] and gas formation during the anaerobic 
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fermentation period [5] due to AA and carbon dioxide (CO2) production [18]. Chemical additives 

can decrease DM losses [7] and the formation of VOC during anaerobic fermentation [19, 20]. 

Both additives can improve ASTA and, therefore, reduce respiratory emissions during the  

feed-out phase [6, 7]. Ethanol can be used as an indicator of VOC formation patterns since alcohols 

contribute to the majority of VOC in silage [15, 16, 21]. Ethyl acetate (EA) is reported to have 

antibacterial and antifungal properties and may affect microbial metabolism [22, 23]. Furthermore, 

the high vapour pressure of EA could lead to increased volatilisation into the gaseous phase [20]. 

According to Schmidt et al. [13], most of the gas produced during anaerobic fermentation 

is CO2. The same applies to the aerobic feed-out phase based on respiration pathways. CO2 can be 

considered climate-neutral. In the carbon (C) cycle of agricultural resources, photosynthesis 

converts CO2 to biomass, which will be converted back to CO2 in later stages, for instance, 

anaerobic fermentation, aerobic silage storage, farm animal digestion or manure degradation. 

While photosynthesis is considered a CO2 sink, the other stages are CO2 sources. If biomass is 

degraded to CO2 during silage storage, those energy-rich C-molecules are unavailable in the later 

stages of the cycle. Therefore, DM losses during silage storage affect the C retention efficiency of 

the resource cycle. As far as the authors are aware, quantification of GHG and VOC emissions 

from anaerobic fermentation to feed-out of constant silage material is lacking in the scientific 

literature. Former trials examined either the emissions of ensiling material during anaerobic 

fermentation or of ensiled material during the feed-out period. Total quantities could be used to 

compare the emissions during silage storage with those during the other stages of the cycle or with 

alternative methods of conserving animal feed. Moreover, a comparison between the carbon 

footprint (CF) of SA and their effect on silage emissions can be made. Therefore, 

the CO2 emissions from silage storage are not classified as climate-relevant emissions but rather 

as emissions of climate-relevant gases. 

Schmidt et al. [13] estimated that silage emissions during anaerobic fermentation are lower than 

those during animal husbandry. However, others demanded more research to assess the relevance 

of all silage production stages for VOC – and the same applies to GHG – emissions [15]. 

Henriksson et al. [24] stated: ‘In-depth knowledge of GHG emissions associated with silage 

production is, therefore, crucial in mitigating GHG emissions on farm level’. This applies in 

modern times, to assess the CF of various agricultural food products [25]. However, some studies 

have reported the opposite behaviour, i.e. a gas fixation and DM increase during anaerobic 

fermentation, based on unclear biological or chemophysical processes [14, 26]. 

At the silo opening, gases, which are stored inside, are expelled [3, 27, 28, 29]. The anaerobic 

atmosphere of the silo is flooded with air [27, 30], and aerobic microorganisms are reactive.  
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The counts of acetic acid bacteria, enterobacteria, yeasts and moulds and concentrations of 

inhibiting substances, e.g. AA, are critical for ASTA. Acetic acid bacteria or yeasts initiate aerobic 

deterioration followed by substantial mould activity [1, 7, 31]. This can lead to substantial DM 

losses and CO2 emission quantities. The measurement of the temperature of aerobically stored, 

uncompacted silage is an established methodology for determining the ASTA [32]. 

The volatilisation rate of VOC is influenced by parameters like temperature and the quantities 

present in the material [33, 34, 35]. American researchers focused on VOC emissions during short-

term aerobic storage [21, 33]. Those researchers used a wind tunnel to monitor the emission pattern 

of silage. That procedure used small silage masses, e.g. 1.2 kg fresh matter (FM) [34], and may 

have led to uncontrolled gas discharge before the measurements. Hafner et al. [16] and Montes et 

al. [21] reported that 10% of ethanol quantities in the material emit during the first 12 h of aerobic 

storage. Hafner et al. [34] derived an emission model for ethanol. Empirical data are needed to 

validate this model because of the heterogeneity of silage material. Shan et al. [27] derived the 

emissions of maize silage bales during a fortnight feed-out phase. Ethanol emissions were 

unaffected by the silage temperature increase during initial heating. However, changes in silage 

and boundary layer temperatures could affect the emission rate of silage faces. Several biochemical 

processes convert ethanol to, among others, esters like EA [20, 36, 37]. The formation processes 

of various VOC include aerobic processes [38, 39], and some are affected by the use of SA 

[15, 16, 20, 40]. Thus, the VOC composition pattern may change during aerobic storage periods. 

To the authors’ knowledge, the literature lacks reports of gaseous ethanol and EA emissions from 

silage during the heating process of additive-treated maize silage. 

The objectives of this article are: (1) to combine the methodology of previous research, i.e. to 

use barrel silos containing uncompacted silage in a wind tunnel to assess ASTA; (2) to derive the 

GHG and VOC emissions of untreated or treated (biological inoculants or chemical additives) 

maize silage during aerobic storage periods of 14 days after varying ensiling periods (duration 

30 or 135 days); and (3) to assess the temporal changes in gas formation during the ongoing 

aerobic storage period and heating process. 

The GHG and VOC emissions of maize silage, optionally treated with SA, during the feed-out 

phase, have yet to be compared to the emissions during anaerobic fermentation. Based on the 

articles Parts A and B, additional objectives were addressed: (4) to quantify the sum of GHG and 

VOC emissions of constant silage material during anaerobic and aerobic storage periods with 

minor measurement errors possible; (5) to quantify emission mitigations by SA use; and 

(6) to assess the balance between the carbon footprint of crop production, silage storage emissions, 

and SA use (emission mitigation vs. production and application efforts). 
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5.2  Methods 

5.2.1 Principles of the overarching trial and the two consecutive articles 

A trial was conducted to determine the emissions of CO2, nitrous oxide (N2O), methane (CH4), 

ethanol and EA as indicators of VOC emissions from constant maize silage during anaerobic and 

aerobic storage. Constant material means that the forage was filled into silos, where it remained 

intact and unchanged for the entire trial duration (both storage periods). Forage material treatments 

were supplemented with SA to affect microbial metabolism. Heterofermentative LAB may lead to 

a trade-off between increased CO2 formation during anaerobic fermentation and decreased 

respiratory losses during the feed-out phase. The impact of chemical SA on VOC gas formation 

during anaerobic fermentation has yet to be examined. To the authors’ knowledge, this trial is the 

first to determine the emission quantities of constant silage material during all phases of silage 

storage. The results are to be presented in two consecutive research articles. The first article 

(Part A) describes two sub-experiments (see Fig. 5.2). Experiment A1 focuses on gas formation 

and fixation during the anaerobic fermentation period using barrel silos. Furthermore, Part A 

includes the analysis of chemical and microbial composition of the treatments ensiled in glass jars 

used in parallel (Experiment A2). This article (Part B) addresses the emissions from the constant 

silage ensiled in barrel silos during two aerobic emission measurement periods (AEMP1 and 

AEMP2) and the sum of emissions during anaerobic fermentation and feed-out. Furthermore, this 

article provides a first step toward balancing SA’s CF and additive effects on emission quantities 

during silage storage. 
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Fig. 5.2 Procedure of the overarching trial and the two consecutive articles. The processing of the 
treatments (grey boxes) is followed by the gas emission measurements (Article Part A, 
Experiment A1; blue boxes) and the analyses of chemical and microbial composition 
(Article Part A, Experiment A2; green boxes) during anaerobic fermentation. After 30 and 
135 days of anaerobic storage, two aerobic emission measurement periods (AEMP) follow 
(Article Part B; yellow boxes).  

 Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE). 
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5.2.2 Forage material, silage treatments and silo set-up 

The detailed trial methodology and material parameters used during ensiling can be found in 

Article Part A. The most critical aspects follow shortened. 

A self-propelled forage harvester with a corncracker (Claas Jaguar 940, Claas KGaA mbH, 

Harsewinkel, Germany) harvested maize (Zea mays; variant SY Werena, Syngenta Agro GmbH, 

Frankfurt am Main, Germany) grown at the Campus Frankenforst of the University of Bonn 

(Königswinter, Germany; 50°42′50.1′′N, 7°12′24.9′′ E). Randomly selected whole-plant forage 

material was used. The forage material was split into equal portions for the three silage treatments 

and then packed into the silos. The control treatment (CON) was not supplemented with a silage 

additive. The chemical additive treatment (CHE) was supplemented with a dose of 0.5 g of sodium 

benzoate per kgFM and 0.3 g of potassium sorbate per kgFM using the additive Kofasil Stabil 

according to the manufacturer’s recommendation (Addcon GmbH, Bitterfeld-Wolfen, Germany). 

The biological additive treatment (BIO) was supplemented with SILA-BAC RAPID REACT 

Maize Combi (Pioneer Hi-Bred International Inc., Johnston, Iowa, USA). In detail, 

1.0 × 108 colony-forming units (CFU) of Lentilactobacillus buchneri per kgFM and 1.0 × 107 CFU 

of Lactiplantibacillus plantarum per kgFM were applied according to the manufacturer’s 

recommendation. 

High-density polyethylene barrels (34.8 L maximum volume) were used as silos (n = 4).  

For each silo, 10.2 kgFM of silage was added to the barrel. These barrels were the silos used in 

Experiment A1 (Part A). The barrel-specific silage material was retained within the barrels 

throughout the anaerobic fermentation and aerobic measurement period. Consequently, constant 

material was employed for both emission trials. A silage volume of 28.8 L corresponds to a 

resulting packing density of 150.6 kgDM m-3. The silage porosity was 74.9% [41]. A temperature 

logger (Testo 174T, Testo SE Co. KGaA, Titisee-Neustadt, Germany) was inserted. 

Silage was laid on perforated plastic intermediate plates with 63 drill holes (diameter 10 mm), 

which were placed on little supports within the plastic barrels (Fig. 5.3). A gas space of 3 L volume 

(referred to as the floor space) was placed beneath these plates to guarantee that the silage was 

adequately ventilated. When the barrel cover was put on, a gas space (3 L volume; referred to as 

the head space) was left above the silage. There were two hose connections on the floor-space 

level and on the cover surface. These were used to ventilate the barrels (Sections 5.2.4, 5.2.5 and 

5.2.6). Each barrel had a total silage face of 0.064 m2 (head space silage face 0.059 m2, floor-space 

silage face 0.005 m2). 
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Fig. 5.3 Maize silage barrels used in the emission trials. 

The barrels were stored indoors during anaerobic emission measurements and checked 

regularly (Part A). On ensiling day 30, 6 barrels (n = 2 per treatment) were used for the first 

aerobic emission measurement period (AEMP1, Section 5.2.4). With the remaining 6 barrels, 

anaerobic emission measurements were carried out until ensiling day 135, the day the second 

aerobic measurement period (AEMP2) began. 

In Experiment A2 (Part A), the silage treatment material was placed in glass jars (maximum 

volume 1.8 L; J. Weck GmbH & Co. KG, Wehr-Öflingen, Germany) in parallel with the barrel 

preparation. The jars were filled with 0.602 kgFM up to a volume of 1.65 L. This corresponds to a 

packing density of 155.1 kgDM m-3 and is therefore at a similar level as the barrel silos. The 36 jars 

(n = 12 per treatment) constituted the material for the chemical and microbiological analyses 

(Section 5.2.3), thus ensuring that the silage barrels remained unaffected throughout the ensiling 

process. 

5.2.3 Analysis of the silage material 

Material samples of the fresh material at the harvest day and ensiled material from parallel 

stored glass jar silos (ensiling days 2, 14, 30 and 135) were used for chemical and microbiological 

analysis in Experiment A2 (Part A). 

Silage quality in Experiment A1 (Part A) was assessed using the maize silage scoring system 

of the German Agricultural Society [42, 43]. As mentioned in Section 5.2.1, this was used to limit 
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the examination to a superficial assessment of the material, so that the constant material passed 

from the fermentation (Part A) to the feed-out emission research (Part B) completely and 

untouched. 

5.2.4 Set-up and procedure of the aerobic emission measurement periods 

AEMP1 lasted for 14 days, and AEMP2 lasted for 19 days. AEMP1 used the barrels CON1, 

CON2, BIO1, BIO2, CHE 2 and CHE3; AEMP2, barrels CON3, CON4, BIO3, BIO4, CHE1 and 

CHE4. 

Two heated and insulated climate chambers ensured constant storage conditions 

(Section 5.3.1). The first chamber stored the barrels, and the second contained the measurement 

equipment (Figs. 5.4 and 5.10). The temperatures in the second climate chamber were higher to 

minimise condensation in the gas sampling bottles and hoses. Three types of temperature loggers, 

Testo 174T (Testo SE Co. KGaA, Titisee-Neustadt, Germany), Tinytag Plus 2 TGP-4500 and 

TGP-4505 (Gemini Data Loggers, Ltd., Chichester, United Kingdom), were used to measure 

ambient air temperatures at intervals of 10 min. A moving average of 36 measured values was 

subsequently derived to consider short-term temperature fluctuations. The uninsulated barrels 

were stored within the first climate chamber for 12 h before the AEMP to favour acclimatisation 

of the silage temperature. 

For set-up, each barrel was opened for approximately 2 min. Two trained persons scored the 

silage (Part A; [42, 43]). Subsequently, the barrel was closed, and the next barrel was checked. 

Additional temperature sensors (PT100-Sensor, Type FNA30L0500; Logger: Almemo 710; 

Ahlborn Mess- und Regelungstechnik GmbH, Holzkirchen, Germany) were positioned between 

the silage barrel and the insulation for the online temperature assessment. The AEMP began after 

all the barrels were prepared. 
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Fig. 5.4 Schematic sketch of the trial set-up for the two aerobic emission measurement periods.  
 Here, the first aerobic emission measurement period.  
 Legend: 1 = insulated climate chamber, 2 = silage barrel with thermal insulation, 

3 = flowmeter, 4 = sampling bottle, 5 = double needle, 6 = sampling vial for gas 
chromatography, 7 = vacuum pump, 8 = multipoint sampler and doser, 9 = multi-gas analyser 
(photoacoustic spectroscopy). 

Starting with the first barrel, one hose connector at the floor-space level and one in the cover 

were attached to a Y-hose connector. The others were opened (Figs. 5.3 and 5.4). This should 

ensure equal air flow rates through the head and floor space, and air flow through the silage 
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material should be prevented. The barrels were connected to the Y-connectors one by one, 

considering the measurement interval of the gas analysis (Section 5.2.5). Each Y-connector was 

connected to a sampling bottle (volume 1 L), one for each silage barrel, where gas sampling was 

performed (Section 5.2.5) [29, 44]. Each sampling bottle was connected to a flowmeter 

(measurement range ≤ 10 L min-1; P04/1/102¬ 16CA, Analyt-MTC Messtechnik GmbH, 

Müllheim, Germany), which ensured an equal air flow rate through each silage barrel during the 

AEMP. In principle, the air flow was set to 4 L min-1 per barrel. However, in AEMP1, the air flow 

rate was limited to 2 L min-1 between 12 and 52 h of storage. In AEMP2, the rate was set to 

6 L min-1 since 220 h of storage. These modifications depend on the emission mass flow rate and 

the detection limits of the analysis technology. The flowmeters were connected to two vacuum 

pumps (3 flow meters per pump; type ME 2C, Vacuubrand GmbH + Co. KG, Wertheim, 

Germany), which sucked the air through the barrels. 

Only polytetrafluoroethylene hoses were used to avoid gas loss through the material. 

Furthermore, the same hose length for all barrels was used for homogenous air flow. 

5.2.5 Measurement of the silage emission mass flow rate 

During each AEMP, gas sampling occurred regularly (measurement time points). For both 

AEMP, the intervals were 15 min between aerobic storage hours 0 and 2, 30 min between hours 2 

and 6, 2 h between hours 6 and 12, and 8 h between hours 12 and 92 (Fig. 5.2, Table 5.4).  

After storage for 92 h, the interval between AEMP1 and AEMP2 differed. The intervals were as 

follows: for AEMP1, 4 h between hours 92 and 252 and 12 h between hours 264 and 336;  

for AEMP2, 4 h between hours 92 and 336 and 24 h between hours 360 and 456. 

Two methods of gas analysis were applied for each measurement time point. The gas samples 

used to measure GHG concentrations, including CO2, CH4 and N2O, were filled manually.  

A double needle was inserted into the sampling bottle’s rubber septum, and two vacuumed glass 

vials (20 mL in volume) were filled. The gas was analysed using a gas chromatograph (GC; 

electron capture detector and a flame ionisation detector; model 8610C, SRI Instruments, 

Torrance, CA, USA). This GC analysis indicated detection limits of 50.00 ppm for CO2, 0.08 ppm 

for CH4 and 0.01 ppm for N2O. This procedure was used in previous studies [2, 29, 44]. The gas 

concentrations of the inlet air (ambient air) were measured daily using two vials; the mean value 

was used for the next 24 h. In total, 1964 glass vials were filled. 

The ethanol and EA concentrations were continuously analysed using infrared photoacoustic 

spectroscopy (PAS). A Multi-Gas Analyser INNOVA 1312 and a Multipoint Sampler and Doser 

INNOVA 1303 (LumaSense Technologies SA, Ballerup, Denmark) were used. 

The INNOVA 1303 was connected to the six sampling bottles. Gas concentrations of the ambient 
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air (the inlet air of the barrels) were measured for 48 h before each AEMP, indicating constant 

values. Therefore, mean values were assumed for calculations (Section 5.2.6). This methodology 

was used in previous research [21, 29]. The interval between sampling points was approximately 

8 min. The continuous concentration values were averaged for the duration between the preceding 

and the current measurement time points for every time point. Furthermore, the multi-gas analyser 

also measured CO2 concentrations. However, these values are only used for determining the 

dependency between silage temperature and CO2 emission mass flow (Fig. 5.6) and for 

methodology comparisons of GC and PAS (Fig. 5.11). 

5.2.6 Calculation of gas emissions during aerobic storage 

The gas emission mass flow rate for each measurement time point during the AEMP was 

calculated using Equation 5.1: 

Equation 5.1 Calculation of the gas emission mass flow rate. 

Eflux = Vflux × (cout – cin) (5.1) 

where E���� is the gas emission mass flow rate [ggas h-1]; V���� is the gas flow rate at this 

measurement time point [L h-1]; c	�
 is the gas concentration in the outlet air (= within the 

sampling bottle of each barrel) at this measuring time point [ggas L-1]; and c�� is the gas 

concentration in the inlet air (= ambient air) at this measuring time point [ggas L-1]. 

The cumulative gas emissions for each silo were calculated using Equation 5.2. 

Equation 5.2 Calculation of the cumulative gas emissions. 

Emass, j = ∑�
�  Eflux, j × tj (5.2) 

where Emass, j is the cumulative gas emission mass until measurement time point j (included) 

[ggas]; Eflux, j is the gas emission mass flow rate for measurement time point j [ggas h-1]; and tj is the 

length of measurement interval j [h]. 

The unmeasured emission quantities during the initial silo opening for silage scoring were 

calculated using the gas concentrations before the opening (Part A) and the barrel’s head space 

(3 L in volume). These emission quantities were added to the emission quantities during the first 

measurement time point. 

5.2.7 Total emission quantities during anaerobic and aerobic silage storage 

The emission quantities of the anaerobic fermentation process (Experiment A1, Part A) and 

aerobic storage phase (Section 5.2.6) were summed to determine the total emission quantities for 

each silage treatment using Equation 5.3: 
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Equation 5.3 Calculation of the total emission quantities. 

Etotal, i, j = Mgas, i + Emass, j (5.3) 

where Etotal, i, j is the total cumulative emission quantity after anaerobic storage length i and 

aerobic storage length j [ggas]; Mgas, i is the cumulative emission quantity after anaerobic storage 

length i [ggas]; and Emass, j is the cumulative emission quantity after aerobic storage length j [ggas]. 

For anaerobic storage length i, the time of maximum gas formation quantity during the anaerobic 

fermentation process was applied (Part A). 

5.2.8 Carbon footprint of maize silage production using silage additives 

GHG emissions during silage storage periods were summed with the CF of maize crop 

production. Data from Feedprint (Version 2020.00, Wageningen UR Livestock Research, 

Wageningen, The Netherlands) were used [45, 46]. Fresh chopped maize has a CF of 

155.95 (kg CO2eq) tDM
-1 according to the following assumptions: harvest yield 45.5 tFM ha-1, 

33.6% of DM, 170 (kg N) ha-1 via manure application, 40 (kg N) ha-1 via artificial fertiliser 

application, 30 (kg P2O5) ha-1 (= 13.1 (kg P) ha-1) via artificial fertiliser application. The emission 

factor considers all connected CO2, CH4 and N2O emissions, e.g. for crop production, fertiliser 

production, and diesel consumption for machinery and transport. This aligns with the magnitude 

of another report [47]. 

The sum of emissions during crop production and silage storage (anaerobic fermentation and 

aerobic storage periods) is the total amount of cumulative CO2eq emissions per silage mass 

(excluding emissions during animal or biogas-plant digestion), i.e. for the emission amount for 

silage production. The emission masses of the various silage treatments were used to assess 

possible climate- and environment-relevant emission mitigation using SA. The mitigated 

emissions were compared to the CF of SA production, distribution and application. The following 

SA CF were applied according to the SA dosage described above (Section 5.2.2) for each  

kgFM
-1 silage [48]: 0.0015 (g CO2) kgFM

-1 for the biological SA treatment (BIO) and 

2.25 (g CO2) kgFM
-1 for the chemical SA treatment (CHE, applying a dosage of  

2 (kg additive) tFM
-1). 

The DM losses during the two storage periods were used to calculate the required amount of 

material harvested [kgDM] to supply a theoretical mass of 1,000 kgDM of feed. 

5.2.9 Data processing and statistics 

The following conversion ratios were used: 1 ppm CO2 = 1.83 (mg CO2) m-3; 

1 ppm CH4 = 0.67 (mg CH4) m-3; and 1 ppm N2O = 1.83 (mg N2O) m-3. The gas quantities formed 

per silage mass are given concerning the DM mass at the time of ensiling (day 0) [49].  
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The length of the ASTA lasted until the silage temperature was ≥ 2 K above the ambient air 

temperature [3, 50]. The GWP was calculated according to the fourth assessment report of the 

Intergovernmental Panel on Climate Change (IPCC) [51]: CO2 = 1, CH4 = 25 and N2O = 298.  

The CO2eq emissions derived in this trial considered only climate-relevant gases, i.e. CH4 and 

N2O; GHG emissions also included CO2. Negative values indicate DM losses and gas sinks; 

positive values indicate DM gain and gas sources. 

The cumulative gas emissions were compared using mixed ANOVA, with one-way ANOVA 

for each measurement analysis interval. These intervals differ from the measurement time points 

(Sections 5.2.5 and 5.2.6). Multiple measurement time points were combined into one 

measurement analysis interval for a sufficient sample size in the ANOVAs (Table 5.4). 

For AEMP2, only the measurement time points listed in Table 5.4 were used for statistical 

analysis. Further data between storage days 10.5 and 19.0 (Section 5.2.5) were considered only for 

graphical depiction (Fig. 5.15). For each one-way ANOVA, if homogeneity of variance was given, 

Tukey’s HSD test was used for post hoc significance comparison; if not, a Welch ANOVA was 

followed by a Games-Howell post hoc test. Correlations were analysed using Spearman 

correlation. In all the analyses, we considered p < 0.05 to indicate statistical significance. 

Basic data processing and descriptive data analysis were performed using Microsoft Office 

Excel 2019 (Microsoft Corporation, Redmond, Washington, DC, USA). The statistical analysis 

was performed using IBM SPSS 26.0 (International Business Machines Corporation Armonk, 

New York, NY, USA). 

5.3  Results 

5.3.1 Ambient air and silage temperatures 

The silage barrels were stored at 23.7 ± 0.4°C during AEMP1 and 23.7 ± 0.2°C during AEMP2, 

the measurement equipment at 29.4 ± 1.8°C and 29.1 ± 1.2°C, respectively. 

At the time of silo opening prior to AEMP1, the silage temperatures were 22.1 ± 0.1°C for CON 

barrels, 22.2 ± 0.0°C for BIO barrels and 22.5 ± 0.0°C for CHE barrels; for AEMP2, 23.5 ± 0.2°C, 

23.2 ± 0.1°C and 23.3 ± 0.2°C, respectively. Before the heating process, the BIO silage exhibited 

higher temperatures than CON and CHE silages (Figs. 5.5 and 5.12). In AEMP1, CON barrels 

were 2 K warmer than the ambient air (2 K Level) after 5.17 ± 0.75 days, BIO after 

6.33 ± 0.15 days and CHE after 7.33 ± 0.57 days; thus, ASTA differed significantly (p < 0.05). 

In AEMP2, CON was aerobically stable for 7.75 ± 0.31 days, BIO and CHE for ≥ 19 days. 
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5.3.2 Composition of the silage 

The chemical composition and microbial counts of the silage treatments were analysed in 

Experiment A2 using the material ensiled within the parallel stored glass jars. The data are shown 

in Tables 5.5–5.8 and discussed in Part A. At this point, only crucial information will be provided. 

The DM concentration of the fresh material (425 ± 6 g kgDM
-1, according to [52]) and 

subsequent silage quality – assessed based on the V-Score method – were high. All the treatments 

exhibited a rapid pH decrease and a successful ensiling process. BIO showed an increased 

formation of AA compared to CON and BIO (p < 0.05). Before AEMP1, BIO had higher EA 

concentrations than CON and CHE (p < 0.05); before AEMP2, BIO had higher concentrations of 

ethanol, EA and 1,2-propanediol (p < 0.05). The yeast counts decreased during anaerobic storage 

in all treatments. However, the CON silage ensiled within the glass jars (Experiment A2) exhibited 

higher yeast counts than the BIO and CHE treatments prior to AEMP1 (p < 0.05) and AEMP2 

(potentially due to a minor leakage in one of the CON glass jars; Tables 5.5 and 5.6; Part A). 

The qualitative assessment (without statistical analysis) of the barrel material in Experiment A1 

revealed the presence of yeast spots on all treatments’ silage faces. For AEMP1, 5%–20% of 

CON’s, 15% of BIO’s and 15% of CHE’s silage faces were covered with yeast spots; for AEMP2, 

15%–30%, < 5%–5%, 5%–15%, respectively (Tables 5.7 and 5.8; Part A). 

5.3.3 Emission patterns of greenhouse gases 

The period of aerobic storage can be divided into four phases to assess the dynamics of 

CO2 emission mass flow and silage temperature (Fig. 5.5; for a modified visualisation, 

see Fig. 5.13). Phase A lasts for 10 h, and all the treatments show a regressive decrease in the 

CO2 emission mass flow immediately after the barrels are opened. Methane emissions occurred 

within the first hour, and nitrous oxide emissions were detected for the first three hours. No further 

CH4 or N2O emissions were detectable afterwards. After the regressive emission pattern, the silage 

entered phase B, characterised by constant CO2 emissions and silage temperatures. At the end of 

phase B, i.e. after several days of open storage, the aerobic metabolism of microorganisms 

increases CO2 emissions and silage temperatures, whereby the former precedes the latter.  

In the primary period of the heating process (phase C), CON barrels exhibited the highest 

CO2 emission mass flow during AEMP1. This was equivalent to 2,409 mg kgDM
-1 h-1, 

0.05 mol kgDM
-1 h-1, 161,958 mg m-2 h-1 or 3.68 mol m-2 h-1. Since both parameters increase for 

the same reason, the dependency is shown in Fig. 5.6 (Tables 5.9 and 5.10; for a modified 

visualisation, see Fig. 5.14). At the end of phase C, the silage temperature and CO2 emissions reach 

constant values at high levels for several hours. Subsequently, in phase D, the secondary period of 

the heating process results in further increases in the temperature and CO2 mass flow.  
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Fig. 5.5 CO2 emission mass flow, ambient air and silage material temperatures of the silage barrels 
(mean values) containing each silage treatment during the first aerobic emission measurement 
period (AEMP1).  

 The aerobic storage period can be split into four phases, as shown in the example of the CON 
treatment (Table 5.9). Please note the logarithmic scaling of the left Y-axis (CO2 emission 
mass flow) and the non-zero right Y-axis (temperature). The CO2 emission mass flow is 
calculated based on the gas concentration analysis via gas chromatography (Sections 5.2.4 and 
5.2.5).  

 Treatments: treatment containing no additive (CON), treatment containing a biological 
additive (BIO), treatment containing a chemical additive (CHE). 

CHE showed higher silage temperatures than CON and BIO within the first 4 h of AEMP1 

(p < 0.05). BIO had higher temperatures than CON between storage hours 4 and 72 (except for 

storage hour 56), and had higher temperatures than CHE between storage hour 28 and storage 

day 14 (p < 0.05, except for storage hour 56). The preceding heating process in CON led to 

significantly higher temperatures than in BIO between storage days 6–8 and 11–12; the opposite 

occurred on storage day 14. CHE indicates lower cumulative CO2 emissions throughout AEMP1 

than CON and BIO (p < 0.05; Section 5.3.5). Furthermore, CON had higher cumulative emissions 

than BIO between storage hours 1 and 24 (p < 0.05); vice versa occurs between storage days 12 

to 14. Cumulative CH4 emissions were lower for CHE than for CON and BIO (p < 0.05), 

and cumulative N2O emissions were greater for CHE than for BIO. CHE had higher CO2eq 

emission quantities than BIO (p < 0.05; Table 5.11). 

For AEMP2, the silage temperature of CHE was the lowest after hour 72; BIO was warmer than 

CON between hours 5 and 48. While CON showed a noticeable heating process (ASTA of 

7.75 ± 0.31 days; Section 5.3.5), the treatments BIO and CHE had constant temperature levels for 

the remaining AEMP2. The emission pattern after opening the silos was similar to that of AEMP1 
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(Figs. 5.12 and 5.13, Table 5.12): emission peaks with subsequent, regressive emission mass 

flows. For CO2, CHE had the lowest emission quantities throughout AEMP2 (Section 5.3.5). 

The cumulative emission quantities were greater for BIO than for CON on the first day. CON had 

the highest cumulative masses since day 4 (p < 0.05). CH4 emissions occurred within the first 

0.5 storage hours, with lower quantities for BIO and CHE than for CON (p < 0.05); N2O emissions 

occurred within the first 3 storage hours (BIO < CHE < CON, p < 0.05). Thus, CHE had the 

smallest CO2eq emission quantities (CHE < CON < BIO, p < 0.05). 

The correlation between CO2 concentrations measured by GC and those measured by the PAS 

methodology was high (rS = 0.985, p < 0.05), as shown for AEMP1 in Fig. 5.11. 

 

Fig. 5.6 CO2 emission mass flow during the heating process as a function of the temperature difference 
between the silage and the ambient air temperature (23.7 ± 0.4°C) during the first aerobic 
emission measurement period (AEMP1). 

 Left: CO2 emission mass flow of individual barrels. Right: regression courses for each 
treatment within the phases B–D (for instance, CON-B refers to the regression course of CON 
treatment in phase B; see Figs. 5.5 and 5.14, Tables 5.9 and 5.10). The graphs from phase A 
were not shown due to the lack of relevance. For simplified visualisation, the graphs of phase 
B are only shown for temperature differences ≥ 0. For regression equations and rS, see 
Table 5.10; all regressions are significant (p < 0.05). The CO2 emission mass flow was 
calculated via photoacoustic spectrometry via gas concentration analysis.  

 Treatments: treatment containing no additive (CON), treatment containing a biological 
additive (BIO), and treatment containing a chemical additive (CHE). 

5.3.4 Emission patterns of volatile organic compounds 

The ethanol and EA emission mass flow patterns during AEMP1 are similar to the GHG 

patterns (Fig. 5.7): the initial values show high emission mass flows during the first hours after 

opening the silos and a regressive course afterwards (phase A). Phase B is also characterised by a 

regressive pattern. Here, temporal decreases between storage hours 12–52 are due to lower 

ventilation rates of 2 (L air) min-1 instead of 4 (L air) min-1. 
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Fig. 5.7 Ethanol and ethyl acetate emissions and ambient air and silage material temperatures of the 
silage treatments during the first aerobic emission measurement period (AEMP1).  

 The aerobic storage period can be split into four phases, as shown in the example of the CON 
treatment (Table 5.9).  

 Treatments: treatment containing no additive (CON), treatment containing a biological 
additive (BIO), and treatment containing a chemical additive (CHE). 

For ethanol, the mass flow increases during the primary period of the heating process (phase C; 

Figs. 5.7 and 5.8) and differs noticeably between the treatments. CON silos show a sawtooth wave 

profile at high levels. The BIO treatment generally emits high quantities of VOC during  

a long-term emission peak during heating. A less distinct pattern with a sawtooth wave profile is 

shown for temperature differences < 4 K. The CON2, BIO1, and BIO2 silos exhibit an abrupt 

decrease in emissions to zero as soon as the temperature difference reaches ≈ 19 K (silage 

temperatures ≈ 42.7°C). This aligns with the start of phase D. CHE barrels offer a similar pattern, 

but emission rates remain at high levels. The reduced emissions for CHE2 between 6.7 and 7.3 K 

(storage day 10) are due to the brief barrel opening used to check for condensation on the covers. 

CHE indicates significantly lower cumulative ethanol emissions than CON and BIO between 

storage hour 1 and day 10 (p < 0.05). However, CHE had the highest cumulative ethanol emission 

quantities on storage day 14. This is based on the constant high emission mass flows since the 

CHE remains in phase C. CON had higher emissions than BIO between storage hours 1.0–8.0 

(p < 0.05); the opposite was true between storage days 8.5–14.0. 
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Fig. 5.8 Ethanol and ethyl acetate emissions depending on the temperature difference between the 
silage and ambient air (23.7 ± 0.4°C) during the first aerobic emission measurement period 
(AEMP1). 
The figures show parts of the data; values before storage hour 48 and above a temperature 
difference > 20 were not considered due to silage temperature acclimatisation and 
unnoticeable emission flows. The emission mass flow was calculated using photoacoustic 
spectrometry based on the gas concentration analysis.  
Treatment barrels: treatment containing no additive (CON1, CON2), treatment containing 
a biological additive (BIO1, BIO2), and treatment containing a chemical additive (CHE2, 
CHE3). 

For EA (Figs. 5.7 and 5.8), while CON1 shows no visible emission peak during phase C, CON2 

indicates emission peaks around temperature differences of 4.1–7.0 K. The BIO silos act very 

homogeneously, with emission peaks between 2–6 K (peaks up to 10.2 mg kgDM
-1 h-1 at 3.0 K) 

and slowly decaying emissions afterwards. The situation is similar for CHE, but the emission peak 

occurs earlier (0.8–4.4 K) and less intensely (up to 4.3 mg kgDM
-1 h-1 at 2.2 K). Like for ethanol, 

EA emissions show a visible drop at temperature differences of 19–20 K (≈ 42°C–43°C silage 

temperature) at the transition of period C to D, although this change was not as abrupt as that for 

ethanol.  

The emission mass flow courses of AEMP2 are shown in Fig. 5.15 (see also Fig. 5.16 for 

a modified visualisation of AEMP1 and AEMP2). The regressive emission in phase A aligns with 

AEMP1. Since no heating is detected, BIO and CHE remain at constant levels. CON indicates 

a sawtooth pattern during phase C, as observed for AEMP1. While the ethanol emissions of barrel 

CON4 decreased substantially at a silage temperature of 44.7°C, CON3 exhibited a less distinctive 

pattern, with noticeable emission mass flows up to 49.4°C. The clear emission threshold between 

phases C and D (≈ 42°C–43°C) stated for AEMP1 does not apply in this case. For EA, 

CON indicates no increase in emissions during heating. BIO constantly has the highest emission 

mass flows. 
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Table 5.1 Ethanol and ethyl acetate concentrations within the ensiled material and the cumulative 
emissions during the two aerobic emission measurement periods (AEMP). 

Treatment A Anaerobic 

storage 

period 

Aerobic 

storage 

period 

Ethanol Ethyl acetate 

Material B,C Emissions B,D Ratio B,E Material B,C Emissions B,D Ratio B,E 
 

[d] [d] [mg kgDM
-1] [mg kgDM

-1] [%] [mg kgDM
-1] [mg kgDM

-1] [%] 

CON   30   4 8,253
   ±    879 1,113b ± 340 13     ±   2 175a ± 12    168b ±   20   93b ±   5 

BIO   30   4 7,488
   ± 1,287    787b ±   23 10     ±   2 262b ± 13    180b ±     5   67a ±   3 

CHE   30   4 5,588
   ± 1,361    485a ±   44   9     ±   2 153a ± 15      97a ±     8   62a ±   2 

CON   30 14 8,253
   ±    879 1,841a ± 346 22a   ±   1 175a ± 12    295a ±   15 170a ±   6 

BIO   30 14 7,488
   ± 1,287 2,820b ± 320 38b   ±   3 262b ± 13    528b ±   16 202b ±   5 

CHE   30 14 5,588
   ± 1,361 3,934c ± 454 74b   ± 12 153a ± 15    315a ±   16 208b ± 11 

CON 135   4 7,133a ±    249    738b ±   36 10a   ±   0 110a ± 17    175b ±     8 161a ± 18 

BIO 135   4 9,985b ±    219 1,753c ± 297 18b   ±   2 244b ± 34    914c ± 177 373b ± 15 

CHE 135   4 6,313a ±    660    489a ±   23   8a   ±   1   84a ± 16    139a ±   14 167a ± 18 

CON 135 14 7,133a ±    249 2,458b ± 743 35ab ±   8 110a ± 17    360a ±   36 340a ± 22 

BIO 135 14 9,985b ±    219 4,469c ± 810 46b   ±   7 244b ± 34 2,327b ± 426 979b ± 27 

CHE 135 14 6,313a ±    660 1,262a ±   43 21a   ±   2   84a ± 16    331a ±   24 410a ± 54 
A Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and 

treatment containing chemical additive (CHE). 
B Significant differences (p < 0.05) among the three treatments are indicated by different lowercase letters for each 

time point. 
C The results are based on laboratory tests of the silage that was ensiled in the glass jar silos in Experiment A2 

(Section 5.2.3, Table 5.6). 
D The results are based on the tests of AEMP1 and AEMP2 using the silage that was ensiled in the barrel silos. 
E Ratio of the amount of gas emitted to the amount of substrate stored in the silage material.  

Ratio [%] = 100 × quantityemissions [mg kgDM
-1] / concentrationmaterial [mg kgDM

-1] 
Significant differences (p < 0.05) among the three treatments are indicated by different lowercase letters. 

The change in air flow guided through the barrels (from 4 to 6 L min-1) on storage day 9.2 led 

to a higher emission mass flow. Furthermore, there were short but substantial increases in emission 

mass flow for BIO and CHE on days 14, 15 and 17, which resulted from modifications of the air 

flow pattern within the silos (Section 5.4.3). 

A comparison of the ethanol concentrations within the material (silage in the glass jars of 

Experiment A2, Part A) and emission quantities (silage in the barrels) revealed that only parts of 

the stored alcohol were released (Table 5.1). For AEMP1, the highest ethanol concentrations were 

observed in the CON group, but this treatment emitted the lowest ethanol concentrations during 

the 14-day trial; CHE had the opposite pattern. For AEMP2, BIO indicates the highest 

concentrations in the material, emission quantities, and ratios despite the lack of a heating process. 

EA shows a deviating emission pattern; here, the escaping gas quantities exceed the original 

amounts in the material. This trend applies to both AEMP1 and AEMP2, with BIO showing 

significantly greater emission quantities in the later period (Section 5.4.2). 
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5.3.5 Total emission quantities during the anaerobic and aerobic storage periods  

and the carbon footprint of silage additive use 

SA positively affected the ASTA and cumulative CO2 emission quantities during aerobic 

storage (Fig. 5.9, Tables 5.11 and 5.12). For AEMP1, CON showed the shortest ASTA and CHE 

the longest (p < 0.05). In AEMP2, only CON exhibited a heating process. At all time points, 

the CO2 emission quantities in CON were lower in AEMP2 than in AEMP1 (p < 0.05). 

For AEMP1, the cumulative CO2 emissions of CON were lower than those of BIO and CHE when 

the 2 K level was reached (p < 0.05). Up to the 2 K level, the emissions of CON in AEMP2 did 

not differ from those of any of the treatments in AEMP1. 

For example, a distinction is made between two scenarios in the further article. In the best-case 

scenario, silage is utilised before the heating process (phase B, aerobic storage period 4 days). 

In the worst-case scenario, a substantial heating is considered (phase C or D, aerobic storage 

period 14 days). The majority of total CO2 emissions are emitted during the aerobic storage period. 

The shares range from 52% for CHE in AEMP1 (32% in AEMP2) to 57% for BIO (44%) and 58% 

for CON (45%) in the best-case scenario; for the worst-case scenarios, the shares are 91% (94%), 

95% (52%) and 96% (94%). 

 

Fig. 5.9 Cumulative CO2 emissions of the silage treatments during the anaerobic and aerobic storage 
periods. 
AEMP = Aerobic emission measurement period. 
An aerobic storage length of 0 refers to the cumulative emissions during the anaerobic storage 
period (Experiment A1 in Article Part A). The 2 K level indicates the cumulative emissions 
during the anaerobic and aerobic storage periods until the silage treatment reaches the heating 
status, i.e. temperatures 2 K above the ambient air temperature. For significant differences 
between treatments within each AEMP, see Tables 5.11 and 5.12.  
Treatments: treatment containing no additive (CON), treatment containing a biological 
additive (BIO), and treatment containing a chemical additive (CHE).  
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In contrast, only small parts of climate-relevant CO2eq emission quantities, i.e. CH4 and N2O, 

are emitted during aerobic storage periods. Overall, CON had the highest shares (26% for AEMP1, 

10% for AEMP2), and CHE had the lowest shares (14%, 5%; Tables 5.2 and 5.3). CHE had higher 

total CO2eq emissions than CON and BIO during silage storage. However, the share of silage 

emission quantities (≤ 0.1%) can be neglected compared to the CF of crop production or chemical 

SA production and application. With this, the total emission quantities of CHE exceed the values 

of CON in the best-case scenario and at the 2 K level in AEMP1 (Tables 5.2 and 5.3). However, 

chemical SA use can mitigate total CO2eq emissions in the worst-case scenarios. For BIO, 

the smaller emission quantities during silage storage and SA production lead to total emission 

mitigation in all the scenarios. 
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Table 5.2 Carbon footprint analysis for the process chain of silage production of trial treatments in the first aerobic emission measurement period (AEMP1). 
 Measured DM losses and CO2eq emission quantities of the silage treatments during the anaerobic fermentation (30 days, Experiment A1, 

Article Part A) and AEMP1, the GHG emission quantities during crop and silage additive production, and the total GHG emissions of the process 
chain, including the reductions due to silage additive use calculated for a target feed mass of 1,000 kgDM maize silage. The CO2eq emission quantities 
during silage storage consider CH4 and N2O emissions (GWP: CH4 = 25, N2O = 298). The values within the brackets consider only the 
CO2 emissions; their climate-relevance may be important depending on the contextualization. 
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 [d] [%] [g CO2eq] [%] [g CO2eq] [%] [g CO2eq] [kg DM] [g CO2eq] [g CO2eq] [g CO2eq] [%] [%] 

CON   4.00 E -7.2        86 
(11,984) 

  -1.1          30 
  (16,630) 

  -8.2        116 
  (28,614) 

1,089 169,845 / 169,961 
(198,458) 

  0.1 
(14.4) 

/ 

BIO   4.00 E -6.7        80 
(11,307) 

  -1.0          17 
  (14,948) 

  -7.6          97 
  (26,255) 

1,082 168,744        4 168,844 
(195,002) 

  0.1 
(13.5) 

-0.7 
(-1.7) 

CHE   4.00 E -5.9      144 
(10,037) 

  -0.7          24 
  (10,656) 

  -6.6        168 
  (20,693) 

1,070 166,934 5,667 172,769 
(193,294) 

  0.1 
(10.7) 

 1.7 
(-2.6) 

CON 14.00 E -7.2        86 
(11,984) 

-18.6          30 
(279,148) 

-24.4        116 
(291,132) 

1,323 206,366 / 206,482 
(497,498) 

  0.1 
(58.5) 

/ 

BIO 14.00 E -6.7        80 
(11,307) 

-13.0          17 
(195,585) 

-18.8          97 
(206,892) 

1,232 192,111        4 192,213 
(399,008) 

  0.1 
(51.9) 

  -6.9 
(-19.8) 

CHE 14.00 E -5.9      144 
(10,037) 

  -6.6          24 
  (99,526) 

-12.2        168 
(109,563) 

1,138 177,527 6,027 183,722 
(293,117) 

  0.1 
(37.4) 

-11.0 
(-41.1) 

CON   5.17 F -7.2        86 
(11,984) 

  -1.5          30 
  (23,008) 

  -8.6        116 
  (34,992) 

1,094 170,578 / 170,694 
(205,570) 

  0.1 
(17.0) 

/ 

BIO   6.33 F -6.7        80 
(11,307) 

  -1.7          17 
  (25,960) 

  -8.3          97 
  (37,266) 

1,090 170,004        4 170,105 
(207,274) 

  0.1 
(18.0) 

-0.3 
 (0.8) 

CHE   7.33 F -5.9      144 
(10,037) 

  -1.8          24 
  (26,505) 

  -7.6        168 
  (36,542) 

1,082 168,730 5,728 174,626 
(210,999) 

  0.1 
(17.3) 

 2.3 
 (2.6) 

A Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 
B Calculation based on aerobic GHG emissions [48]: DM losses [g kgDM

-1] = CO2 emission quantities [g kgDM
-1] 1.5-1. 

C Calculation based on Feedprint (2020) [46]: 155.95 (g CO2eq) (kgDM silage)-1, including crop production (e.g. fertiliser, seeds, chemicals, machine use) and transport. 
D Calculation based on Milimonka et al. (2019) [48]: for BIO, 0.0015 (g CO2) kgFM

-1; for CHE, 2.25 (g CO2) kgFM
-1; DM concentration at harvest, 42.5%. 

E The storage length of 4.00 days is the assumed best-case scenario, and the storage length of 14.00 days is the worst-case scenario. 
F Aerobic storage period [d] until the barrels reach the heating status, i.e. a silage temperature 2 K above the ambient air temperature during the feed-out phase. 
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Table 5.3 Carbon footprint analysis for the process chain of silage production of trial treatments in the second aerobic emission measurement period 
(AEMP2). 

 Measured DM losses and CO2eq emission quantities of the silage treatments during the anaerobic fermentation (135 days, Experiment A1,  
Article Part A) and AEMP2, the GHG emission quantities during crop and silage additive production, and the total GHG emissions of the process 
chain, including the reductions due to silage additive use calculated for a target feed mass of 1,000 kgDM maize silage. The CO2eq emission quantities 
during silage storage consider CH4 and N2O emissions (GWP: CH4 = 25, N2O = 298). The values within the brackets consider only the  
CO2 emissions; their climate-relevance may be important depending on the contextualisation. 
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 [d] [%] [g CO2eq] [%] [g CO2eq] [%] [g CO2eq] [kg DM] [g CO2eq] [g CO2eq] [g CO2eq] [%] [%] 

CON   4.00 E -8.3        86 
(11,984) 

  -0.7          10 
    (9,995) 

  -8.9          95 
  (21,979) 

1,089 171,265 / 171,360 
(193,244) 

  0.1 
(11.4) 

/ 

BIO   4.00 E -5.5        65 
(11,113) 

  -0.6            5 
    (8,789) 

  -6.1          70 
  (19,902) 

1,065 166,072        4 166,146 
(185,978) 

  0.0 
(10.7) 

  -3.0 
  (-3.8) 

CHE   4.00 E -8.3      144 
(10,037) 

  -0.3            7 
    (4,619) 

  -8.6        152 
  (14,656) 

1,094 170,668 5,794 176,613 
(191,117) 

  0.1 
  (7.7) 

   3.1 
  (-1.1) 

CON 14.00 E -8.3        86 
(11,984) 

-11.7          10 
(175,018) 

-19.0          95 
(187,002) 

1,235 192,595 / 192,691 
(379,598) 

49.3 
(58.5) 

/ 

BIO 14.00 E -5.5        65 
(11,113) 

  -0.8            5 
  (11,981) 

  -6.3          70 
  (23,094) 

1,067 166,428        4 166,502 
(189,526) 

  0.0 
(12.2) 

-13.6 
(-50.1) 

CHE 14.00 E -8.3      144 
(10,037) 

  -0.5            7 
    (7,823) 

  -8.8        152 
  (17,860) 

1,097 171,034 5,806 176,992 
(194,700) 

  0.1 
  (9.2) 

  -8.1 
(-48.7) 

CON   7.75 F -8.3        86 
(11,984) 

  -1.6          10 
  (23,667) 

  -9.8          95 
  (35,651) 

1,108 172,851 / 172,946 
(208,502) 

  0.1 
(17.1) 

/ 

BIO / 
 

/ 

 
/ 

 
/ 

 
/ 

 
/ 

 
/ 

 

/ 

 
/ 

 
/ 

 
/ 

 

/ 

 

/ 

 

CHE / 
 

/ 

 
/ 

 
/ 

 
/ 

 
/ 

 
/ 

 

/ 

 
/ 

 
/ 

 
/ 

 

/ 

 

/ 

 
A Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 
B Calculation based on aerobic GHG emissions [48]: DM losses [g kgDM

-1] = CO2 emission quantities [g kgDM
-1] 1.5-1. 

C Calculation based on Feedprint (2020) [46]: 155.95 (g CO2eq) (kgDM silage)-1, including crop production (e.g. fertiliser, seeds, chemicals, machine use) and transport. 
D Calculation based on Milimonka et al. (2019) [48]: for BIO, 0.0015 (g CO2) kgFM

-1; for CHE, 2.25 (g CO2) kgFM
-1; DM concentration at harvest, 42.5%. 

E The storage length of 4.00 days is the assumed best-case scenario, and the storage length of 14.00 days is the worst-case scenario. 
F Aerobic storage period [d] until the barrels reach the heating status, i.e. a silage temperature 2 K above the ambient air temperature during the feed-out phase. 
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5.4  Discussion 

5.4.1 Formation and emission of greenhouse gases 

CO2 emissions are based on aerobic deterioration and microbial respiration. Several reviews 

concerning the ASTA of silage, including the impact of SA use, have been published 

[7, 11, 12, 50, 53, 54]. However, previous research has focused on DM and feed quality losses 

concerning livestock nutrition rather than climate impacts. 

The CO2 emissions in phase A are based on the discharge of the gases. The rate of GHG 

discharge is affected by gas diffusion based on Fick’s law [27, 55]. Nevertheless, it is assumed 

that additional quantities of CO2 are emitted after volatilisation from the liquid to the gas phase 

(Part A; [3]). The asymptote of regressive emission was reached after 8.0–10.0 h in AEMP1 and 

4.5–8.0 h in AEMP2. The CO2 quantities in the barrel’s gas space, calculated using the gas space 

volume and gas concentrations in the head space (Experiment A1, Part A), were emitted after 

1.25–3.00 h for AEMP1 or 0.75–2.00 h for AEMP2. These account for 75% ± 6% or 72% ± 12%, 

respectively, of the total emission quantities during the regressive emission pattern (phase A). 

Thus, CO2 volatilisation out of the liquid phase seems to be reasonable. However, gas discharge 

during silage scoring or emission quantities from silage gas pores and floor space must also be 

considered. Nevertheless, the emission quantities of phase A were lower in AEMP2 than in 

AEMP1, aligning with decreasing CO2 concentrations in the silos (Part A; [56, 57]) and possible 

CO2 fixation during anaerobic fermentation (Part A). CO2 emission quantities during phase A of 

AEMP1 equalled 50.6%–72.9% of the emission quantities during the ensiling period 

(Tables 5.2 and 5.3; Experiment A1, Part A); for AEMP2, values were 34.3%–57.6%. Thus, 

a large portion of the CO2 produced during anaerobic fermentation can be emitted when silos are 

opened. However, not all of these gases are discharged in phase A rather than throughout the silo 

film during anaerobic fermentation [7]. 

Later, in phase C, microbial respiration, primarily of Acetobacter sp. and yeasts, leads to the 

degradation of lactic acid and carbohydrates to CO2 and heat [1]. This affects silage temperature 

and pH [3, 27]. The high ASTA of most trial treatments allows a separation between diffusing and 

newly formed CO2 emissions [3, 28]. This pattern was also shown by Shan et al. [3] investigating 

triticale silage. A low packing density treatment indicated a shorter ASTA due to increased 

microbial activity with high oxygen availability. This also applies to this trial. Low-density silage 

increases emission quantities since more material is exposed to oxygen [3]. However, 

O2 penetrating the silage face can be respirated rapidly in the upper layers, while deeper layers 

experience anaerobic conditions [3, 27, 58, 59]. Studies with one silage face are similar to those 

with commercial silos, but spatial O2 differences lead to unclear quantities of silage material being 
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the reason for respiratory CO2 emissions. In the trial presented here, the authors assumed constant 

oxygen availability in all silage layers due to two silage faces, high porosity, and high silage core 

temperatures. With this, silage emissions can be attributed to the total silage mass stored in each 

silo. Spatial O2 availability may cause differences between linear [3, 27] and exponential 

regression equations for CO2 emission rates during heating. However, the recorded silage 

temperatures are also influenced by the mass of the silage and the thermal insulation that covers 

the silos.  

BIO and CHE had longer ASTA and lower CO2 emissions than CON did for both AEMP. 

Several reviews or meta-analyses [6, 7, 11, 12, 50, 60] have reported the positive impact of 

microbial inoculants or organic acids. For CHE, potassium sorbate and sodium benzoate 

effectively inhibit yeast activity [61, 62]. For BIO, AA, which has antifungal properties, is mainly 

formed by heterofermentative LAB such as Llb. buchneri [7, 60, 63]. Longer anaerobic 

fermentation times led to improved ASTA; BIO had the greatest difference. The anaerobic 

fermentation length correlated positively with the ASTA for Llb. buchneri-treated silage [6]. 

Yin et al. [64] and Drouin et al. [65] observed changes in the microbiota composition during 

aerobic storage, but LAB remained the most abundant bacteria for several days [66]. Yeasts and 

acetic acid bacteria initiate the heating process in phase A [1, 7, 31, 66]. Changes in silage 

temperature, organic acid degradation and pH increase (phases B and C) promote spoilage 

microorganisms, including yeasts and moulds [64, 65]. Fungal diversity decreases noticeably in 

phase B, with accelerated changes in phase C [64, 65]. Changes in phase D seem to be based on 

mould growth [67]. However, in the present study, no microbial community analysis was 

performed during or after the aerobic storage phase. The specific periods of heating within each 

phase could be caused by varying meso- or thermophilic yeasts, moulds or bacteria species with 

changing temperature (and pH) optima. Further studies should conduct emission and microbial 

analyses in parallel for more detailed deductions. 

All the silage treatments emitted small quantities of CH4 and N2O during the AEMP. 

Maize silage emits less N2O at the silage face than does lucerne silage [68]. Both substances are 

formed under anaerobic conditions during fermentation (Part A; [2]); no further quantities are 

formed during aerobic storage. Furthermore, the first article (Part A) reported the possible 

solubility of CH4 and N2O in the late phase of the anaerobic fermentation process. In the first hour 

of AEMP1, barrels emitted 37% ± 16% of the CH4 measured in the gas space of the zero-pressure 

systems at that time; the percentage of AEMP2 increased to 82% ± 7%; for N2O, the percentages 

were 67% ± 8% and 138% ± 34%, respectively. The values indicate higher ratios for AEMP2 based 

on possible effects of the trial procedure (Section 5.4.4; Part A). Increased N2O solubility [69, 70] 
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could lead to prolonged volatilisation. Furthermore, N2O has a higher gas density than CH4, which 

could lead to gas layering and delayed exhaustion. These effects apply mainly to AEMP2, which 

has higher emission quantities than the present N2O quantities calculated for the silo gas space. 

5.4.2 Formation and emissions of volatile organic compounds 

The regressive emission pattern of VOC is in line with that of former trials [21, 27, 29, 34], 

but the magnitude and speed of decline are smaller than that for GHG emissions. For CON in 

AEMP1, the regressive pattern extends over phase B and transits directly into increasing mass 

flow during phase C. This is due to the steady volatilisation of VOC bound in the liquid phase and 

the gaseous transport of VOC stored in the silos’ gas spaces. The former is affected by temperature, 

air velocity and silage porosity [15, 21, 34]. The impact of temperature changes can be neglected 

for the first days of aerobic storage due to constant ambient air and silage temperatures. 

The variations in emission mass flow due to changes in the ventilation rate are shown in 

Figs. 5.7 and 5.15. The low packing density of silage in this trial enhances volatilisation [21, 33]. 

Moreover, the amount of ethanol emitted during regressive mass flow patterns seems to be 

connected to the ethanol levels in the silage’s gas and liquid phases. This contradicts the VOC gas 

emission pattern observed during anaerobic fermentation (Part A). 

To date, the pattern of VOC emissions during the heating process of silage has been shown by 

Shan et al. [27]. In that trial, the ethanol emission rates remained steady during phase C. 

Nevertheless, the ethanol emission rates increased during phase D when the CO2 emission rate had 

already declined. Shan et al. [27] reported that ethanol emission rates correspond to microbial 

activity in deeper, anaerobic layers. In the trial presented here, however, all silage treatments 

indicate increasing ethanol emission mass flow rates in phase C. Rising silage temperatures 

increase the air temperature in the silage face’s boundary layer; consequently, the volatilisation 

rate of liquid ethanol increases. Renewed ethanol formation is not assumed based on aerobic 

conditions. 

CON indicated the earliest increase in the ethanol emission mass flow rate in phase C due to 

the lowest ASTA. However, when heating was applied for all three treatments in AEMP1 

(phase C), BIO and CHE had higher emission rates and quantities than did CON. Therefore, 

SA may delay ethanol emissions but increase them if heating applies during feed-out phases after 

short ensiling periods. The pattern of AEMP2 differs due to the low ethanol emission quantities 

from the CHE material and the constantly high mass flow rates for BIO. 

Hafner et al. [34] reported that 10%–80% of the initial ethanol quantities in maize silage is 

emitted during the first 12 h of aerobic storage (phase A); Montes et al. [21] reported a value of 

10%. The trial results presented here indicate that 10% of the initial ethanol quantities were emitted 
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after approximately 4.0 days. The varying silage masses, 1.2 kgFM [33] and 10.2 kgFM in this trial 

and silo geometry are assumed to be the most crucial impact factors. However, the silo geometry 

used here is much more comparable to that of a commercial silo clamp than to that of earlier wind 

tunnel attempts. Therefore, the former calculation model [34] may overestimate the ratio of ethanol 

emitted from silos for short aerobic storage periods. Only 22.3%–70.4% of the ethanol quantities 

were emitted over 14 days of aerobic storage, including silage heating. 

At days 14 and 17 of AEMP2, BIO and CHE indicate short but substantial VOC emission mass 

flow increases. These changes result from modifications of the air flow pattern within the silos 

("Section 5.4.4). The low emissions from CON led to the assumption that there was either 

a) a blockage of air flow due to condensation at the barrel cover or b) no additional ethanol or EA 

gas within the silage. The barrels’ air inlet and outlet hoses were closed so that the air flow was 

led just through the head space, floor space, or the material’s gas pores. The short-term rising 

emission mass flows of BIO and CHE resulted from the latter, indicating that further VOC gases 

are stored in the gas pores. There was no increase in ethanol and EA emissions in CON. Therefore, 

both VOC were already emitted at this point in the trial; this proved that b) was the most likely 

case. However, the results indicate that the cumulative ethanol gas emission quantities were lower 

than the ethanol masses within the material for all three treatments. The remaining amounts of the 

material could lead to subsequent ethanol gas emissions. However, ethanol emission mass flow 

rates stop between 42 and 49°C (phase D). This pattern differs from previous results [27]. 

One possible explanation is that parts of the ethanol in the material were emitted 

via volatilisation, and the microbiological activity metabolised the remainder of the ethanol. 

For instance, yeasts can metabolise ethanol to EA under aerobic conditions, affecting VOC 

emission quantities and ratios [38, 39]. Furthermore, other microorganisms, especially bacteria 

such as Acetobacter sp., degrade ethanol for aerobic metabolism [1, 71]. The assumption is that 

the activity of the various microbiota in the silage material is parallel. Therefore, the authors 

assumed that the ethanol degradation rate of the microbiota exceeded the volatilisation rate since 

this specific storage point occurred in phase D. Changes between mesophilic and thermophilic 

microbiota could be relevant [30]. An increase in microbial diversity and activity in the CON 

treatment [64, 72] could lead to more ethanol degradation than emission. In BIO and CHE, 

more ethanol remains in the material until heating begins; therefore, the emission mass flow rates 

are higher in this phase. Microbial ethanol formation or degradation in specific silo layers seems 

to affect emission patterns for silages with varying densities [27]. 

VOC have been discussed as factors influencing the feed intake of ruminants.  

The odour-intensive ethyl esters, in particular, were discussed to have a negative influence 
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[36, 37, 73,74,75]. However, preference trials with the addition of EA showed no influence on 

goats [76, 77], but the volatilisation of VOC should be considered when performing the 

application. Previous studies focused on the emission pattern during the first hours after opening 

silos [21, 33, 34]. Only one article reported VOC emissions for a long aerobic storage period [29]. 

Krommweh et al. [29] measured VOC emissions from grass and lucerne silage at lower ambient 

air temperatures and without heating. Thus, emission quantities are hardly comparable. 

Furthermore, no work has yet measured the ratio of initial EA quantities in silage and emissions 

during aerobic storage. Therefore, this study provides novel insights for silage emissions. 

For EA, the emitted quantities exceed the initial quantities within the silage material. This could 

be explained in two ways: (a) the measured values are incorrect or (b) further masses of EA are 

formed during aerobic storage and lead to additional emissions. The laboratory analysis procedure 

is well established and treated as correct since the concentrations match the levels of previous 

literature [73, 78]. The methodological approach will be discussed Section 5.4.4. Thus, 

explanation a) seems unlikely. The formation of EA during aerobic silage storage has yet to be 

examined. As stated above, EA formation by yeasts is primarily relevant under aerobic conditions 

[38, 39]. The formation of these products is possible via different pathways using sugars, ethanol 

and AA as substrates. Therefore, EA emissions are generated from preexisting sources and are 

newly formed. Despite this, AEMP2 showed that the emission quantities were greater than the 

initial amount in the long-lasting phase B. In order to determine the effect of the newly formed EA 

on the emission ratios of ethanol (Table 5.1), it is necessary to consider both its emission quantities 

of EA and the mass fractions of the ethanol components in EA (51.1%). The increase is negligible 

for all three treatments in AEMP1 and CON and CHE in AEMP2, with an increase of less than 

2%. Only BIO in AEMP2 exhibits a markedly elevated ethanol outgassing, with levels reaching 

3% to 4% after four days and 9% to 13% after 14 days. In AEMP2, BIO and CHE showed no signs 

of heating and probably low yeast activity. Other pathways may contribute to the formation of EA, 

but lactic and acetic acid bacteria are the most likely to be active in phase B. The remaining 

LAB colonies, especially for treatment BIO, shift into aerobic metabolism, including various 

enzyme activities [79, 80, 81]. However, to the best of the authors’ knowledge, too little research 

has been conducted concerning silage-specific LAB esterase activity after silo opening. 

LAB esterase activity results in the formation of EA under anaerobic conditions [82]; a similar 

pathway may apply to the supply of oxygen. This would align with the stable CO2 emissions and 

high relative abundance of LAB in Llb. buchneri-treated silage in phase B [64]. Previous studies 

have reported a relevant abundance of Acetobacter sp. in treated and untreated silages, especially 

in phases A and B [1, 64, 83]. Acetobacter sp. forms EA under aerobic conditions due to 
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alcohol acetyl transferase activity [84, 85]. This enzyme is also generated by yeasts [84, 86]. 

However, EA emissions decreased during the ongoing heating process, excluding formation 

pathways by which the microbiota was activated in phase D. Further research is required to 

investigate the EA and VOC formation in silage during the aerobic feed-out phase. Possible abiotic 

effects, such as solubility changes due to pH or temperature increase, may also apply. 

5.4.3 Carbon footprint and carbon retention efficiency of silage additive use 

As stated, CO2 emissions during silage storage can be considered climate-neutral. Thus, 

CH4 and N2O emissions and potential mitigation by SA can be compared to the CF of SA. 

Nevertheless, if CO2 emissions apply, DM losses during silage storage require increased quantities 

of harvested material, which are connected to climate-relevant GHG emissions [45, 46]. Thus, 

if SA can reduce DM losses, these losses can directly mitigate climate-neutral CO2 emissions and 

indirectly mitigate climate-relevant GHG emissions. However, climate-neutral CO2 emissions 

have been reported. These emissions can be compared to those of other stages of the C cycle or 

with those of other methods of forage conservation. Thus, these emissions help assess the carbon 

retention efficiency of the C cycle and improve the management of high-value forage in times of 

resource and climate change awareness. 

SA are connected to a specific CF since production, distribution, and application require, among 

others, fossil fuels. As far as the authors are aware, only Milimonka et al. [48] provided a CF for 

SA. Personal discussions with industry representatives revealed that these values may deviate: 

One company stated that the CF of biological additive production is 25 times greater. However, 

these differences may apply due to varying production steps or the scope of the CF analyses. 

Biological inoculants require large quantities of nutrients and thermal energy to ensure optimal 

growth. Organic acids are either directly produced for the SA or by-products of other industrial 

processes. Determining the CF of the final products used in this trial is challenging due to this 

factor. To offset its CF, SA must reduce emissions of climate-relevant gases during silage 

production. However, these calculations should be interpreted with caution and as a first step 

toward more research, given the limitations of the small database. 

The greater CF of chemical SA use is not compensated for by emission reductions in crop 

production and silage storage in the best-case scenario or at the 2 K level. In these cases, 

CHE indicates no CO2eq mitigation potential. However, if substantial DM losses can be inhibited, 

e.g. in the worst-case scenario of AEMP1, the CHE treatment shows noticeable CO2eq reductions. 

Biological SA have a smaller CF than chemical SA. The reduced GHG emissions during silage 

storage and crop production exceeded the CF of SA use, leading to improvements compared to 

those of CON for all the scenarios. However, short anaerobic fermentation periods reduce the 
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effect of heterofermentative LAB [6, 7, 87], indicating reduced mitigation potential in AEMP1. 

Thus, if harvest and ensiling conditions fulfil the requirements of biological additives, these seem 

to be the most CO2-efficient treatments. In these cases, emission reduction in the feed-out phase 

compensates for the possibly greater DM losses and CO2 emissions during heterofermentative 

anaerobic fermentation (Part A; [5]). These findings address open research questions demanding 

the quantification of losses caused by heterofermentative LAB inoculants [88]. 

In the best-case scenario, which involved simulating a farm-scale silo with a sufficient feed-out 

rate, the total emission reduction between all the treatments differed by -3.0% to 3.1%. SA did not 

improve silage CO2 efficiency consistently in this scenario, i.e. if the CON treatment indicated no 

significant losses. A similar pattern applies when the heating status is reached (at the 2 K level). 

Therefore, SA may not be necessary if high-quality silage management is applied but are essential 

if heating processes can be avoided, as shown in the worst-case scenario. However, the emission 

pattern of commercial silage management probably lies between the best- and worst-case 

scenarios. Borreani et al. [7] state: ‘Aerobic deterioration of silages during the feed-out phase is a 

significant problem for farm profitability and feed quality worldwide [89, 90].’ Thus, 

the widespread improvement of ASTA, e.g. by using SA, could improve the emission quantities 

of climate-relevant gases of global silage production. Moreover, a significant deterioration in the 

worst-case scenario may require discarding the entire feed due to the possibility of mycotoxin 

formation and critical hygiene quality. However, the effects of SA application on silage nutritional 

value, animal DM intake and feed efficiency, and milk or methane yield were not considered. 

These factors may apply and lead to additional effects. 

Total VOC emissions during crop production for maize silage can vary widely between  

0.3–8.0 (g VOC) kgDM
-1 [16]. Therefore, the measured ethanol and EA emission amounts during 

anaerobic and aerobic silage storage periods can add significantly to these VOC emissions, 

especially considering that only two of the at least 46 VOC identified in silage [16] were measured. 

The GWP of VOC emissions and subsequent ozone formation were not considered. Previous 

research has been limited since ozone formation based on VOC can vary widely, e.g. depending 

on the availability of nitrogen oxides [15, 16, 17]. However, Krueger et al. [14] established factors 

for such calculations. The total GWP of combined CH4, N2O and VOC emissions would increase 

noticeably, multiplying the measured emission quantities of ethanol and ethanol’s share of total 

VOC emissions (approximately 56%) [35] with the given equal benefit incremental reactivity [14]: 

climate-relevant emissions would increase up to 114%–376% in the best-case scenario of AEMP1 

(115%–706% in AEMP2) and up to 620%–1,132% in the worst-case scenario of AEMP1  

(294%–1,793% in AEMP2). For the best-case scenarios, CHE had the lowest increase in both 
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AEMP; BIO had the highest increase in AEMP2, probably based on the noticeable ethanol 

formation during the late anaerobic fermentation period. For the worst-case scenario, both SA 

treatments exhibited greater increases than CON in AEMP1; in AEMP2, CHE exhibited the lowest 

increase and BIO exhibited the greatest increase. Nevertheless, further quantitative research is 

necessary, and a variety of climate-related VOC emissions must be considered. 

The activity of plant materials and microorganisms leads to considerable conversion of biomass 

to climate-neutral CO2 emissions, mainly if long-term heating processes are applied. 

The CO2 emission quantities would exceed the GHG emissions of crop production if silage storage 

was considered a CO2 source and if the CO2 binding of photosynthesis was not considered. 

However, focusing on carbon retention efficiency and adequate silage management, e.g. SA, 

which are used to reduce heating risk, can decrease emissions. With this, CO2-based biomass will 

be used for the original target, e.g. feeding ruminants, and avoidable CO2 emissions will be 

reduced. While SA use causes little CO2 mitigation in the best-case scenario or at the 2 K level, 

the reduction potential in the worst-case scenario is notable (-19.8% to -50.1%). 

Furthermore, the CO2 emissions of the silage production process chain can be compared to the 

CO2 binding capacity of maize crops. In a Swiss study, Maier et al. [91] reported that maize crops 

fix -19,440 (kg CO2) ha-1 during vegetative growth; this corresponds to -1,005 (kg CO2) tDM
-1, 

assuming a crop yield of 19.34 tDM ha-1. During anaerobic storage, 0.9%–1.1% of this fixed CO2 is 

re-emitted by anaerobic fermentation processes, and 0.4%–1.5% during the aerobic storage period, 

assuming the best-case scenarios. The latter share may increase to 21.9% for CON, 16.7% for BIO 

and 9.6% for CHE in the worst-case scenario of AEMP1 (AEMP2: CON 15.1%, BIO 2.2%, 

CHE 1.6%). Therefore, silage heating can lead to essential losses of bound carbon compounds. 

In the ongoing C cycle, these losses are unavailable for farm animals or biogas plants. Thus, 

SA can help improve the carbon retention efficiency. This small-scale calculation could be the 

starting point for further reliable large-scale trials. 

5.4.4 Examination of the methodological procedure 

One important factor affecting ASTA is the packing density and subsequent air ingress [7]; this 

trial’s density was significantly less than the recommended values (Part A) provoking heating [92]. 

This is also the principle used in official German tests to assess ASTA [32]. Therefore, the packing 

density of the trial set-up is a compromise between established ASTA tests and commercial silo 

packing densities. However, increased porosity enhances oxygen availability prior anaerobic 

fermentation (Part A) and oxygen penetration into silage and increases the activity of aerobic 

yeasts during the feed-out period [30]. The set-up allows the assumptions that (a) CO2 within the 

gas pores is rapidly exchanged with oxygen due to diffusion and volume flow [30] and 
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(b) the whole silage material comes into contact with oxygen during AEMP. With the approach 

chosen here, the whole silage mass is aerobic, and emission rates per silage mass [kgDM] can be 

transferred to farm-scale silos. Previous research concentrated on emissions per silage face area 

[3, 27]. 

Furthermore, the silage masses within each silo result from the chosen silo volume and packing 

density. The masses of 10.2 kgFM and 4.4 kgDM per silo are between those of small-scale emission 

trials [21, 33, 35] and large-scale trials [27, 29]. The former mainly used compacted or loose silage 

samples of up to 3.41 kgFM [21]. The latter used silage bales. Thus, the silage sample size chosen 

here can be considered to be at a medium-scale for laboratory silage emission research. 

The methodological approach of silo ventilation involves a compromise between former wind 

tunnel tests [21, 33] and barrel trials conducted by the Sino-German working group [2, 3]. 

Mechanical ventilation using hoses and vacuum pumps enables controlled air flow rates depending 

on emission rates to reach gas concentrations within the analysers’ ranges. Furthermore, a general 

trial set-up using barrels was necessary to combine anaerobic (Experiment A1, Part A) and aerobic 

measurement trials. 

However, one drawback to the test set-up was condensation on the underside of the cover and 

in the hoses due to microbial respiration. The maximum air flow rate was limited to 6 L min-1 to 

maintain a farm-relevant wind speed at the silo face. Therefore, water exhaustion was insufficient, 

and temperature differences between the silage and ambient air led to condensation. To assess 

condensation, some barrel covers were opened irregularly. GHG and VOC gases could be bound 

into this water. Thus, condensation could be a mechanism for the sawtooth emission pattern of 

heated barrels due to the dissolution of gases or the blockade of hoses. The latter could lead to 

temporary accumulation of gases and subsequent emission flow increases. However, the trial set-

up does not explain why condensation should be more frequent in CON than in BIO at equal 

temperatures in phase C. 

Previous studies have concentrated on emissions during anaerobic fermentation 

[2, 5, 13, 26, 49, 93, 94, 95] or the feed-out period [3, 15, 21, 27, 28, 29, 33, 34, 68]. One of the 

trials’ objectives was constant gas emission measurements without undetected losses at any storage 

phase. In this regard, this trial represents the most comprehensive silage emission measurements 

to date. However, in this trial, unmeasured emissions may also apply. The 2-min period of silage 

quality scoring was the only time without controlled gas collection or air ventilation. However, 

possible emissions in this phase were calculated using the headspace volume and the gas 

concentrations within. Nevertheless, CH4, considering the low gas density, may be emitted in 

higher quantities than head space quantities may compensate for. Currently, it is unclear whether 
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gases inside silos exhibit strict layers based on gas density or whether temperature changes and 

diffusion lead to gas equilibrium. 

Former trials showed that silage from laboratory silos, i.e. glass jars or barrels, indicates higher 

ASTA than farm-scale silos, i.e. silage material taken behind the silo face from commercial silos 

[58, 96]. Oxygen penetrates the silo up to several metres [7] depending on the packing density, 

but microbial respiration leads to oxygen depletion near the silo face [27, 30]. However, removing 

microbial-active material during the feed-out phase regularly increases oxygen penetration. 

This enhances aerobic microorganisms in deeper layers, leading to low ASTA when these layers 

become the actual silage face. In contrast, laboratory-scale silos suggest greater gas tightness, 

and the material is exposed to oxygen for the first time after the silo is opened. Therefore, 

the aerobic activity and ASTA seemed to differ between the two silo scales. The authors suggest 

an ASTA of, e.g. 4 days in this laboratory-scale trial equals an ASTA of 2 days (half the aerobic 

storage length) for farm-scale silo faces. This should be considered by applying the CF reported 

in this study to commercial silos. 

The measurement of the continuous emission of silage in the barrel silos (Experiment A1) 

required the use of parallel glass jar silos to provide the necessary material for laboratory analysis 

(Experiment A2). It is recognised that certain material differences between the silos may be 

attributable to their respective types. Possible influences of the different silo types on the 

fermentation (especially emissions and microbial community) are discussed in Part A. 

The Multipoint Sampler and Doser INNOVA 1303 allows simultaneous gas sampling from six 

sampling points. Therefore, the total barrel number was limited to twelve for the trial. This may 

affect the statistical analysis, and gas analysis intervals had to be formed (Part A). It would be 

advisable to bear this in mind when considering the significance of the results and the conclusions 

drawn. Thus, the trial reported here should be considered an initial step toward establishing this 

methodology in silage emission trials but may be repeated with additional silage samples. 

Furthermore, the gas analysis reported negative values for ethanol and EA concentrations during 

the first hours of the ensiling process. These errors could be affected by the activated cross and 

water compensation recommended by former studies [21, 29]. High CO2 concentrations in humid 

gas could have led to corrections that were too strong. 

The calculation of CF mitigation using SA is based on the presented trial results and literature 

values (Section 5.2.8). To the authors’ knowledge, this is the first time this has been done in this 

form. However, the results should be supplemented or corrected by future trials. Furthermore, 

the cited emissions during crop production [45, 46] may vary depending on the farm-specific 

management. For instance, Jacobs et al. (2017) [97] report CF of maize crop production between 
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130–171 (kg CO2eq) tDM
-1 (mean 148 ± 21 (kg CO2eq) tDM

-1, assuming a crop yield of 

19.34 tDM ha-1). Consequently, the potential for savings from using SA can vary, but the 

methodological approach chosen here enables an initial assessment of the magnitude. 

5.4.5 Implications for ensiling management and ensiling research 

The factors influencing the course of the fermentation process and the ASTA of silage are 

numerous and significant. These include the type of material, DM, chopping length and porosity, 

ambient and silage temperature, epiphytic microbial community, harvesting and silage 

management, SA and many more. Consequently, this trial cannot represent the heterogeneity of 

influences. Further trials are essentially required. This applies especially to trials assessing  

farm-scale emissions of commercial silos. Nevertheless, the meticulous experimental design and 

the comprehensive measurement data collection provide valuable insights. The data presented here 

show the great importance of ASTA for silage emission patterns. In the deterioration process, 

highly digestible components within the forage or silage material are metabolised first [7]. 

Furthermore, total feed disposal may be necessary if the occurrence of mould and toxins exceeds 

critical hygienic thresholds. This disrupts the carbon or nitrogen cycle and impairs the 

sustainability of agricultural processes. However, even small mould infestations can lead to 

a noticeable decrease in animal DM intake or performance [7, 77, 98, 99]. Therefore, animal farms 

often prioritise high-quality silage management to ensure their animals’ best health and 

performance. Thus, the emission pattern of the best-case scenario should apply to most of these 

farms. 

In general, the silo face should not be exposed to oxygen for 14 days, as in this trial. However, 

lab- and farm-scale time differences should be considered. Some trials indicate significant heating 

after 1–2 days using silage material taken behind the silo face from commercial silos [58, 96]. 

Furthermore, some farms – especially biogas plants – use enormous silo piles for large-scale 

operations [21] or prioritise one large silo against several small silos to reduce construction costs. 

This can result in the emission of significant quantities of CO2 and VOC, as shown in the  

worst-case scenario. Therefore, aerobic storage durations for future research should be considered 

more carefully because they may be too short [21, 33] or too long [29]. 

The trial results indicate that the small quantities of climate-relevant emissions of CH4 and N2O 

can be neglected compared to the GHG emissions from crop production. According to the literature 

review, these gases are generated during the first days of the ensiling process under anaerobic 

conditions. No further quantities are formed during the aerobic storage period because of the high 

oxygen availability in the uncompacted silage material. Furthermore, unheated maize silo faces 

showed no CH4 and small N2O emissions [68]. However, other trial set-ups with conventional 
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packing densities involve anaerobic conditions in the deeper layers beyond the silage face [3, 27] 

if heating applies. This may lead to a pH increase and additional ethanol formation [27, 100]. 

Under these neutral and anaerobic conditions, additional CH4 and N2O may be generated by the 

various remaining and active microorganisms. This phenomenon should be evaluated in future 

trials. 

Furthermore, minimising DM losses during silage storage is essential but the same applies to 

lowering feed disposal during harvest or mixing and providing a feed ratio. This finding aligns 

with former reports emphasising the importance of DM losses for the environmental burden of 

various ensiling techniques [101]. Thus, improving silage management is crucial, e.g. using 

specific SA when ASTA is at risk. The CF of SA can be smaller than that of emissions mitigation 

during silage production, especially for silos with poor management (worst-case scenario). Thus, 

these SA should be applied more often to improve the agricultural CF. Muck et al. [11] described 

several objectives of SA use. The authors recommend that reducing emissions of climate- and 

environment-relevant gases during silage storage should be added to that list. 

5.5  Conclusions 

The chosen trial set-up was able to measure the GHG, ethanol and ethyl acetate emissions of 

maize silage during the aerobic storage period. The length and quality of the previous ensiling 

process and the use of specific silage additives, which prolong the ASTA, affect specific emission 

patterns. The stable or increasing silage temperatures and CO2 emission rates during the aerobic 

storage period help to split the storage period into four phases. The CO2 emission rate increases 

noticeably during the heating process (phases C and D). Climate-relevant methane and nitrous 

oxide emissions occur within the first 3 h of aerobic storage based on the expulsion of quantities 

formed during anaerobic fermentation. The used SA, i.e. the inoculation with heterofermentative 

LAB or the addition of sodium benzoate and potassium sorbate, improve ASTA but may increase 

ethanol and ethyl acetate emission quantities during heating. Ethyl acetate emissions during silage 

heating were measured for the first time. Furthermore, emission quantities exceed the amounts 

measured in silage material; the occurrence of aerobic metabolism was derived via literature 

analysis. 

The measurements taken during the anaerobic (see Article Part A) and aerobic storage periods 

allowed nearly complete collection of emission quantities from the start of the ensiling process 

until the end of the aerobic feed-out phase. The climate-relevance of CO2 and VOC was discussed, 

however, their emissions during the aerobic storage period exceeded that of anaerobic 

fermentation. The opposite applied for methane and nitrous oxide emissions. However, silage 

storage has lower CO2eq emissions than does the carbon footprint of crop and chemical 
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SA production. However, if the use of specific SA reduces DM losses during silage storage, 

less harvest material is needed, decreasing crop production-associated GHG emissions. As a result, 

these silage additives might reduce the carbon footprint of initial silage production and the 

subsequent production of milk, meat, or biogas-based energy. Nevertheless, additional studies are 

required to evaluate the carbon footprint of silage production based on different plant materials for 

a range of management and environmental impacts. 

5.6 Supplementary material 

 

Fig. 5.10 Trial set-up for the two aerobic emission measurement periods, here for the first aerobic 
measurement period (starting at ensiling day 30). 

 Left: Photo of the 6 barrels, including the thermal insulation and the polytetrafluoroethylene 
hoses for ventilating the barrels in the first climate chamber. Right: Photo of the sampling 
bottles, flowmeters, and measuring equipment, e.g. photoacoustic spectrometry and 
temperature loggers, in the second climate chamber. 
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Table 5.4 Allocation of actual measurement time points to the measurement analysis intervals for 
ANOVA analyses of gas emission quantities during the aerobic measurement periods. 

Measurement  

time point 

[d] 

Analysis  

interval 

[d] 

Measurement  

time point 

[d] 

Analysis  

interval 

[d] 

Measurement  

time point 

[d] 

Analysis  

interval 

[d] 

0.000 0.021 2.833 3.500   7.833     8.000 

0.010 0.021 3.167 3.500   8.000     8.000 

0.021 0.021 3.500 3.500   8.167     8.000 

0.031 0.042 3.833 4.000   8.333     8.500 

0.042 0.042 4.000 4.000   8.500     8.500 

0.052 0.042 4.167 4.000   8.667     8.500 

0.062 0.083 4.333 4.500   8.833     9.000 

0.073 0.083 4.500 4.500   9.000     9.000 

0.083 0.083 4.667 4.500   9.167     9.000 

0.104 0.083 4.833 5.000   9.333     9.500 

0.125 0.167 5.000 5.000   9.500     9.500 
0.146 0.167 5.167 5.000   9.667     9.500 

0.167 0.167 5.333 5.500   9.833   10.000 

0.187 0.208 5.500 5.500  10.000    10.000 

0.208 0.208 5.667 5.500  10.167    10.000 

0.229 0.208 5.833 6.000  10.333    11.000 

0.250 0.333 6.000 6.000  10.500    11.000 

0.333 0.333 6.167 6.000  11.000    11.000 

0.417 0.333 6.333 6.500  11.500    12.000 

0.500 1.000 6.500 6.500  12.000    12.000 

0.833 1.000 6.667 6.500  12.500    12.000 

1.167 1.000 6.833 7.000  13.000    14.000 

1.500 1.000 7.000 7.000  13.500    14.000 
1.833 2.000 7.167 7.000  14.000    14.000 

2.167 2.000 7.333 7.500 17.000 A 19.000 

2.500 2.000 7.500 7.500 18.000 A 19.000 

/ / 7.667 7.500 19.000 A 19.000 
A  Only for the second aerobic emission measurement period.  
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Table 5.5  Chemical composition and energy concentration of fresh maize and ensiled material for the silage treatments in Experiment A2 (unless otherwise 
stated). 
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[d]  [g kgDM
-1]  [g kgDM

-1] [MJ kgDM
-1] 

    0 fresh 425 ±   6 / 5.94   ± 0.05   1.4   ± 0.1   2.6     ± 0.5 N/D 30.0 ± 1.7 56.0   ± 5.3 353 ± 11 144     ± 15 203 ±   4 65.7 ± 2.1 128 ± 1 11.1 ± 0.1 

    2 CON 399 ±   2 -64.2a ± 0.1 4.61   ± 0.03 17.0a ± 0.5   7.4     ± 0.6 N/D 33.0 ± 1.0 20.7   ± 1.5 371 ± 14   34ab ±   5 191 ±   5 70.0 ± 1.0 131 ± 1 11.2 ± 0.1 

    2 BIO 402 ± 16 -57.5b ± 0.1 4.55   ± 0.04 19.4b ± 0.6   7.4     ± 0.8 N/D 33.7 ± 1.5 18.3   ± 4.6 372 ± 29   25a   ±   1 191 ± 12 71.0 ± 1.0 132 ± 1 11.2 ± 0.2 

    2 CHE 405 ±   5 -51.0c ± 0.1 4.64   ± 0.05 16.5a ± 0.5   6.9     ± 0.9 N/D 32.7 ± 2.1 21.7   ± 2.5 393 ± 25   43b   ±   1 180 ± 11 70.0 ± 2.6 133 ± 0 11.4 ± 0.2 

  14 CON 393 ±   5 -80.3a ± 0.2 3.94   ± 0.06 27.0a ± 2.2   8.1     ± 1.0 N/D 35.0 ± 1.0 13.0   ± 1.7 354 ± 24     5     ±   1 195 ±   9 76.0 ± 1.0 134 ± 2 11.2 ± 0.2 

  14 BIO 395 ± 10 -76.4b ± 0.1 3.98   ± 0.02 35.9b ± 1.6   9.1     ± 1.1 N/D 36.7 ± 0.6 10.7   ± 4.0 337 ± 18     5     ±   1 206 ±   9 78.0 ± 0.0 133 ± 2 11.0 ± 0.2 

  14 CHE 395 ±   4 -75.5c ± 0.2 3.97   ± 0.01 39.9b ± 1.6   7.7     ± 2.1 N/D 35.7 ± 0.6 10.3   ± 2.1 351 ± 19     6     ±   1 197 ±   7 77.7 ± 0.6 134 ± 1 11.1 ± 0.1 

  30 CON 397 ±   5 -71.5a ± 0.3 3.92   ± 0.00 41.1a ± 3.0   9.2ab ± 0.6 N/D 35.7 ± 1.2 12.7   ± 2.1 356 ± 24     6ab ±   1 193 ± 12 78.7 ± 1.5 135 ± 2 11.2 ± 0.2 

  30 BIO 400 ±   7 -66.5b ± 0.2 3.95   ± 0.02 36.3a ± 1.1 11.4b   ± 0.4 0.16 ± 0.02 35.7 ± 0.6 13.0   ± 1.7 358 ± 17     5a   ±   0 193 ±   6 77.7 ± 0.6 135 ± 1 11.2 ± 0.1 

  30 CHE 402 ±   7 -59.1c ± 0.2 3.91   ± 0.00 49.2b ± 1.7   8.7a   ± 1.5 N/D 35.7 ± 0.6 12.3   ± 2.3 366 ±   8     6b   ±   0 189 ±   4 77.7 ± 0.6 135 ± 1 11.2 ± 0.1 

135 CON 393 ± 14 -83.3a ± 0.1 3.91a ± 0.07 52.2c ± 2.2 11.6a   ± 0.6 0.09 ± 0.15 37.7 ± 1.5 16.0b ± 3.0 329 ± 33   11b   ±   1 200 ± 14 81.3 ± 1.2 135 ± 2 11.1 ± 0.2 

135 BIO 407 ±   2 -55.4b ± 0.4 4.29b ± 0.02 15.9a ± 1.3 30.3b   ± 2.4 1.85 ± 0.23 36.7 ± 0.6   4.0a ± 1.7 374 ±   5     3a   ±   0 187 ±   2 82.0 ± 1.0 138 ± 1 11.3 ± 0.0 

135 CHE 392 ±   8 -83.4a ± 0.3 3.92a ± 0.06 45.1b ± 0.8 11.7a   ± 0.9 0. N/D 37.0 ± 1.0 16.0b ± 3.0 346 ± 20   13b   ±   1 191 ± 10 81.0 ± 1.0 136 ± 2 11.2 ± 0.2 

DM = Dry matter (concentration), N/D = Not detectable. 
Treatments with different superscript lowercase letters within a parameter and ensiling day differ significantly (Tukey’s-HSD or Games-Howell tests, p < 0.05) 

A  Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 
B  Corrected dry matter based on Weißbach and Strubelt [50]. 
C  Based on the dry matter weight and losses of the silage barrels (Experiment A1, n = 4 for ensiling days 2–30, n = 2 for ensiling day 135). Losses concerning the silage 

mass filled into the silos on the harvest day (day 0). 
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Table 5.6 Chemical composition, the V-Score, and microbial counts of fresh maize and ensiled material for the silage treatments in Experiment A2. 
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[d]    [g kgDM
-1]  [log10 CFU gFM

-1] 

    0 fresh 0.04 ± 0.01 0.00   ± 0.00 N/D 0.09   ± 0.00 N/D 0.09     ± 0.00 N/D N/D 100    ± 0 8.20     ± 7.93 6.64   ± 5.56 7.48   ± 7.43 6.63 ± 6.18 

    2 CON 0.07 ± 0.01 5.35   ± 0.80 N/D 0.10   ± 0.00 N/D 0.22     ± 0.03 0.12a ± 0.02 0.01   ± 0.01  99     ± 0 9.43     ± 8.06 9.29   ± 8.18 6.56   ± 6.65 6.04 ± 6.28 

    2 BIO 0.07 ± 0.01 6.62   ± 1.36 N/D 0.10   ± 0.00 N/D 0.24     ± 0.02 0.16b ± 0.02 0.02   ± 0.00  99     ± 0 9.34     ± 8.95 9.43   ± 8.82 6.10   ± 5.06 3.17 ± 3.13 

    2 CHE 0.07 ± 0.01 4.28   ± 0.37 N/D 0.10   ± 0.00 N/D 0.12     ± 0.10 0.08a ± 0.01 0.01   ± 0.01  99     ± 0 9.36     ± 8.86 9.36   ± 8.80 6.52   ± 6.64 3.03 ± 2.55 

  14 CON 0.08 ± 0.00 7.14   ± 1.14 N/D 0.10a ± 0.00 0.05b ± 0.00 0.24     ± 0.04 0.14   ± 0.03 0.07   ± 0.00  99     ± 0 8.83     ± 7.30 8.71   ± 8.36 5.29b ± 4.67 1.52 ± 1.76 

  14 BIO 0.10 ± 0.02 7.12   ± 0.87 0.3   ± 0.0 0.42b ± 0.01 0.03a ± 0.00 0.23     ± 0.04 0.11   ± 0.02 0.07   ± 0.00  99     ± 0 9.15     ± 8.42 8.76   ± 8.46 5.09b ± 4.18 1.52 ± 1.76 

  14 CHE 0.08 ± 0.01 5.18   ± 1.09 N/D 0.10a ± 0.00 0.02a ± 0.00 0.11     ± 0.09 0.08   ± 0.02 0.06   ± 0.02  99     ± 1 8.88     ± 7.98 8.63   ± 8.14 4.33a ± 3.18 N/D 

  30 CON 0.12 ± 0.01 8.25   ± 0.88 0.1   ± 0.1 0.10   ± 0.00 0.11b ± 0.02 0.24b   ± 0.06 0.17a ± 0.01 0.12   ± 0.01  99ab ± 0 8.00     ± 6.93 7.97a ± 7.21 4.49b ± 3.49 N/D 

  30 BIO 0.15 ± 0.02 7.49   ± 1.29 1.8   ± 0.1 1.63   ± 0.11 0.06b ± 0.01 0.15a   ± 0.01 0.26b ± 0.01 0.10   ± 0.01  98a   ± 0 9.29     ± 8.89 8.62b ± 8.08 3.16a ± 3.23 N/D 

  30 CHE 0.10 ± 0.03 5.59   ± 1.36 N/D N/D 0.03a ± 0.00 0.15a   ± 0.01 0.15a ± 0.01 0.10   ± 0.01  99b   ± 1 8.16     ± 8.23 7.56a ± 7.26 2.99a ± 3.12 N/D 

135 CON 0.25 ± 0.03 7.13a ± 0.25   1.4a ± 0.3 0.17a ± 0.06 0.22b ± 0.06 0.30ac ± 0.02 0.11a ± 0.02 0.17b ± 0.02  96b   ± 0 7.83a   ± 7.95 7.82a ± 7.96 6.70   ± 6.94 N/D 

135 BIO 0.20 ± 0.02 9.98b ± 0.22 16.0b ± 0.5 0.34b ± 0.02 0.58c ± 0.03 0.13ab ± 0.00 0.24b ± 0.03 0.09a ± 0.00  90a   ± 1 9.05b   ± 8.52 9.05b ± 8.06 N/D N/D 

135 CHE 0.21 ± 0.02 6.31a ± 0.66   1.1a ± 0.1 0.19a ± 0.04 0.07a ± 0.02 0.05a   ± 0.09 0.08a ± 0.02 0.14b ± 0.01  97b   ± 1 7.16ab ± 6.36 7.08a ± 6.00 N/D N/D 

CFU = Colony-forming units, DM = Dry matter, FM = Fresh matter, N/D = Not detectable. 
Treatments with different superscript lowercase letters within a parameter and ensiling day differ significantly (Tukey’s-HSD or Games-Howell tests, p < 0.05). 

A Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 
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Table 5.7  Silo face characteristics for the barrel silos and silage treatments in Experiment A1 at silo opening at ensiling day 30 (right before the first aerobic 
emission measurement period started). 

Parameter Quality  

point deduction 

Treatment 

CON BIO CHE 

   CON1 CON2 BIO1 BIO2 CHE2 CHE3 

Se
ns

or
y 

te
st

 A
 

Smell 

Pleasantly acidic, aromatic, bread-like 0 X X   X X 
Slightly alcoholic  

or slight acetic acid odour 
1   X X   

Strong alcoholic or roasted smell 3       

Musty or slight smell of butyric acid 5       

Disgusting, rotten smell, yeasty 7       

Structure 

Unchanged (like the original material) 0 X X X X X X 

Easily attacked, plant parts friable 1       

Vigorously attacked, greasy, slimy 2       

Rotten 4       

Colour 

Colour similar to the original material 0 X X X X X X 

Colour little changed 1       

Colour strongly changed 2       

Moulds Visible mould infestation: Do not feed silage! 7 N/D N/D N/D N/D N/D N/D 

Total 
Quality  

(Mean ± SD) 
 Very good 

(0.00 ± 0.00) 
Very good 

(1.00 ± 0.00) 
Very good 

(0.00 ± 0.00) 

Q
ua

lit
at

iv
e 

ob
se

rv
at

io
n B

 

Moulds Scale  N/D N/D N/D 0.50 N/D 0.50 

Yeasts Scale  1.00 2.50 2.00 2.00 2.00 2.00 

N/D = Not detectable, SD = Standard deviation. 
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 

A Based on the official procedure for silage scoring from the German Agricultural Society [55, 56]. 
B  Qualitative, subjective observation via a scale from 0 (very good) to 5 (very bad): N/D = no mould/yeast spots; 0.50 = occasional mould/yeast spots, approx. < 5% of the 

surface; 1.00 = occasional mould/yeast spots, approx. 5% of the surface; 2.00 = small yeast nest, approx. 15% of the silo face, 2.50 = small yeast nest, approx. 20% of the 
silo face; 3.50 = multiplied yeast nests, approx. 30% of the silo face. 
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Table 5.8 Silo face characteristics for the barrel silos and silage treatments in Experiment A1 at silo opening at ensiling day 135 (right before the second 
aerobic emission measurement period started). 

Parameter Quality  

point deduction 

Treatment 

CON BIO CHE 

   CON3 CON4 BIO3 BIO4 CHE1 CHE4 

Se
ns

or
y 

te
st

 A
 

Smell 

Pleasantly acidic, aromatic, bread-like 0 X X     
Slightly alcoholic  

or slight acetic acid odour 
1   X X X X 

Strong alcoholic or roasted smell 3       

Musty or slight smell of butyric acid 5       

Disgusting, rotten smell, yeasty 7       

Structure 

Unchanged (like the original material) 0 X X X X X X 

Easily attacked, plant parts friable 1       

Vigorously attacked, greasy, slimy 2       

Rotten 4       

Colour 

Colour similar to the original material 0 X X X X X X 

Colour little changed 1       

Colour strongly changed 2       

Moulds Visible mould infestation: Do not feed silage! 7 N/D N/D N/D N/D N/D N/D 

Total 
Quality  

(Mean ± SD) 
 Very good 

(0.00 ± 0.00) 
Very good 

(1.00 ± 0.00) 
Very good 

(1.00 ± 0.00) 

Q
ua

lit
at

iv
e 

ob
se

rv
at

io
n B

 

Moulds Scale  N/D 1.00 N/D N/D N/D N/D 

Yeasts Scale  3.50 2.00 1.00 0.50 1.00 2.00 

N/D = Not detectable, SD = Standard deviation. 
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 

A Based on the official procedure for silage scoring from the German Agricultural Society [55, 56]. 
B  Qualitative, subjective observation via a scale from 0 (very good) to 5 (very bad): N/D= no mould/yeast spots; 0.50 = occasional mould/yeast spots, approx. < 5% of the 

surface; 1.00 = occasional mould/yeast spots, approx. 5% of the surface; 2.00 = small yeast nest, approx. 15% of the silo face, 2.50 = small yeast nest, approx. 20% of the 
silo face; 3.50 = multiplied yeast nests, approx. 30% of the silo face. 
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Table 5.9 Classification and range of different phases of aerobically stored silage material, and duration of phases and silage temperatures for the different 
silage treatments examined. The phases are limited to the first 14 days of AEMP2. 

AEMP Phase Classification Range A CON BIO CHE 

Duration Silage temperature Duration Silage temperature Duration Silage temperature 

     Mean Range  Mean Range  Mean Range 

    [h] [°C] [°C] [h] [°C] [°C] [h] [°C] [°C] 

1 A Regressive 
outgassing 

h0–h10     0–10   21.8 21.7–22.1     0–10   22.0 21.9–22.2     0–10   22.3 22.2–22.5 

1 B Aerobic stability tsi ≤ 2 K Level   10–124 24.2 22.0–26.2   10–152 24.7 22.2–26.2   10–176 24.3 22.4–26.6 

1 C 
Primary period of 
heating process 

2 K Level < tsi ≈ 40–43°C 124–216 34.7 26.2–40.6 152–246 35.2 26.2–42.7 176–336 33.0 26.6–38.7 

1 D 
Secondary period of 

heating process 
tsi ≤ 40–43°C 216–336 48.2 40.6–52.9 246–336 49.7 42.7–58.4 / / / 

2 A Regressive 
outgassing 

h0–h10     0–8     23.1 22.9–23.5     0–8     23.3 23.2–23.5     0–8     23.2 23.2–23.3 

2 B Aerobic stability tsi ≤ 2 K Level   10–179 24.3 22.9–25.7   10–336 24.1 23.5–24.5   10–336 23.5 23.2–23.7 

2 C 
Primary period of 
heating process 

2 K Level < tsi ≈ 40–43°C 179–282 32.3 25.7–41.7 / / / / / / 

2 D 
Secondary period of 

heating process 
tsi ≤ 40–43°C 282–336 47.3 41.7–53.7 / / / / / / 

AEMP = aerobic emission measurement period, h = hour of storage, tsi = silage temperature. 
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 

A The 2 K Level indicates the aerobic storage period until the silage treatment is aerobically unstable, i.e. temperatures 2 K above ambient air temperature. 
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Table 5.10 Regression and rS for the correlations between carbon dioxide (CO2) emission mass flow [(mg CO2) kgDM
-1] and the time after silo opening (phase A) 

and the temperature difference between the silage material and the ambient air temperature (phases B–D) during the aerobic emission measurement 
periods. 

 Please consider Table 5.9 for more information concerning the phases. The phases are limited to the first 14 days of AEMP2. All regressions stated 
are significant (p < 0.05). 

AEMP Phase Classification CON BIO CHE 

Regression rS Regression rS Regression rS 

1 A A Regressive outgassing 3,044.8 e-10.34 t 0.645 2,549.5 e-9.411 t 0.641 1,922.9 e-9.461 t   0.730 

1 B B Aerobic stability 29.984 x2 + 77.129 x + 92.813 0.890 32.319 x2 + 35.215 x + 77.539 0.655 10.052 x2 + 90.877 x + 96.205   0.835 

1 C B Primary period of 
heating process 

0.1859 x2 + 48.369 x + 337.45 0.835 0.1714 x2 + 35.953 x + 469.27 0.920 -0.0495 x2 + 27.366 x + 386.03   0.968 

1 D B 
Secondary period of 

reheating process 
-2.7444 x2 + 190.03 x - 1,060 0.567 2.0519 x2 - 43.921 x + 1,317.6 0.804 / / 

2 A A Regressive outgassing 1,882.9 e-0.442 t 0.763 2,443.1 e-0.465 t 0.391 1,259.9 e-0.449 t   0.598 

2 B B Aerobic stability 9.6654 x2 + 49.042 x + 73.331 0.828 62.667 x2 - 40.409 x + 28.467 0.385 148.98 x2 + 72.573 x + 29.563 -0.207 

2 C B Primary period of 
heating process 

-1.5831 x2 + 94.466 x + 117.61 0.883 / / / / 

2 D B 
Secondary period of 

reheating process 
2.6208 x2 - 48.419 x + 1,400.2 0.773 / / / / 

AEMP = aerobic emission measurement period. 
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical additive (CHE). 

A  The independent variable for phase A is the time after silo opening [h]. Please note: The regression equations may underestimate the CO2 emission mass flow for the first 
two hours after opening in AEMP1 and for the first 0.5 hours in AEMP2. 

B The independent variable for phases B–D is the relative silage temperature, i.e. the difference between silage and ambient air temperature [K]. 
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Fig. 5.11 Correlation between CO2 concentrations measured within the exhaust air during the first 

aerobic emission measurement period (barrel opening on ensiling day 30) using the GC or 
PAS measurement methodology and technology (Sections 5.2.4 and 5.2.5). 
The regression parameters are: y = 1.0646 × x + 1,333.2, rS = 0.985, p < 0.05. 

 

Fig. 5.12 CO2 emission mass flow, ambient air and silage material temperatures of the silage barrels 
(mean values) containing each silage treatment during the second aerobic emission 
measurement period (opening on ensiling 135). 

 Please note the logarithmic scaling of the left Y-axis (CO2 emission mass flow) and the non-
zero right Y-axis (temperature). The CO2 emission mass flow is calculated based on the gas 
concentration analysis via gas chromatography (Sections 5.2.4 and 5.2.5).  

 Treatments: treatment containing no additive (CON), treatment containing biological additive 
(BIO), and treatment containing chemical additive (CHE). 
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Fig. 5.13 CO2 emission mass flow, ambient air and silage material temperatures of the silage barrels (mean values) containing each silage treatment during 

both aerobic emission measurement periods (AEMP1 and AEMP2). 
AEMP = aerobic emission measurement period.  
For instance, AEMP1: emissions CON refers to the emission mass flow of CON treatment in AEMP1.The CO2 emission mass flow is calculated 
based on the gas concentration analysis via gas chromatography (Sections 5.2.4 and 5.2.5).  
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical 
additive (CHE). 
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Fig. 5.14 CO2 emission mass flow during the heating process as a function of the temperature difference 
between the silage and the ambient air temperature (23.7 ± 0.4°C) during AEMP1 and AEMP2 
(23.7 ± 0.2°C, respectively). 
AEMP = aerobic emission measurement period. Regression courses for each treatment within 
the phases B–D (for instance, AEMP1: CON-B refers to the regression course of CON 
treatment in phase B in AEMP1; see Figs. 5.5, 5.6, 5.12 and 5.13, Tables 5.9 and 5.10). The 
graphs from phase A were not shown, the same applies to AEMP2: BIO-C, AEMP2: BIO-D, 
AEMP2: CHE-C and AEMP2: CHE-D. For simplified visualisation, the graphs of phase B are 
only shown for temperature differences ≥ 0. For regression equations and rS, see Tables 5.9 
and 5.10; all regressions are significant (p < 0.05). The CO2 emission mass flow was 
calculated via photoacoustic spectrometry via gas concentration analysis.  
Treatments: treatment containing no additive (CON), treatment containing a biological 
additive (BIO), and treatment containing a chemical additive (CHE).  

 

Fig. 5.15 Ethanol and ethyl acetate emissions and ambient air and silage material temperatures of the 
silage treatments during the second aerobic emission measurement period (opening on ensiling 
day 135). 

 Treatments: treatment containing no additive (CON), treatment containing a biological 
additive (BIO), and treatment containing a chemical additive (CHE). 
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Fig. 5.16 Ethanol and ethyl acetate emission mass flow, ambient air and silage material temperatures of the silage barrels (mean values) containing each 

silage treatment during both aerobic emission measurement periods (AEMP1 and AEMP2). 
 AEMP = aerobic emission measurement period.  
 For instance, AEMP1: emissions CON refers to the emission mass flow of CON treatment in AEMP1.  
 Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), and treatment containing chemical 

additive (CHE). 
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Table 5.11  Cumulative CO2, CO2eq, ethanol and ethyl acetate emissions during the first aerobic emission 
measurement period (silos opened at ensiling day 30). 

Treatment Storage 

period 

Maximum 

absolute  

silage  

temperature 

Maximum 

relative  

silage  

temperature 

Cumulative gas emissions 

CO2 CO2eq A Ethanol Ethyl acetate 
 

[d] [°C] [K] [mg kgDM
-1] 

CON   0.33   21.8a   ± 0.1  -2.1a   ± 0.2     8,767c ±      742 30.5ab ± 10.5    271c   ±   45   37.8b ±   6.0 

BIO   0.33   22.0ab ± 0.1  -1.9ab ± 0.2     7,391b ±      151 16.7a   ±   1.6    208b   ±   30   40.7b ±   5.5 

CHE   0.33   22.2b   ± 0.2  -1.6b   ± 0.2     5,127a ±      272 23.9b   ±   0.7    138a   ±   19   24.2a ±   3.5 

CON   2.00   23.9a   ± 0.3   0.0a   ± 0.3   11,768b ±   1,450 30.5ab ± 10.5    769b   ± 231 110.0b ± 12.3 

BIO   2.00   24.6b   ± 0.2   0.7b   ± 0.2   10,895b ±      739 16.7a   ±   1.6    561b   ±   57 122.9b ± 13.9 

CHE   2.00   24.1a   ± 0.1   0.2a   ± 0.1     7,891a ±      538 23.9b   ±   0.7    337a   ±   44   66.1a ±   8.4 

CON   4.00   25.0ab ± 0.6   1.0ab ± 0.6   16,630b ±   3,332 30.5ab ± 10.5 1,113b   ± 340 168.3b ± 20.2 

BIO   4.00   25.2b   ± 0.2   1.2b   ± 0.2   14,948b ±      357 16.7a   ±   1.6    787b   ±   23 179.6b ±   4.6 

CHE   4.00   24.3a   ± 0.1   0.3a   ± 0.1   10,656a ±      699 23.9b   ±   0.7    485a   ±   44   97.0a ±   7.5 

CON   6.00   28.6c   ± 2.0   5.1c   ± 1.9   33,231b ± 10,188 30.5ab ± 10.5 1,472c   ± 334 240.7b ± 11.3 

BIO   6.00   25.7b   ± 0.2   2.2b   ± 0.1   23,086b ±   1,374 16.7a   ±   1.6 1,023b   ±   24 237.3b ± 12.6 

CHE   6.00   24.6a   ± 0.4   1.1a   ± 0.4   16,942a ±   2,730 23.9b   ±   0.7    650a   ±   63 129.6a ± 11.2 

CON   8.00   40.4c   ± 2.3 16.5c   ± 2.3   76,566b ± 25,258 30.5ab ± 10.5 1,789b   ± 316 271.2b ±   6.5 

BIO   8.00   33.7b   ± 0.9   9.8b   ± 0.9   49,073b ±   2,214 16.7a   ±   1.6 1,998b   ± 139 446.7c ±   8.7 

CHE   8.00   28.3a   ± 1.6   4.5a   ± 1.6   33,325a ±   5,338 23.9b   ±   0.7 1,193a   ± 277 204.8a ± 20.6 

CON 10.00   45.6b   ± 6.9 21.8b   ± 6.9 126,613b ± 36,585 30.5ab ± 10.5 1,821a   ± 337 282.9b ± 10.2 

BIO 10.00   42.4b   ± 0.3 18.6b   ± 0.3   87,075b ±   4,045 16.7a   ±   1.6 2,803b   ± 316 510.8c ± 11.9 

CHE 10.00   32.1a   ± 1.6   8.3a   ± 1.6   53,723a ±   6,484 23.9b   ±   0.7 2,103a   ± 364 251.3a ± 19.3 

CON 12.00   51.3b   ± 2.4 27.7b   ± 2.4 213,929c ± 36,987 30.5ab ± 10.5 1,833a   ± 344 291.1a ± 13.3 

BIO 12.00   48.9b   ± 3.1 25.2b   ± 3.2 148,575b ± 16,549 16.7a   ±   1.6 2,818b   ± 320 524.4b ± 16.1 

CHE 12.00   35.1a   ± 1.9 11.4a   ± 2.0   81,189a ±   8,466 23.9b   ±   0.7 3,258b   ± 492 293.7a ± 18.9 

CON 14.00   50.0b   ± 3.2 26.7b   ± 3.2 279,148c ± 22,949 30.5ab ± 10.5 1,841a   ± 346 295.3a ± 15.3 

BIO 14.00   55.8c   ± 4.5 32.5c   ± 4.6 195,585b ± 22,208 16.7a   ±   1.6 2,820b   ± 320 527.7b ± 15.7 

CHE 14.00   37.7a   ± 2.7 14.4a   ± 2.8   99,526a ±   9,333 23.9b   ±   0.7 3,934c   ± 454 315.2a ± 15.9 

CON B   5.17a  
± 0.75 

26.2   ± 0.4   2.5     ± 0.6   23,008a ±   1,428 30.5ab ± 10.5 1,310ab ± 484 204.0a ± 45.9 

BIO B   6.33b  
± 0.15 

26.3   ± 0.4   2.4     ± 0.4   25,960b ±   1,761 16.7a   ±   1.6 1,107b   ±   55 270.4b ± 25.3 

CHE B   7.33c  
± 0.57 

26.5   ± 0.5   2.6     ± 0.4   26,505b ±   1,468 23.9b   ±   0.7    896a   ±   62 181.9a ±   9.1 

Significant differences (p < 0.05) among the three treatments are indicated by different lowercase letters. 
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), 
and treatment containing chemical additive (CHE). 

A CO2eq emissions consider only the climate-relevant CH4 and N2O emissions.  
Cumulative methane emission quantities (emissions within the first hour after opening): 
CON 9.26b ± 3.50 µg kgDM

-1, BIO 4.52ab ± 0.49 µg kgDM
-1, CHE 1.70a ± 2.69 µg kgDM

-1.  
Cumulative nitrous oxide emission quantities (emissions within the first three hours after opening): 
CON 101.5ab ± 34.9 µg kgDM

-1, BIO 55.5a ± 5.1 µg kgDM
-1, CHE 80.0b ± 5.2 µg kgDM

-1.  
Global warming potentials: CH4 = 25, N2O = 298.  

B Time point when silage temperature was 2 K above ambient air temperature (≅ length of aerobic stability [d]). 
The lengths for the specific barrels were: CON1 5.59 days, CON2 4.26 days, BIO1 6.15 days, BIO2 6.08 days, 
CHE2 7.68 days and CHE3 6.63 days. For the statistical analysis of temperatures and emissions, the values of 
the following three measurement time points were used as the data basis. 
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Table 5.12 Cumulative CO2, CO2eq, ethanol and ethyl acetate emissions during the second aerobic 
emission measurement period (silos opened at ensiling day 135). 

Treatment Storage 

period 

Maximum 

absolute  

silage  

temperature 

Maximum 

relative  

silage  

temperature 

Cumulative gas emissions 

CO2 CO2eq A Ethanol 
Ethyl 

acetate  
[d] [°C] [K] [mg kgDM

-1] 

CON   0.33 22.9a ± 0.1  -0.9a ± 0.1     5,588b ±        79 9.6c ± 0.3    143b ±   26      35.7b ±     5.7 

BIO   0.33 23.5b ± 0.2  -0.4b ± 0.2     6,676c ±      278 4.8a ± 0.7    231c ±   57    137.1c ±   30.7 

CHE   0.33 23.3b ± 0.2  -0.6b ± 0.2     3,490a ±        60 7.2b ± 0.2      72a ±   17      24.6a ±     4.5 

CON   2.00 23.8a ± 0.3   0.0a ± 0.3     7,606b ±      398 9.6c ± 0.3    471b ±   56    117.8b ±   10.6 

BIO   2.00 24.5b ± 0.1   0.7b ± 0.1     7,973b ±      459 4.8a ± 0.7 1,082c ± 212    564.4c ± 119.0 

CHE   2.00 23.5a ± 0.0  -0.2a ± 0.1     4,173a ±      208 7.2b ± 0.2    299a ±   36      88.9a ±   12.5 

CON   4.00 24.2b ± 0.4   0.5b ± 0.4     9,995c ±      235 9.6c ± 0.3    738b ±   36    174.6b ±     8.4 

BIO   4.00 24.4b ± 0.1   0.7b ± 0.1     8,789b ±      543 4.8a ± 0.7 1,753c ± 297    913.8c ± 177.0 

CHE   4.00 23.5a ± 0.0  -0.2a ± 0.0     4,619a ±      275 7.2b ± 0.2    489a ±   23    139.2a ±   13.6 

CON   6.00 24.9c ± 0.3   1.1c ± 0.3   14,574c ±   1,250 9.6c ± 0.3 1,006b ±   30    224.2b ±   12.7 

BIO   6.00 24.2b ± 0.1   0.4b ± 0.1     9,655b ±      654 4.8a ± 0.7 2,384c ± 411 1,241.6c ± 243.0 

CHE   6.00 23.5a ± 0.0  -0.3a ± 0.0     5,069a ±      447 7.2b ± 0.2    672a ±   26    185.6a ±   16.8 

CON   8.00 26.2c ± 0.2   2.5c ± 0.2   24,668c ±   5,588 9.6c ± 0.3 1,253b ±   20    264.2b ±   15.4 

BIO   8.00 24.1b ± 0.0   0.4b ± 0.1   10,443b ±      711 4.8a ± 0.7 2,953c ± 512 1,533.9c ± 297.6 

CHE   8.00 23.4a ± 0.0  -0.3a ± 0.1     5,609a ±      687 7.2b ± 0.2    838a ±   27    226.0a ±   19.0 

CON 10.00 33.6c ± 2.1   9.9c ± 2.0   50,249c ± 15,450 9.6c ± 0.3 1,628b ± 186    305.1a ±   30.3 

BIO 10.00 24.0b ± 0.0   0.3b ± 0.1   11,007b ±      834 4.8a ± 0.7 3,504c ± 620 1,815.9b ± 351.9 

CHE 10.00 23.4a ± 0.1  -0.3a ± 0.1     6,217a ±      876 7.2b ± 0.2    997a ±   29    264.6a ±   20.7 

CON 12.00 43.4c ± 2.6 19.6c ± 2.6 104,843c ± 30,166 9.6c ± 0.3 2,211b ± 611    334.0a ±   35.1 

BIO 12.00 23.8b ± 0.1   0.0b ± 0.1   11,496b ±      966 4.8a ± 0.7 4,067c ± 736 2,112.1b ± 400.1 

CHE 12.00 23.4a ± 0.1  -0.4a ± 0.1     6,943a ±   1,251 7.2b ± 0.2 1,152a ±   44    303.2a ±   23.2 

CON 14.00 50.0c ± 4.2 26.3c ± 4.2 175,018c ± 57,279 9.6c ± 0.3 2,458b ± 743    360.1a ±   35.9 

BIO 14.00 23.7b ± 0.1   0.0b ± 0.1   11,981b ±   1,077 4.8a ± 0.7 4,469c ± 810 2,326.8b ± 425.6 

CHE 14.00 23.4a ± 0.2  -0.3a ± 0.2     7,823a ±   1,739 7.2b ± 0.2 1,262a ±   43    331.0a ±   23.7 

CON B   7.75  
± 0.31 

26.0   ± 0.2   2.3   ± 0.2   23,667  ±   6,662 9.6   ± 0.3 1,225  ±   26    260.0  ±   20.0 

BIO B / / / / / / / 

CHE B / / / / / / / 

Significant differences (p < 0.05) among the three treatments are indicated by different lowercase letters. 
Treatments: treatment containing no additive (CON), treatment containing biological additive (BIO), 
and treatment containing chemical additive (CHE).  

A CO2eq emissions consider only the climate-relevant CH4 and N2O emissions.  
Cumulative methane emission quantities (emissions within the first 0.5 hours after opening): 
CON 9.36b ± 1.05 µg kgDM

-1, BIO 5.80b ± 0.88 µg kgDM
-1, CHE 6.50a ± 0.71 µg kgDM

-1.  
Cumulative nitrous oxide emission quantities (emissions within the first hour after opening): 
CON 31.4c ± 1.0 µg kgDM

-1, BIO 15.5a ± 2.3 µg kgDM
-1, CHE 23.5b ± 0.7 µg kgDM

-1.  
Global warming potentials: CH4 = 25, N2O = 298. 

B Time point when silage temperature was 2 K above ambient air temperature (≅ length of aerobic stability [d]). 
The lengths for the specific barrels were: CON3 7.68 days and CON4 7.27 days; BIO and CHE > 19 days. 
For the statistical analysis of temperatures and emissions, the values of the following three measurement time 
points were used as the data basis. 
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5.7 Supplementary information 

List of abbreviations 

AA Acetic acid 

AEMP Aerobic emission measurement period 

ANOVA  Analysis of variance 

ASTA Aerobic stability 

BIO Treatment containing biological additive 

C Carbon 

CF Carbon footprint 

CFU Colony-forming units 

CH4 Methane 

CHE Treatment containing chemical additive 

CO2 Carbon dioxide 

CO2eq CO2 equivalent 

CON Treatment containing no additive 

DM Dry matter 

EA Ethyl acetate 

FM Fresh matter 

GC Gas chromatography 

GHG Greenhouse gas(es) 

GWP Global warming potential(s) 

IPCC Intergovernmental panel on climate change 

kgDM Mass of dry matter material in kg 

kgFM Mass of fresh matter material in kg 

LAB Lactic acid bacteria 

LCA Life cycle assessment 

N2O Nitrous oxide 

PAS Photoacoustic spectroscopy 

rS Spearman’s correlation coefficient 

SA Silage additive(s) 

SD Standard deviation 

VOC Volatile organic compound(s) 
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6 General discussion and conclusions 

The three studies in this thesis investigated the formation, emission and fixation of gases from 

the moment of silo closure to silage removal during feed-out. The studies answer research 

questions 1–5. The combination of the studies and a literature review serves to complement the 

research into gas dynamics, from field to barn, and provides answers to questions 6 and 7. 

6.1 Answers to the research questions 1–5 

1 When are which climate- and environment-relevant gases and gas quantities formed 

during fermentation? 

Studies 1 and 2 investigated the temporal variation in GHG (CO2, CH4 and N2O) formation 

during the fermentation of grass, lucerne and maize silage. The methodological approach was to 

measure the gas concentrations within the head space of the silos. For Study 1, this approach 

limited the information on the time of gas formation. This aligns with previous studies (e.g. Li et 

al., 2017; Peterson et al., 1958; Wang and Burris, 1960). In Study 2, silos were connected to gas 

bags to determine the concentrations and amounts of the gases formed. This methodology aligns 

with Knicky et al. (2014). To the author’s knowledge, Studies 1 and 2 set new standards 

concerning the scope of gas sampling. The combination of the long test period, the short intervals 

between the individual measuring points and the wide range of gases analysed provided one of the 

most comprehensive data sets to date. 

All variants exhibit significant CO2 formation within the first two days after silo sealing due to 

plant material, EB and yeast activity. CH4 concentrations exhibit local maxima between the 

ensiling hours 16.2–144.0 and N2O concentrations between hours 38.3–94.5. The formation 

pathways of these gases are based mainly on the metabolism of EB and archaea (Studies 1 and 2). 

Additional CH4 can be formed during malfermentation. 

Study 2 also comprised the formation of ethanol and EA. This was investigated for the first 

time in silage emission research. Previous studies measured material concentrations (e.g. Weiß et 

al., 2020) or ethanol gas formation of silage-related MO in broth (Shan et al., 2021c). Ethanol gas 

quantities peaked at ensiling day 4.67 ± 0.38 and were formed primarily by EB and yeasts. 

EA peaked between ensiling days 5–30 and was formed by LAB, AAB and yeasts. Additional 

EA can be formed in the ongoing fermentation based on LABhe and AAB activity. 

Further information can be found in Section 6.2.2, which also considers other gases. 
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2 To what extent do the factors of plant type, DM, and management (e.g. packing density 

and use of SA) affect gas formation? What emissions occur under more challenging 

conditions, such as malfermentation and increased risk of aerobic deterioration? 

The presented data indicates that low DM led to a significantly faster increase in 

CO2 concentrations regardless of the plant type (Study 1; cf. Gomes et al., 2019). Furthermore, 

low DM led to higher initial CH4 concentrations (ensiling hours 6–27) but decreased 

concentrations afterwards (ensiling hours 31–106) (Study 1). Higher DM led to later but increased 

N2O concentration peaks. Grass silage indicated increased initial CH4 and N2O concentrations 

compared to lucerne. However, gas concentrations are affected by an outward-directed CO2 gas 

flow (Studies 1–2). The malfermentation of lucerne silage resulted in an increase in the pH and 

formation of methane (CH4). This was due to the degradation of LA, the formation of butyric acid 

and the formation of NH3 (cf. Pahlow et al., 2003). This pattern has been measured for the first 

time. Unfortunately, the amount of CH4 formed is not known. However, CH4 formation may also 

occur in commercial silos under adverse conditions (e.g. low DM, low FC, high clostridial counts). 

In these situations, best practice (see Section 6.2.2) shall be applied to mitigate emissions. 

SA did not consistently reduce CH4, N2O, ethanol or EA emissions during fermentation 

(Study 2). BIO reduced CH4 and N2O, and CHE reduced ethanol and increased N2O emissions.  

Increased porosity (e.g. high DM, low packing effort) led to increased O2 supply after silo 

closure and increased EB and yeast activity. This affected DML and CO2 formation (Study 2; Shan 

et al., 2021b). High porosity and increased counts of these MO affected the ASTA (Study 3). Thus, 

DML and CO2 emissions during the feed-out phase were probably substantially increased. In 

contrast, climate-relevant CH4 and N2O emissions during the feed-out phase were unaffected based 

on outgassing of previously formed quantities. However, increased DML led to rising emission 

quantities, indirectly connected to silage production, e.g. during crop production (Studies 1 and 3).  

SA delayed the heating but increased the emissions of ethanol and EA during feed-out. 

3 Which emission quantities apply in the fermentation and which in the aerobic feed-out 

phase? Which ratio is derived for continuous silage material? When should action be 

taken to reduce emissions? 

CH4 and N2O are formed in the first days of fermentation. The data show that larger parts are 

emitted during fermentation, smaller parts after the silo is opened (Studies 2 and 3). SA can affect 

emission quantities: the BIO treatment indicated the lowest values (Study 3). Increases in CH4 and 

N2O concentrations occur earlier in the low DM variants. However, it’s still unclear whether this 

is due to earlier formation or influenced by gas depletion. Mitigation strategies should generally 

be applied during the early fermentation phase (Sections 6.2.1 and 6.2.2).  



General discussion and conclusions 

- 181 - 

VOC emissions during the feed-out phase exceed those during fermentation. This is due to the 

continuous volatilisation of the substances present in the liquid phase or additional microbial VOC 

formation. Shan et al. (2023) showed the new formation of ethanol in anaerobic layers of heating 

silage. Study 3 shows increased EA formation for stable and heating material.  

CO2 emissions during feed-out exceed those produced during fermentation. DML affects the 

indirect emissions associated with silage production (Study 3; cf. Emery and Mosier, 2012). Based 

on the studies, management decisions should focus on reducing DML to improve sustainability. 

4 Does silage fix gases in modified trial set-ups using gas-proof materials? When are 

which quantities fixed? Can silage be a CO2 sink? 

Previous studies partially used silicone, known as CO2-diffusable (Study 2; Bueno et al., 2020; 

Restelatto et al., 2019; Schmidt et al., 2018). The trial set-up in Study 2 focused on the reduction 

of methodological errors affecting gas tightness negatively. Nevertheless, all gases indicated 

decreasing quantities within the zero-pressure systems (silos plus gas bags) observed in Study 2. 

Several biological, physical and chemical pathways were discussed (Section 4.4.5). However, 

further interdisciplinary research is required to prove or refute the proposed explanations.  

Despite the reduction in gas volume, the net balance of GHG and VOC formed and fixed during 

fermentation is positive. Thus, the open research question of whether silage can act as a carbon 

sink (Schmidt and Vigne, 2023) is answered and negated for the first time in Study 2. Emissions 

during the feed-out phase are added to this. Thus, silage storage must be seen more as contributing 

to climate-relevant emissions and less as sequestering CO2 or other gases. 

5 If the use of SA mitigates silage emissions during fermentation and/or the feed-out 

phase, what’s the balance of silage-related mitigations and the CF of SA themselves? 

As the best-case scenario in Study 3 shows, SA use does not lead to relevant reductions in 

climate-relevant emissions (Section 5.4.4). Consequently, the CF of SA production and application 

in this scenario cannot be compensated by reduced emissions from silage storage.  

The situation is different if using SA leads to a reduction in DML (worst-case scenario, see 

Section 5.4.4). In this case, the savings in indirectly associated CO2eq emissions – during crop 

production (Emery, 2013; cf. Jacobs et al., 2017; Wilkinson and Garnsworthy, 2021) – can offset 

the CF of the SA. Similarly, if a malfermentation would lead to substantial DML (Study 1), and 

management decisions, e.g. the use of SA, would prevent clostridial activity. From an ecological 

point of view, the use of SA is therefore positive if high DML can be avoided. The empirical 

studies confirm the first approaches in this context (Milimonka et al., 2019) and complement 

earlier objectives of SA use (Muck et al., 2018). 
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6.2 Advanced findings 

The more complex research questions 6 and 7 are discussed in separate sections below. 

6.2.1 Research of gas dynamics during the ensiling process 

The presented studies complement the silage emission research conducted over the last decades. 

Based on the current state of research, the findings are combined to answer research question 6 

and to derive consequences for the process chain of silage provision. 

6 Which gases are formed, emitted or fixed by which MO in which pathways?  

What phases of gas dynamics can be deduced? 

The gas dynamics of silage material during storage periods exhibit high levels of variability, 

both spatially and temporally, in the pathways employed (Studies 1–3; cf. Daniel et al., 2015; 

Hafner et al., 2010; Shan et al., 2023; Shan et al., 2021b). The environmental conditions and 

microbiota show noticeable interactions. As shown, the formation or fixation of detectable gases 

may help assess the occurrence of specific microbiota metabolism. Thus, gas measurements can 

help to explain microbial activity in the phases of the ensiling process (see Section 2.3).  

Table 6.1 displays a deliberately clear phase structure of gas dynamics during silage provision. 

It shows the essential formation and fixation pathways. Modifications of the existing phases were 

used to explain various phenomena in more detail (cf. Ávila and Carvalho, 2020; Shan et al., 2023). 

Table 6.1 is based on current state of knowledge, complementing Studies 1–3 and previous reports. 

To the author’s knowledge, this level of compact summarisation of emission pathways is 

innovative. However, Table 6.1 focusses on gas emissions and does not consider other emissions 

like effluents or the formation of hygienic-relevant substrates such as mycotoxins (e.g. Day and 

Liscansky, 1987; Gallo et al., 2023; Queiroz et al., 2018; Weiß, 2017; Wróbel et al., 2023). 

Furthermore, many formation and degradation pathways are based on a combination of different 

research areas without direct evidence in silage. At this point, there is a need for interdisciplinary 

research into parallel gas measurement and analyses of the microbial community. First approaches 

have been made in this regard (Chen et al., 2021). Still, the heterogeneity of the pathways and 

conditions (e.g. plant species, DM, epiphytic MO) show that a more reliable empiric database is 

necessary. Thus, an appeal is made to adapt or supplement the facts presented.  

Similar to previous models, the transition between the phases may be blurred based on the 

temporal-spatial differences of environmental conditions (e.g. O2 supply), silage characteristics 

(e.g. DM) and resulting MO activity. As a result, the strict phase separation applies more to a 

specific part of the silage mass; other parts may be in different phases at any given time. Fig. 6.1 

indicates the implementation of the various phases into the process chain of silage provision.
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Table 6.1 Phases of gas dynamics during silage provision, including major formation and fixation pathways. This table should be seen as a first step, as more 
evidence is needed in the silage context and other pathways may apply. The findings are based on the studies’ results and cited reports. 

 
A = Outside the silo (e.g. transport vehicles, feed-mixer wagon or feed trough), AAB = Acetic acid bacteria, B = Inside the silo, C = Optional phase, CH4 = Methane, 
CO = Carbon monoxide, CO2 = Carbon Dioxide, ∆t = Temperature difference (silage - ambient air), E = Ethanol, EA = Ethyl acetate, EB = Enterobacteria, 
LABhe = Heterofermentative lactic acid bacteria, LABho = Homofermentative lactic acid bacteria, NH3 = Ammonia, N2O = Nitrous oxide, NO = Nitric oxide 
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Fig. 6.1 Phases of gas dynamics in the process chain of silage provision. 
  O2 = Oxygen. 

Furthermore, only parts of the gases are depicted. In particular, the remaining 44 VOC (Hafner 

et al., 2018) require further research. The apparent differences between ethanol and EA formation 

patterns (Study 3; Shan et al., 2023) show that there may also be heterogeneous formation patterns 

for the other VOC. In addition, management impacts, such as the use of SA, do not appear to affect 

the formation of VOC consistently. Despite the principles of Fick’s and Henry’s law, the SA in 

Studies 2 and 3 could not demonstrate a uniform reduction in gas formation. This contradicts 

earlier studies of the VOC concentrations in SA-treated silage (Hafner et al., 2015).  

Plant respiration can begin after cutting during Phase 1. Grass or lucerne silage may experience 

respiration losses during wilting (cf. Macdonald and Clark, 1987; Savoie et al., 2011); maize silage 

is directly filled into transport vehicles. Chopping and compaction enhance microbial activity, 

DML, and heat and CO2 formation. Aerobic conditions will generally be maintained until the 

material is sealed in Phases 1–3. In this time, silage temperature can increase in commercial silos 

up to 11.67 K (Seglar, 2003; McCullough, 1984, cited by Schroeder, 2004). These values are 

considerably higher than the calculated values of respiratory heating in models of O2 consumption 

of common silage characteristics (Lindgren, 1999). During filling, O2 penetrates the uppermost 

layers of the silo. This can be intensified in bunker silos by the vehicles packing the silo: 

the compaction and expansion of the material during the transfer can lead to air being sucked in 

and penetrating (sponge effect). This increases the length of O2 exposure (Phase 2). However, 

this may differ for other silos. Silo bags are sealed during filling and bales directly after filling. 

This shortens the time of exposure to O2. The same applies to tower silos: the material is conveyed 

with air by the blower, but the O2 is quickly respired in the silo. However, the filling rates of these 

types of silos can be lower than those of bunker silos. Laboratory-scale trials measured more minor 
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temperature differences (< 4 K) (Study 2; Li et al., 2017). This may be affected by the smaller 

silage masses or by rapid O2 consumption (Li et al., 2017; Wang and Burris, 1960). Further trials, 

the results of which have not yet been published, have demonstrated that laboratory silos 

(1.5 L glass jars) exhibit anaerobic conditions between 0.5 and 1.0 hours after closure. The rapid 

filling of laboratory silos differs from commercial silos. Nevertheless, on farms, a combination of 

aerobic and anaerobic conditions can occur in certain parts of the crop material before the silo is 

sealed: anaerobic conditions may occur in the deeper layers of the self-compacted silage material 

or perhaps even in the transport vehicles (Phase 1). The latter should only occur during long dwell 

times, e.g. during long-distance transport or delays in unloading. As a result, parallel respiration, 

fermentation, and proteolysis during these phases could lead to emissions that may go undetected. 

Phases 3–4 are crucial for the formation of CH4 and N2O due to the dominant activity of EB 

(see Studies 1–2). Therefore, efforts to reduce the formation should focus on these phases (see 

Section 6.2.2). Additionally, carbon monoxide (CO) and NO2 are produced during this period. CO 

can cause health problems and may lead – similar to VOC – to O3 formation (cf. Zhao et al., 2021). 

CO is formed in the initial days after silo closure, but the amount of formed quantities is still 

unknown (Zhao et al., 2021). One possible explanation is that in a non-silage context, some species 

of proteobacteria and EB have been shown to form CO in mainly anaerobic conditions (Hayashi 

et al., 1985), single species of firmicutes in aerobic conditions (Engel et al., 1972). However, 

the possible formation pathways of CO in silage have yet to be detected, but the mentioned phyla 

were detected in maize silage (e.g. Xu et al., 2021). The formed CO may be oxidised to CO2, H2, 

and AA by, for instance, EB, clostridia or methanogenic archaea using CO dehydrogenase 

(cf. Davidova et al., 1994; Diekert et al., 1986; Lee et al., 2018). The H2 may be relevant for 

subsequent methanogenesis (Study 2). CO dehydrogenase activity depends on the pH, for instance, 

with an optimum between 6.7–12.0 for specific archaea, but low activity down to pH 3 is possible 

(Davidova et al., 1994; DeMoll et al., 1987; Grahame and Stadtman, 1987). The literature review 

clearly shows the knowledge gap. There is only one study on CO emissions from silage and it is 

unclear whether the above explanations apply to the heterogeneous fermentation processes. 

Further investigations are required, as the CO dehydrogenase-based CO metabolism, which is 

partly cross-species, could also be important for CO2 fixation if the Wood-Ljungdahl pathway 

(reductive acetyl-coenzyme A pathway) applies in Phase 6 (cf. Berg, 2011; Diekert et al., 1986; 

Ragsdale and Pierce, 2008; Vigne, 2022). The detection of specific gases in the various phases 

could therefore provide information on the metabolism pathways that occur. 

In parallel, the formation of NO2 is directly connected to NO3
- degradation (Study 1). 

EB generally degrade NO3
- to NO2

- and subsequently to N2O and NH3 through denitrification, but 
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this process only applies for pH > 4.5–5.0 (Pahlow et al., 2003). LAB expresses nitrate- and 

nitrite-reductase enzymes (Rooke and Hatfield, 2003). Due to the ongoing decrease in pH in silage, 

NO2
- is unstable when the pH is below 4.5 and is chemically decomposed into NO and NO3. 

Sufficient quantities of NO3
- favours clostridia suppression (cf. Study 1; Kaiser and Weiß, 2007; 

Weiß, 2001; Wilkinson, 1999). In detail, the inhibitory effect is based on the subsequently formed 

NO affecting the adenosine triphosphate production of clostridia (Spoelstra, 1985, 1983; Woods 

et al., 1981). However, if NO is released into the air, it reacts with O2 to form, among others, 

NO2 and N2O (Pahlow et al., 2003).  

Subsequently (Phases 5 and 7), LAB are the most active MO at pH < 4.5–5.0. Seglar (2003) 

reports the change from thermophilic to mesophilic LAB between phases P3 and P4. As discussed 

above, this may be of a higher relevance for commercial compared to laboratory silos.  

Thus, microbial activity and gas formation may vary in the ratio and timing between the presented 

Studies 1–3 and practical agriculture. Still, the primary microbiological metabolism should be 

comparable (cf. Krueger et al., 2022). Future research should aim to improve the knowledge 

transfer between laboratory and commercial silos.  

Phase 6 requires further investigation. In particular, research attention should be given to the 

gas fixation pathways, with a focus on CO2. Several non-silage studies have addressed possible 

pathways (e.g. Berg, 2011; Davidova et al., 1994; Diekert et al., 1986; Hayashi et al., 1985; 

Ragsdale and Pierce, 2008). Some of these pathways have previously been connected to the 

context of silage (Study 2; Chen et al., 2021; Krueger et al., 2022; Schmidt et al., 2023; Schmidt 

et al., 2018; Schmidt and Vigne, 2023; Vigne et al., 2019). A comprehensive overview is given by 

Vigne (2022). Previous approaches have primarily focused on the reductive 

acetyl-coenzyme A pathway. However, Study 2 highlighted the importance of bicarbonates and 

carbonic acid during CO2 fixation, which may enhance other microbial reactions such as the 

formation of pyrimidine and arginine (Arsène-Ploetze et al., 2006; Arsène-Ploetze and Bringel, 

2004). Furthermore, the Arnon-Buchanan cycle (reductive citric acid cycle or reductive 

tricarboxylic acid cycle) may be another pathway of autotrophic CO2 fixation (Berg, 2011).  

In this cycle, CO2 and bicarbonate are used for the formation of acetyl-coenzyme A, oxaloacetate 

and phosphoenolpyruvate. This cycle, which can vary slightly between species, has been detected 

in, among others, mesophilic, aerobic bacteria such as proteobacteria (cf. Berg, 2011). 

These bacteria may be one of the most abundant phyla within the first 30 days of silage 

fermentation (Chen et al., 2021). Nevertheless, research has not yet been able to prove this in the 

silage context. One approach was proposed by Chen et al. (2021), who report negative correlations 

between the relative abundance of Serratia (-0.66), Sphingobacterium (-0.58) and Sphingomonas 



General discussion and conclusions 

- 187 - 

(-0.29) and CO2 production of rice straw silage. This may be based on the CO₂ fixation by these 

bacteria. Future studies should concentrate on the empirical evidence of the MO and metabolic 

pathways involved under the heterogeneous conditions of versatile silage fermentation. 

Further research is also needed in Phase 8 especially in the formation of CH4 during 

malfermentation or the variety of the 46 VOC. The mutual interaction between microbial 

metabolism and characteristics of the formed gases, e.g. the antimicrobial and fungal effect of EA 

(see Studies 2–3), may also be interesting. 

The duration of ASTA (Phase 9) varies depending on, among others, DM, porosity, 

MO community, ambient and initial silage temperatures, the structure of the silage face, wind 

impact, SA use or other treatments of the silage face. Furthermore, the ASTA of silage and feed 

diets, which may implement silage, may vary noticeably between laboratory and farm conditions 

(Kung, 2010). The start of DML, CO2 emissions and heating are based on AAB respiration 

(Phase 10) (Merry and Davies, 1999). Subsequently, yeasts precede moulds (Phase 11), but later 

on, moulds suppress yeasts (Phase 12) (Merry and Davies, 1999). Furthermore, Bacillus strains 

are becoming increasingly relevant in the 40–80°C temperature range, as yeasts are inhibited at 

high temperatures (Lindgren, 1999; Lindgren et al., 1985). In contrast, Pitt et al. (1991) differ 

between the four groups of mesophilic and thermophilic yeasts and moulds.  

The amount of O2 that can enter the silo is limited by ambient conditions, silage characteristics 

and physical laws. The available O2 is rapidly respired in the layers closest to the silo face, 

with anaerobic conditions in deeper layers (Shan et al., 2023). The rate of microbial respiration 

[(g O2) h-1 kgDM
-1] defines the depth of aerobic and anaerobic layers. During the ongoing heating 

process, the respiration rate is assumed to increase rapidly due to the O2 supply (cf. Pitt and Muck, 

1993; Shan et al., 2021b). Thus, the depth of the aerobic layer decreases, and anaerobic conditions 

are restored beyond it. Within the anaerobic layers, the increased numbers of yeasts may lead to 

additional ethanol formation (Shan et al., 2023), and other MO may produce additional climate or 

environmental gases, for instance, CH4 (Study 3). The ethanol formed may be partially 

metabolised to EA in the aerobic layers near the silo face (Study 3). In general, ethanol degradation 

was reported to precede LA and AA degradation (Spoelstra et al., 1988). However, the restoration 

of anaerobic conditions is cancelled when the face layer is removed. O2 again penetrates deep into 

the silo and increases the activity of the facultative aerobic MO in the deeper layers until the 

already raised CFU of the facultative aerobic MO leads to accelerated respiration losses at the silo 

face. It can be assumed that this fact, in addition to the different gas tightness (cf. Xiccato et al., 

1994), is one of the main reasons for the differences in ASTA between commercial and laboratory 

silo material, which is exposed to O2 for the first time when the silo is opened.  
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The varying microbial activity in Phases 11–12 may lead to a clear separation – indicated by 

two separated phases of temperature increase (e.g. Merry and Davies, 1999; Shan et al., 2023; 

Shan et al., 2021b; Sun et al., 2017; Weseh, 2013) – or may show a smooth transition between 

these phases (Shan et al., 2021a; Shan et al., 2021b; Shan et al., 2019; Sun et al., 2017).  

Within the silo, the heat is transferred based on conduction and convection; at the silo face or other 

external barriers, heat dissipates via radiation and convection. These rates depend on silage and 

silo characteristics, especially porosity, DM or construction and sealing material of the silo.  

In addition, the specific heat capacity of the silage material [Wh kg-1 K-1] may differ.  

Sun et al. (2017) and Pereira et al. (2019) exhibit the varying heating pattern in silos.  

To summarize current knowledge, crucial phases for silage emissions are shown in Table 6.2. 

Table 6.2 Relevance of the phases for silage emissions. 

Phase Event Importance for DML and gas emissions 

  DML & CO2 CH4 & N2O VOC 

1 Harvest & Transport Medium Low Medium 

2 Silo filling & compaction High Low High 

3 Silo sealed High High High 

4 Primary heterofermentative fermentation High Medium High 
5 LAB homofermentation Low Low Low 

6 Gas fixation / / / 

7 Secondary heterofermentative fermentation High – High 

8 Malfermentation High High Medium*  

9 Feed-out, stable temperature Low – Medium 

10 Initiation of heating Medium – High 

11 Primary phase of heating High Medium*  High 

12 Secondary phase of heating High Medium*  High 

– = no relevance, / = not considered, * = assumed, CH4 = Methane, CO2 = Carbon Dioxide,  
DML = Dry matter losses, N2O = Nitrous oxide, VOC = Volatile organic compounds. 

Microbial metabolism and subsequent emissions can continue during mixing and submission 

(cf. Bonifacio et al., 2017; Kung et al., 1998; Seppälä et al., 2013). Mixing distributes the MO to 

all particles and provides additional O2 to promote deterioration. In addition, water addition may 

increase the risk of deterioration (Eastridge, 2006; Felton and DeVries, 2010), and other feed 

components offer additional substrates for microbial metabolism. The components’ different 

buffer capacities and pH values affect the pH-dependent mitigation of aerobic deterioration by 

organic acids (cf. reported studies in Kung, 2023). Furthermore, silage with high activity of aerobic 

MO impairs and SA like organic acid enhance ASTA of the feed ratios (unpublished findings 

reported in Kung, 2023; Seppälä et al., 2013). During silage submission, precipitation, animal 

saliva and solar radiation can affect the DM of the forage and MO metabolism.  
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6.2.2 Implications for silage research and farm management 

The studies and the scope of the discussion show that the emission behaviour of silage is 

complex and influenced by several multidisciplinary factors. Based on the principles of risk 

assessment, a ranking of hazarding factors is possible (Lindgren, 1999). The relevance of these 

factors for silage emissions and the effort – i.e. changes in management, cost and labour input or 

expenditure with environmental consequences – required to change them directly or to implement 

management decisions that affect them can vary considerably (Fig. 6.2).  

7 Which recommendations can be formulated for silage research and commercial silage 

management to reduce environmental impacts? 

The new field of gas fixation needs further trials using various trial set-ups. So far, it cannot be 

ruled out that gas leaks occurred during (some of) the tests and that the assumptions of gas fixation 

are based on methodological errors. Further tests with gas-tight silos must be carried out and 

evaluated with detailed MO analyses and interdisciplinary discussion. Understanding the complex 

interlinked pathways requires additional effort. Any findings may be helpful for future silage 

research. In addition, insights into the ensiling of agricultural feedstuffs can contribute to progress 

in bioprocessing research. 

Studies 1–3 and previous research demonstrate the dynamic patterns of substrate concentrations 

within the material (e.g. Weiß et al., 2020) or gas quantities stored within the silo (e.g. McEniry et 

al., 2011; Weinberg and Ashbell, 1994). However, some emission models assume constant 

substance quantities within the material – especially VOC concentrations – for the period of 

emission prediction (e.g. Bonifacio et al., 2017; El-Mashad et al., 2010; Hafner et al., 2012). 

While empirical and estimated data align concerning gas formation during fermentation (Study 2, 

Hafner et al., 2012), variation may occur in the dynamic VOC emissions during the feed-out phase 

based on additional substrate formation or degradation (cf. Shan et al., 2023). For instance, 

the ethanol metabolism to EA is assumed to affect gas emissions and challenge the assumption of 

constant material concentrations (Study 3). It is recommended that established models be modified 

or new models be developed to account for the highly dynamic processes of substrate formation 

and degradation affecting the emission rates. This applies particularly to GHG in Phases 3–4 and 

VOC during Phases 10–12. Furthermore, models should consider long-term feed-out periods of 

practical relevance. The development of emission models for the first hours after silo opening by 

El-Mashad et al. (2010) or Hafner et al. (2012) is valuable. Still, it does not represent the entire 

range of commercial silo emissions. Further empirical research is necessary to provide reliable 

data for the next generation of models. 
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Fig. 6.2 The relevance of various parameters for environmental impacts of the silage provision process 
chain. The external effects and material characteristics may be affected due to management 
decisions. These can be differentiated according to their relevance, as well as the effort and 
complexity (ecological, economic or organisational) of their implementation.  

 DM = Dry matter (concentration), DML = Dry matter losses. 
 The presented findings are based on the studies’ results and the findings of earlier published 

reports cited within this dissertation. 

The current state of knowledge shows that the phases of gas formation can be very short and 

dependent on many factors. Earlier studies – which have adapted their methodology to different 

research foci and provide important findings (Schmidt et al., 2012; Schmidt et al., 2011; Zhao et 

al., 2021) – have sometimes made simplified statements about, e.g. the DM or the time of gas 

extraction. However, if gas formation and its processes are considered, this information is relevant. 

Therefore, future studies should examine and present the experiments in more detail for the 

greatest gain in knowledge and simplified transfer. Additionally, transferring findings from 

laboratory-scale trials to farm-scale remains challenging. Future trials should use methodologies 

similar to those used for commercial silos, as the varying silo set-ups – such as the remaining gases 

in the head and floor space (Study 2) – differ from those found in commercial silos. In general, 

research into grass silage requires more effort than research into maize silage. This is due to the 

fact that silages of grasses or legumes show a higher heterogeneity in the forage material or the 

fermentation process than maize. This is a consequence of the increased biodiversity in grassland. 

VOC emissions may significantly impact the silage provision’s carbon and environmental 

footprint (Study 3). These emissions must be contextualised with those during crop production, 
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animal digestion, or animal husbandry (cf. Hafner et al., 2018). Modern sensors may aid in 

assessing the quantities of the 46 VOC. This can be used to improve silage management. 

Emissions are affected by multifactorial and interdisciplinary parameters, including material 

characteristics and management decisions during the process chain of silage production (Fig. 6.2). 

The emissions are primarily influenced by parameters that are also regarded as crucial for other 

pivotal levels of quality assessment, such as hygiene, feed value, or feed preference. This has the 

advantage that a conflict of interest between the objectives can usually be ruled out. However, 

there may be conflicting objectives if the scope of analysis is changed. In ruminant diets, for 

instance, a minimum chopping length is aimed for in order to ensure a sufficient structural effect, 

rumination activity and the resulting salivation. In contrast, short chopping lengths help to ensure 

optimum compaction. Nevertheless, several recommendations are well-documented in silage 

management. These include, among others: 

• DM harvest material (Kung et al., 2018; Seglar, 2003; Spiekers, 2012): 

e.g. for grass 25%–40%, for lucerne 30%–35%, for maize 30%–37% 

• Chopping length (Spiekers, 2012):  

< 40 mm for grass silage, 4–8 mm for dairy maize silage 

• Porosity (Honig, 1987; Maack and Wyss, 2012): minimum density [kgDM m-3],  

e.g. for grass 3,5 × DM + 90, for lucerne 2,143 × DM + 137, for maize 8,0 × DM + 6 

• Fermentation coefficient (FC) (Schmidt et al., 1971, cited by Weißbach and Honig, 1996): 

FC > 35, with FC = DM [%] + 8 × WSC × (Buffer capacity)-1 

• Storage before sealing (cf. Kim and Adesogan, 2006; Nia and Wittenberg, 2000): 

rapid sealing is favourable, maximum ≤ 10 h 

• Minimum fermentation length (Borreani et al., 2018; Pahlow and Hünting, 2012): 

> 42–56 days, for optimal LABhe activity: ≥ 45–60 d 

• Microbial community in maize silage (Kung, 2023; Wilkinson and Muck, 2019): 

e.g. yeast counts < 105–106 CFU gFM
-1, heating starts at 107 CFU gFM

-1 

• Feed-out rate (Maack and Wyss, 2012; cf. Muck et al., 2003; Pitt and Muck, 1993): 

in winter 1.5 m (week)-1, in summer 2.5 m (week)-1 

Based on current knowledge, these parameters are not well suited for use as HACCP limits. 

In practical situations, it is sometimes not possible to analyse or evaluate these parameters at the 

time of short-term decision-making. Furthermore, the emission pattern is not immediately 

critically affected when one or more limit values are undercut or exceeded. For instance, Studies 2 

and 3 show that high DM and porosity values may increase DML during feed-out. However, 
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with appropriate management, e.g. long ensiling length or use of SA, extreme DML may not occur. 

Consequently, these parameters can be used as an aid for decision-making and process evaluation, 

but they do not fulfil the requirements of the definition according to HACCP. The National 

Advisory Committee on Microbiological Criteria for Foods (1998) states: ‘Critical limits should 

not be confused with operational limits’. This aligns with the science investigating implementing 

generalised strategies or principles in agriculture: applying standardised procedures in the highly 

dynamic environment of agriculture, e.g. silage production may be challenging (cf. Daydé et al., 

2014; Wirén-Lehr, 2001). The time-, location- and case-specific requirements of each process 

chain (e.g. geographical and legal requirements, technical equipment), the unpredictable external 

influences of the environment (e.g. weather, machine defects, human error) or biological 

influences (e.g. epiphytic MO community, FC) are mostly unknown at the time of  

decision-making. The dynamic networking and influence of the individual parameters on each 

other, plus the farmer’s personality (e.g. experience, influence of peers, willingness to take risks), 

also influence the decision-making process. Many farmers’ decisions are more influenced by 

rationality – or economic constraints – than by the objective of omniscient optimisation (Daydé et 

al., 2014). Nevertheless, recommendations and guidelines are necessary for farmers to improve 

silage management on a wider scale, despite the fact that these may not always be feasible in 

dynamic practical conditions. Consequently, a more farm-specific and goal-oriented strategy is 

recommended (Wirén-Lehr, 2001), which situates decision-making in the context of previous and 

possible future decisions (Daydé et al., 2014). This is done for two scenarios of particular emission 

risks, based on Studies 1–3 (Fig. 6.3). 

The limits mentioned above and the discussions in Studies 1–3 can be employed to respond to 

the yes/no questions. Nevertheless, as these parameters are typically not quantifiable in practice at 

the time of the decision, an assessment based on best practice principles is typically unavoidable, 

relying on the experience and judgement of the individuals involved. Nevertheless, even with 

considerable experience, it can be challenging for individuals to assess the consequences of a 

decision and to identify the optimal timing for action (Daydé et al., 2014; Steckel, 2018). 

This involves striking a balance between the earliest (optimal impact) and the latest (most 

extensive information base). Currently, the assessment of situations and decision-making 

regarding silage emissions is largely defined by non-quantifiable and interdependent influencing 

factors. Consequently, decision-making processes based on the ‘fuzzy logic’ model are more 

applicable here than clear HACCP limits (cf. Center and Verma, 1998).  
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Fig. 6.3 Risk analysis and management recommendations to minimise environmental impacts within 
the process chain of silage provision for two examples.  

 CFU = Colony forming unit, DM = Dry matter (concentration), EB = Enterobacteria, 
LABho = Homofermentative lactic acid bacteria, O2 = Oxygen, SA = Silage additive, 
WSC = Water-soluble carbohydrates. 

 The presented causes and recommendations are based on the study results and the findings of 
earlier published reports cited within this dissertation. 

In addition, new systems that improve ad hoc decision-making can significantly support 

farmers. For instance, online, technology-based methods to quantify the plant characteristics 

would help find the best harvesting time (Oliveira et al., 2020; Vyas and Adesogan, 2023). 

Increased harvest and transport rates can lead to challenges in ensuring adequate silage compaction 

and porosity (Leurs, 2006). Nevertheless, the density determination methods used in practice are 

primarily designed for applications during the feed-out phase and are only limited suitable during 

the filling of the silo (Büscher et al., 2013; Latsch and Sauter, 2011; Li et al., 2016; Maack et al., 

2023). Only a few methods, such as radiometric or microwave density determination (Fürll et al., 

2008; Mumme and Katzameyer, 2008), volume determination using laser theodolites in 
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combination with weighing of the deposited mass (Hoffmann et al., 2014), sinking a density meter 

into the silo (Thünen et al., 2019) or satellite-supported position determination of the compaction 

work (Hoffmann et al., 2014) are possible during silo packing for online density estimation  

(cf. Vyas and Adesogan, 2023). Other online sensors measure the gas atmosphere within the silo 

to detect possible air leakages (Bauerdick et al., 2022). Thus, sensor- and software-based 

assistance systems may prove beneficial in the future (cf. Deeken, 2022; Vyas and Adesogan, 

2023). However, these methods are not yet widely employed in practice.  

Furthermore, a survey of 148 commercial farmers and contractors shows that only 22% of 

respondents prioritised the ‘compacting’ element alongside the ‘chopping’ and ‘transporting’ 

elements (Steckel, 2018). However, the state of knowledge clearly shows that silage compaction 

and porosity is of fundamental importance for O2 penetration into the silo and thus for aerobic 

deterioration and DML (Study 3). Prioritising the compaction effort would therefore be helpful 

from an emission reduction perspective but would conflict with the economic objectives of 

management. If compaction dictates the speed of the harvesting chain, this could mean that other 

vehicles have to wait. However, the high costs of an idle harvesting chain are high and encourage 

farmers to complete the harvest as quickly as possible. This can lead to lower silage density.  

At the same time, at least 25 factors affect the mechanical and procedural processes of the 

harvesting chain (Deeken, 2022; Steckel, 2018). Technical damages, incorrect machinery settings, 

or human errors may also affect material losses during the harvesting and transport phases  

(cf. Deeken, 2022; Muck et al., 2003). Thus, harvesting technology and management should be 

adapted to the prevailing conditions in order to get the forage into the silo efficiently. The input 

parameters used, e.g. time period from harvest to silo sealing and losses during the harvest chain, 

are factors influencing the CF of silage production. 

After harvest, prolonged oxygenation during harvest and silo filling can enhance aerobic 

EB and yeast growth. Once sealed, the fermentation process and the formation of CO2 and organic 

acids are accelerated by low DM (Study 1; Gomes et al., 2019). Earlier CO2 formation promotes 

anaerobic conditions and H2, which affects methanogenesis, as well as NO, N2O, and 

NH3 formation by EB (cf. Lee et al., 2018). Therefore, a rapid formation of acids is required to 

undercut the pH optima of EB. However, achieving a substantial pH decrease in low DM and 

legume silages requires higher quantities of acids (Study 1; cf. Spiekers, 2012; Whittenbury et al., 

1967). Therefore, finding the optimal DM at harvest may require a compromise. Additionally, the 

formation of NH3 can increase the buffering capacity of the silage material, which promotes stable 

pH values. However, this can lead to prolonged clostridial activity, which can be suppressed by 

increased concentrations of NO3
- (see Section 6.2.1). The presence of NO3

-, though, also promotes 
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the formation of N2O and NH3 which may affect both the amount of emissions and the rate of 

pH drop. Fast acidification is necessary for clostridial suppression, but can also lead to the 

formation of NO, which is a safety issue (Pahlow et al., 2003). To reduce the risk of clostridial 

malfermentation and N metabolism, it is important to mitigate EB activity from the outset by 

sealing the silo as quickly and effectively as possible. To ensure optimal silage management,  

it is important to minimize the time between the depletion of O2 and the decrease in pH. This is 

also crucial for high WSC silages, as prolonged O2 supply can increase EB and yeast activity, 

which can have a noticeable impact on ethanol and ester formation (Brüning et al., 2018b; Weiß 

et al., 2022), and DML as shown in Studies 2 and 3. 

Excess DML and emissions particularly due to aerobic deterioration have to be avoided at 

(nearly) all costs during feed-out. This may be a barely new finding (cf. Emery, 2013), 

but assessing silage’s CF (Study 3) enhances previous importance. For this, management may 

utilize two principles: a) aerobic deterioration may be minimized and ASTA improved by 

reduction of the aerobic MO activity. The following aspects are helpful in this context, among 

others, low porosity and O2 penetration based on improved compaction effort, an optimal harvest 

timing and short chopping lengths, rapid silo sealing to minimize aerobe MO growth or 

MO inhibition due to SA use. These parameters and their impact on ASTA are primarily 

determined during the Phases 1–4, thus before aerobic deterioration occurs. The second principle 

is that b) the feed-out rate may be adapted to the ASTA, i.e. the silage has to be utilized before 

aerobic deterioration occurs (Phases 9–12). For short-term adjustments, a feed diet modification, 

the sale of silage or strategic modifications of the silo geometry may help, but are restricted due to 

limitations in terms of animal nutrition or profitability. The subsequent application of SA, such as 

organic acids, on the silage face is possible, but is also often limited in its effect.  

Furthermore, Vyas and Adesogan (2023) stated a possible long-term objective: ‘Future 

research should develop technologies that allow online monitoring of greenhouse gases and 

VOC concentrations in silage using face shavers’. For mid-term development, the online 

thermography of the silo face could help to prioritise feed-out areas with high MO activity  

(cf. Vyas and Adesogan, 2023). This technology may also help to assess deterioration during 

feed-out or provision of feed in the trough (Felton and DeVries, 2010; Türkgeldi et al., 2023). 

Seppälä et al. (2013) point out that basic hygiene, like cleaning the mixer wagon or trough, 

is essential to mitigate MO contamination. Furthermore, additives, especially for improving ASTA 

of feed diets, may help but do not compensate for feeds of low quality considering the changing 

DM and pH of the mixed diets (cf. Kung, 2023; Seppälä et al., 2013). Thus, management has to 

apply the above recommendations in all process stages to improve operational and strategic 
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decisions (Fig. 6.3). For strategic decisions, the economic and ecologic implications of silo 

construction or machinery use should also be considered. 

SA can be used as an operational or strategic action. In certain regions, the widespread use of 

SA is common in order to ensure the safety of the silage – due to a lack of information and the 

feasibility of optimal management options (Lindgren, 1999). Farmers should evaluate the risk of 

malfermentation or DML while planning the harvest process. If such risks are imminent – and 

other best practice principles are insufficient to minimise this risk decisively – the use of SA 

should be seriously considered. This can positively affect emissions and feed value (cf. Randby 

and Bakken, 2021) and prevent a complete feed loss. The SA must be selected according to their 

direction of action (cf. Kalzendorf and Staudacher, 2012; Nußbaum, 2013). Short-term application 

of SA may be possible if the harvesting and storage process is not going well. Subsequent treatment 

of the silo face with acids is also possible. However, this operational control of symptoms should 

result in critical adjustments to the following strategic harvest management. If no above-average 

DML and emissions are to be expected, the use of SA appears to be neither advantageous nor 

disadvantageous regarding climate protection (Study 3). Consequently, appropriate SA use should 

not be mandatory, but widespread use can be the most reliable action to significantly reduce the 

risks of – sometimes unintentional and uncontrollable – mismanagement (cf. Lindgren, 1999).  

6.2.3 Relevance of silage emissions and environmental impacts  

The amount of globally produced silage in agriculture has increased over the years and may 

increase further (cf. Rotz et al., 2024; Weinberg and Ashbell, 2003; Wilkins, 2005; Xu et al., 2021). 

Ensiling is also used for biogas production (cf. Jacobs et al., 2017), using food waste as animal 

feed (cf. Jones et al., 2021), fermentation of fish or insect larvae (cf. Arruda et al., 2007; 

Hadj Saadoun et al., 2020; Yunilas et al., 2023), or biorefinery by using extracts from grass silage 

(cf. McEniy and O’ Kiely, 2014; Rinne, 2024). In ruminant nutrition, the change from grazed to 

conserved forage led, among others, to increased machinery and energy use or VOC emissions 

during feed production (cf. Rotz et al., 2024). Based on the model of Bonifacio et al. (2017), total 

VOC emissions of the US dairy industry are estimated to have increased by 53% between 1971 and 

2020 (Rotz et al., 2024). CO2eq emissions during silage storage are considered small compared to 

the indirect emissions of crop production (Study 3). Schmidt et al. (2012; 2011) stated that silage 

emissions are also small compared to the emissions of livestock husbandry itself. This argument 

is underlined by Rotz et al. (2021), who said that most US dairy farms’ GHG emissions are based 

on enteric fermentation or manure storage and application (approximately 69%). Nevertheless, 

the study also reports that 29% of the GHG emissions are from the cumulated sectors of cropland 

(soil N2O emissions), resource production (inputs like fuel, electricity, seeds) and anthropogenic 
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CO2 emissions (fuel combustion, fertiliser decomposition), and are thus partly related to the 

production of on- and off-farm feed. Therefore, increases in efficiency, i.e. low DML and 

emissions, during silage storage lead to a leverage effect to reduce the GHG emissions mentioned. 

The data presented in Study 3 allow the proportion of climate-relevant silage emissions in the 

CF of FPCM. However, these are the results of a single experiment conducted under specific 

conditions. Thus, generalisation to other conditions must be made with caution. Nevertheless, 

for an initial approach, a feed intake of 1,000 ± 302 (gFM maize silage) (kg FPCM)-1 and a CF of 

1,330 (g CO2eq) (kg FPCM)-1 were assumed based on the results of Cortés et al. (2021). 

Thus, 0.023–0.056 (g CO2eq) (kg FPCM)-1 were emitted assuming a silage DM of 33.3% and the 

CH4 and N2O emissions during silage storage (Studies 2 and 3). This equates to 0.002%–0.004% 

of the specified CF. Consequently, the shares can be considered negligible. The future research 

and management effort to minimise CH4 and N2O emissions during silage storage may be only 

limited worth pursuing. If the climate-irrelevant CO2 emissions were also considered, the shares 

would increase by a multiple to 0.469%–0.660% in the best-case and 2.747%–7.291% in the 

worst-case scenario of AEMP1 (AEMP2: 0.371%–0.553% and 0.451%–4.684%, respectively). 

Thus, avoidable CO2 emissions during aerobic deterioration can have a noticeably impact.  

Looking at the differences in magnitude between direct and indirect CO2eq emissions from silage 

production (Studies 2 and 3), it is clear that it is eminently important to reduce indirect emissions. 

The proportion of indirect and direct CO₂ emissions associated with silage provision is estimated 

to be 4.2%–4.3% in the best-case scenario and 4.6%–5.2% in the worst-case scenario of AEMP1 

(AEMP2: 4.2%–4.4% and 4.2%–4.8%, respectively). However, it should be noted that the total 

CF mentioned by Cortés et al. (2021) already includes an estimation of the CF associated with  

on-farm and off-farm feed provision. It is therefore reasonable to assume that the actual proportion 

may be somewhat higher. Nevertheless, the data demonstrate only minor discrepancies between 

the best-case and the worst-case scenarios. Despite this, it is more crucial to reduce the DML than 

to reduce CO2eq emissions during silage storage. This is often difficult in the practical context, 

but the mentioned best practice principles or SA use may help if applicable.  

The conservation method affects the characteristics of preserved feed and the animals’ feed 

intake or performance parameters. Silage and hay may differ when using the same parent plant 

material (Böttger et al., 2019; Haselmann et al., 2020; Wilkinson et al., 2003). Some studies have 

also reported that SA use result in a quality increase. However, an overview of previous studies 

by Yitbarek and Tamir (2014) indicates that any effects were not consistently observed in all trials. 

The same applies to experiences in commercial farming, some of which report positive effects of 

SA on, for instance, silage digestibility, maintenance of protein quality or animal performance. 
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However, generalised proof of these effects is often difficult due to the multifactorial interactions. 

At the same time, SA contribute to quality preservation by protecting against deterioration. Spoilt 

material negatively influences the preference and quantity of feed intake (e.g. Brüning et al., 

2018a; Gerlach et al., 2013). Malfermentation can also lead to similar effects (Gerlach et al., 2014). 

Thus, it can be argued that SA can also contribute to beneficial outcomes (Keady and Murphy, 

1998; Rossi et al., 2023). SA use may help to regulate the otherwise uncontrolled spontaneous 

fermentation process (Pahlow et al., 2003) and to minimise the risk of silage deterioration. 

Furthermore, a higher quality of the silage may influence the subsequent design of the feed diet 

(e.g. substitution with concentrate feeds), the contribution of the individual components and 

dietary characteristics to enteric methane formation (e.g. Åby et al., 2019; Beauchemin et al., 2008; 

Gerber et al., 2013; Kebreab et al., 2023) or the total CF of the diet (cf. Díaz de Otálora et al., 

2024; Wilkinson and Garnsworthy, 2021, 2017). Nevertheless, a comprehensive analysis of these 

factors is beyond the scope of this thesis, given their impact on a multitude of other variables, 

including rumen health, animal health and welfare, nutrient excretion, and milk composition. 

Suppose the focus is broadened from carbon to the environmental footprint. In that case, Rotz 

et al. (2021) report that 67% of total fossil energy consumption and 97% of blue (ground and 

surface) water consumption are connected to feed provision at US dairy farms. At this point, 

supplementing ecological and economically costly off-farm feed with high-quality silage may be 

beneficial. Therefore, improving resource retention during the process chain of silage provision is 

a crucial step to enhance ecological efficiency. A similar issue is reported by Bacenetti and Fusi 

(2015), showing noticeable sensitivity of, for instance, particulate matter emissions or 

eutrophication effects of varying ensiling techniques: the impact is directly proportional to DML. 

In this subject, silo bags seem to be promising compared to bunker silos showing lower losses 

(Bacenetti and Fusi, 2015; Randby and Bakken, 2021). However, implementing practices has to 

be discussed case-by-case for each farm or region. Ensiling in silage bags is also promising based 

on the reduced concrete work compared to bunker silos (Bacenetti and Fusi, 2015). However, 

German legislation concerning blue water protection, for instance, requires sealed surfaces for 

most silos (cf. Asen et al., 2019; AwSV, 2020; DWA-A 792, 2018; WHG, 2023). This is linked to 

further concrete work, and the associated environmental impacts must be considered in the 

comparisons. Moreover, the ecological burdens of conventional plastic films (cf. Kono, 2023; 

Levitan and Barros, 2003) have to be considered but may be improved by progress in the 

challenging recycling processes (Kono, 2023; Kyrikou and Briassoulis, 2007) or by using 

biodegradable bio-plastics (Tabacco et al., 2020). These issues show that the ecological assessment 

of strategic and operational decision-making to improve the environmental footprint is complex 
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and potentially contradictory. Furthermore, solutions must be economical for long-term success 

and sustainability (cf. Rotz et al., 2021). Other environmental impacts of crop cultivation and 

silage productionshould be considered, although they fall outside the scope of this thesis.  

These include – with particular reference to the case of maize production – the impact on 

biodiversity of flora and fauna (e.g. Norris et al., 2016; Sauerbrei et al., 2014; Schulz et al., 2020), 

erosion potential (e.g. Mann et al., 2002; Vogel et al., 2016), C losses of ecosystems (e.g. Gamble 

et al., 2021) or external costs of crop production (e.g. Li et al., 2023).  

Previous research enhances the knowledge of the resource efficiency in silage production. 

It highlights the importance of DML in reducing the ecological footprint. The methodology used 

in Studies 2 and 3 could be also applied to investigate grass silage. Grass silage production can be 

essential for utilising farmland, which is unsuitable for crop production, as forage grassland to 

produce feed and subsequent human-digestible food. However, the composition of grasslands can 

vary greatly, which complicates emission research, farm management and hence mitigation 

recommendations. However, knowledge gained from past and future research can be compared 

with other conservation methods, such as hay production. Thus, assuming the same CO2 fixation 

and CO2eq emissions during parent plant cultivation and growth, both methods can be evaluated 

in terms of their resource retention efficiency and CF. The individual steps of the process 

technology during harvesting, e.g. conditioning and tedding, may differ, leading to increased 

losses or machinery use and CO2eq emissions in hay production (cf. Collins and Moore, 2017; 

Wilkinson, 2015). Aerobic respiration during the varying wilting periods may affect DML and 

resource retention (cf. Collins, 1995; Collins and Moore, 2017; Muck et al., 2003). 

Respiratory CO2 emissions could be calculated based on DML (cf. Study 3; Milimonka et al., 

2019). While CH4 and N2O should not be formed during aerobic wilting, grass cultivation and hay 

drying can be associated with VOC emissions, as reviewed by Hafner et al. (2018). Subsequently, 

GHG and VOC emission quantities can be compared between the conservation methods  

(cf. Emery, 2013), considering the feed values of the final products. From this, it can be deduced 

whether transferring C-based parent plant biomass to the animal is more ecologically efficient in 

silage or other preservation forms such as hay production. Even if the CO2 emissions are climate-

neutral per se, it seems sensible that the harvested parent plant crop – which bound a certain 

amount of CO2 – is converted into animal feed with minimal CO2 emissions. Any differences 

between the conservation methods should be considered if the feed is to have the optimum net 

CO2 balance. This could be a further evaluation aspect in future agriculture if the environmental 

impact of diets (cf. Wilkinson and Garnsworthy, 2021) is included in utility value analyses. Any 

synergies or conflicting economic, nutritional, or animal welfare objectives must be discussed. 
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6.3 Outlook 

Based on the information presented, some focus areas for future action can be derived for the 

various stakeholders. 

Scientists should conduct research in two directions. First, the understanding of gas formation 

and the role of different microbial species needs to be further investigated. However, due to the 

multifactorial influences on gas formation (Studies 1–3), applied microbiology should be 

supported by other disciplines. These include physics to provide appropriate sensor systems, or 

economics to assess minimisation of emissions and losses for economic viability. All disciplinary 

approaches need to be implemented in the context of the silage production process chain in 

collaboration with the agricultural sciences. Secondly, knowledge transfer between research and 

practice needs to be encouraged. Priority should be given to the further development of 

measurement set-ups, such as those designed to simulate varying feed-out rates and measurements 

on commercial silos. As outlined above (Section 6.2.2), the measures described to minimise 

DML and losses are already known from best practice principles. It is important to bring this 

knowledge back to the forefront of farmers’ minds. A sharpened critical eye and guidance on 

recommended actions (see Fig. 6.3) can improve decision-making during harvesting and ensiling. 

In addition, sensors and measurement methods should be developed to support decision-making. 

For example, a sensor assessing the silage density would help to regulate the amount of compaction 

required. 

Reducing emissions from silage provision is a desirable goal from an environmental and climate 

change perspective. However, this goal is more important to policymakers and society than to 

individual farmers. Unless they are given a business-relevant (economic) reason to act, they can 

and will prioritise other objectives, such as minimising harvester and silo costs. Financial 

incentives, such as extra income for implementing measures or penalties for high DML, could be 

effective in ensuring that reducing emissions is financially beneficial. 

Farmers should always implement best practice principles to the best of their ability. In addition, 

SA should be used consistently from an environmental point of view. According to current 

knowledge (Study 3), these improve the CF of the silage. In addition, other positive effects on 

animal husbandry are possible, e.g. the feed value of the silage or an increase in animal 

performance. The short period of time from harvest to silo sealing influences the course of 

fermentation and ASTA. These in turn affect the quality and emission behaviour. All possible 

measures should therefore be taken during the short window of opportunity to control spontaneous 

fermentation as far as possible. This is the basis for high forage quality, low silage DML and 

increased profitability throughout the year.  
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6.4 Conclusions 

During silage production, climate and environmental relevant gases are formed, including CO2, 

CH4, N2O, CO, NO, ethanol, and ethyl acetate. This thesis provides new insights into silage 

emission research. For this purpose, extensive experiments were carried out which set new 

standards in terms of the investigation period, the intervals between the individual measurement 

times and the gas analysis. In addition, the emissions of continuous silage material were recorded 

without interruption from silo closure to aerobic spoilage for the first time. This made it possible 

to balance the emissions during the 12 newly defined phases of gas emission production during 

silage provision (in particular phases of anaerobic fermentation and aerobic deterioration).  

The extensive data sets provided new insights into this interdisciplinary field of research, as the 

emission sources of silage production are diverse.  

The direct emissions of climate-relevant substances (especially CH4 and N2O) during the 

storage of silage have almost no impact on the carbon footprint of agricultural products such as 

milk. It is more important to minimise dry matter losses during silage production and in particular 

during silage storage periods. Thus, malfermentation by clostridia and aerobic deterioration by 

yeasts and moulds should be avoided. This leads to efficient utilisation of the harvested crop and 

reduces indirect emissions. 

The use of case-specific silage additives can reduce the risk of increased dry matter losses. 

However, they are not a mandatory requirement, as the emission behaviour of silage is not 

positively influenced if it is managed appropriately. Nevertheless, if malfermentation or aerobic 

deterioration is avoided, additives improve the carbon footprint of silage production. Additives can 

therefore be considered an essential part of the management and decision-making process for 

silage production, particularly in cases where harvesting conditions are difficult. Silage additives 

should thus be used more regularly in global silage production. However, it is essential that best 

practice principles are implemented prior to their use. Ad-hoc decisions need to be made on a 

case-by-case basis. In this thesis, decision-making tools are presented for specific scenarios. 

Further research is required to reduce dry matter losses and climate and environmental relevant 

emissions. More interdisciplinary collaboration is needed to quantify and evaluate the effects of 

the various topics on silage emissions more comprehensively. These include, among others: 

mechanical engineering, harvest and storage chain management, silage material science, plant 

botany, applied microbiology and biochemistry, animal nutrition and agricultural practice.  

This thesis indicates potential avenues. Consequently, the environmental impact of silage can 

be reduced as a vital component in modern agriculture, in accordance with the 12th United Nations 

sustainable development goal ‘Sustainable consumption and production’.  



General discussion and conclusions 

- 202 - 

6.5 References 

Åby, B.A., Randby, Å.T., Bonesmo, H., Aass, L., 2019. Impact of grass silage quality on 
greenhouse gas emissions from dairy and beef production. Grass and Forage Science 74,  
525–534. https://doi.org/10.1111/gfs.12433. 

Arruda, L.F. de, Borghesi, R., Oetterer, M., 2007. Use of fish waste as silage: a review. Brazilian 
Archives of Biology and Technology 50, 879–886. https://doi.org/10.1590/S1516-
89132007000500016. 

Arsène-Ploetze, F., Bringel, F., 2004. Role of inorganic carbon in lactic acid bacteria metabolism. 
Lait 84, 49–59. https://doi.org/10.1051/lait:2003040. 

Arsène-Ploetze, F., Kugler, V., Martinussen, J., Bringel, F., 2006. Expression of the pyr operon of 
Lactobacillus plantarum is regulated by inorganic carbon availability through a second 
regulator, PyrR2, homologous to the pyrimidine-dependent regulator PyrR1. Journal of 
Bacteriology 188, 8607–8616. https://doi.org/10.1128/JB.00985-06. 

Asen, H.-E., Belau, M., Bose, T., Haug, M., Kaiser, M., Kriz, R., Möhrle, H., Neser, S., 
Rossberger, C., Schilcher, A., Simon, J., Steinert, T., Wagner, T., Wiedau, H., 2019.  
Die neue „Technische Regel wassergefährdende Stoffe – JGS-Anlagen“: Anforderungen, 
Bauweisen, bauaufsichtliche Zulassungen. In: Aktuelle rechtliche Rahmenbedingungen für 
die Tierhaltung: 16. KTBL-Tagung am 15. Mai 2019 in Hannover am 28. Mai 2019 in Ulm. 
Aktuelle rechtliche Rahmenbedingungen für die Tierhaltung: 16. KTBL-Tagung, Hannover, 
Germany, and Ulm, Germany, 15 and 28 May 2019, pp. 17–27. 

Ávila, C.L.S., Carvalho, B.F., 2020. Silage fermentation-updates focusing on the performance of 
micro-organisms. Journal of applied microbiology 128, 966–984. https://doi.org/ 
10.1111/jam.14450. 

AwSV, 2020. Verordnung über Anlagen zum Umgang mit wassergefährdenden Stoffen vom 
18. April 2017 (BGBl. I S. 905), die durch Artikel 256 der Verordnung vom 19. Juni 2020 
(BGBl. I S. 1328) geändert worden ist. 

Bacenetti, J., Fusi, A., 2015. The environmental burdens of maize silage production: Influence of 
different ensiling techniques. Animal Feed Science and Technology 204, 88–98. 
https://doi.org/10.1016/j.anifeedsci.2015.03.005. 

Bauerdick, J.J., Spiekers, H., Bernhardt, H., 2022. System Design and Validation of a Wireless 
Sensor Monitoring System in Silage. Agronomy 12, 892. https://doi.org/ 
10.3390/agronomy12040892. 

Beauchemin, K.A., Kreuzer, M., O’Mara, F., McAllister, T.A., 2008. Nutritional management for 
enteric methane abatement: a review. Australian Journal of Experimental Agriculture 48, 
21–27. https://doi.org/10.1071/EA07199. 

Berg, I.A., 2011. Ecological aspects of the distribution of different autotrophic CO2 fixation 
pathways. Applied and environmental microbiology 77, 1925–1936. https://doi.org/ 
10.1128/AEM.02473-10. 

  



General discussion and conclusions 

- 203 - 

Bonifacio, H.F., Rotz, C.A., Hafner, S.D., Montes, F., Cohen, M., Mitloehner, F.M., 2017. 
A process-based emission model of volatile organic compounds from silage sources on 
farms. Atmospheric Environment 152, 85–97. https://doi.org/10.1016/ 
j.atmosenv.2016.12.024. 

Borreani, G., Tabacco, E., Schmidt, R.J., Holmes, B.J., Muck, R.E., 2018. Silage review: Factors 
affecting dry matter and quality losses in silages. Journal of dairy science 101, 3952–3979. 
https://doi.org/10.3168/jds.2017-13837. 

Böttger, C., Silacci, P., Dohme-Meier, F., Südekum, K.-H., Wyss, U., 2019. The Effect of Herbage 
Conservation Method on Protein Value and Nitrogen Utilization in Dairy Cows. 
Agriculture 9, 118. https://doi.org/10.3390/agriculture9060118. 

Brüning, D., Gerlach, K., Weiß, K., Südekum, K.-H., 2018a. Effect of compaction, delayed sealing 
and aerobic exposure on forage choice and short-term intake of maize silage by goats.  
Grass and Forage Science 73, 392–405. https://doi.org/10.1111/gfs.12345. 

Brüning, D., Gerlach, K., Weiß, K., Südekum, K.-H., 2018b. Effect of compaction, delayed sealing 
and aerobic exposure on maize silage quality and on formation of volatile organic 
compounds. Grass and Forage Science 73, 53–66. https://doi.org/10.1111/gfs.12288. 

Bueno, A.V.I., Vigne, G.L.D., Novinski, C.O., Bayer, C., Jobim, C.C., Schmidt, P., 2020. 
Natamycin as a potential silage additive: A lab trial using sugarcane to assess greenhouse 
gas emissions. Revista Brasileira de Zootecnia 49, e20200017. https://doi.org/10.37496/ 
rbz4920200017. 

Büscher, W., Maack, C., Sun, Y., Lin, J., Cheng, Q., Meng, F., Zhang, H., 2013. Measuring bale 
density using a penetrometer test bench at different pressing variants and crop DM. 
Landtechnik 68, 103–107. https://doi.org/10.15150/lt.2013.212. 

Center, B., Verma, B.P., 1998. Fuzzy Logic for Biological and Agricultural Systems. In: Panigrahi, 
S., Ting, K.C. (Eds.), Artificial Intelligence for Biology and Agriculture. Springer 
Netherlands, Dordrecht, The Netherlands, pp. 213–225. 

Chen, D., Zheng, M., Guo, X., Chen, X., Zhang, Q., 2021. Altering bacterial community: 
A possible way of lactic acid bacteria inoculants reducing CO2 production and nutrient loss 
during fermentation. Bioresource technology 329, 124915. https://doi.org/10.1016/ 
j.biortech.2021.124915. 

Collins, M., 1995. Hay Preservation Effects on Yield and Quality. In: Moore, K.J., Peterson, M.A. 
(Eds.), Post-Harvest Physiology and Preservation of Forages. Crop Science Society of 
America and American Society of Agronomy, Madison, Wisconsin, USA, pp. 67–89. 

Collins, M., Moore, K.J., 2017. Preservation of Forage as Hay and Silage. In: Collins, M., Nelson, 
C.J., Moore, K.J., Barnes, R.F. (Eds.), Forages Volume 1: An Introduction to Grassland 
Agriculture, 7th ed. John Wiley & Sons Incorporated, Hoboken, New Jersey, USA,  
pp. 720–757. 

Cortés, A., Feijoo, G., Fernández, M., Moreira, M.T., 2021. Pursuing the route to eco-efficiency 
in dairy production: The case of Galician area. Journal of Cleaner Production 285, 124861. 
https://doi.org/10.1016/j.jclepro.2020.124861. 



General discussion and conclusions 

- 204 - 

Daniel, J.L.P., Junges, D., Santos, M.C., Nussio, L.G., 2015. Effects of homo- and heterolactic 
bacteria on the dynamics of gas production during the fermentation of corn silage. 
In: Proceedings of the XVII International Silage Conference. XVII International Silage 
Conference, Sao Paulo, Brazil, 1–3 July 2015. pp. 374–375. 

Davidova, M.N., Tarasova, N.B., Mukhitova, F.K., Karpilova, I.U., 1994. Carbon monoxide in 
metabolism of anaerobic bacteria. Canadian journal of microbiology 40, 417–425. 
https://doi.org/10.1139/m94-069. 

Day, C.A., Liscansky, S., 1987. Agricultural alternatives. In: Forster, C.F., Wase, D.A.J. (Eds.), 
Environmental biotechnology. 1st ed. Ellis Horwood, Chichester, United Kingdom,  
pp. 234–294. 

Daydé, C., Couture, S., Garcia, F., Martin-Clouaire, R., 2014. Investigating Operational  
Decision-Making in Agriculture. In: Proceedings of the 7th International Congress on 
Environmental Modelling and Software. 7th International Congress on Environmental 
Modelling and Software, San Diego, California, USA, 15–19 June 2014, pp. 2188–2195. 

Deeken, H., 2022. Spatio-temporal Analysis for Semantic Monitoring of Agricultural Logistics. 
PhD Dissertation. Universität Osnabrück, Osnabrück, Germany. 
https://doi.org/10.48693/200. 

DeMoll, E., Grahame, D.A., Harnly, J.M., Tsai, L., Stadtman, T.C., 1987. Purification and 
properties of carbon monoxide dehydrogenase from Methanococcus vannielii. Journal of 
bacteriology 169, 3916–3920. https://doi.org/10.1128/jb.169.9.3916-3920.1987. 

Díaz de Otálora, X., Amon, B., Balaine, L., Dragoni, F., Estellés, F., Ragaglini, G., Kieronczyk, 
M., Jørgensen, G., Del Prado, A., 2024. Influence of farm diversity on nitrogen and 
greenhouse gas emission sources from key European dairy cattle systems: A step towards 
emission mitigation and nutrient circularity. Agricultural Systems 216, 103902. 
https://doi.org/10.1016/j.agsy.2024.103902. 

Diekert, G., Schrader, E., Harder, W., 1986. Energetics of CO formation and CO oxidation in cell 
suspensions of Acetobacterium woodii. Archives of Microbiology 144, 386–392. 
https://doi.org/10.1007/BF00409889. 

DWA Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall e. V. DWA-A 
792:2018-08: Technische Regel wassergefährdender Stoffe (TRwS) – Jauche-, Gülle- und 
Silagesickersaftanlagen (JGS-Anlagen). DWA Deutsche Vereinigung für Wasserwirtschaft, 
Abwasser und Abfall e. V., Hennef, Germany. 

Eastridge, M.L., 2006. Major advances in applied dairy cattle nutrition. Journal of dairy science 
89, 1311–1323. https://doi.org/10.3168/jds.S0022-0302(06)72199-3. 

El-Mashad, H.M., Zhang, R., Rumsey, T., Hafner, S., Montes, F., Rotz, C.A., Arteaga, V., 
Zhao, Y., Mitloehner, F.M., 2010. A Mass Transfer Model of Ethanol Emission from Thin 
Layers of Corn Silage. Transactions of the ASABE 53, 1903–1909. 
https://doi.org/10.13031/2013.35800. 

 



General discussion and conclusions 

- 205 - 

Emery, I.R., 2013. Direct and Indirect Greenhouse Gas Emissions from Biomass Storage: 
Implications for Life Cycle Assessment of Biofuels. PhD Dissertation. Purdue University, 
West Lafayette, Indiana, USA. https://docs.lib.purdue.edu/open_access_dissertations/177/ 
(accessed 16 July 2024). 

Emery, I.R., Mosier, N.S., 2012. The impact of dry matter loss during herbaceous biomass storage 
on net greenhouse gas emissions from biofuels production. Biomass and Bioenergy 39,  
237–246. https://doi.org/10.1016/j.biombioe.2012.01.004. 

Engel, R.R., Matsen, J.M., Chapman, S.S., Schwartz, S., 1972. Carbon monoxide production from 
heme compounds by bacteria. Journal of bacteriology 112, 1310–1315. 
https://doi.org/10.1128/jb.112.3.1310-1315.1972. 

Felton, C.A., DeVries, T.J., 2010. Effect of water addition to a total mixed ration on feed 
temperature, feed intake, sorting behavior, and milk production of dairy cows. Journal of 
dairy science 93, 2651–2660. https://doi.org/10.3168/jds.2009-3009. 

Fürll, C., Schemel, H., Köppen, D., 2008. Principles for measuring density in silages. Landtechnik 
63, 94–95. 

Gallo, A., Catellani, A., Lapris, M., Ghilardelli, F., Mastroeni, C., 2023. Regulated and emerging 
mycotoxins in silage: Occurence, effects on animals and prevention strategies. 
In: Proceedings of the XIX International Silage Conference. XIX International Silage 
Conference, Beijing, China, 8–12 August 2023, pp. 13–35. 

Gamble, J.D., Feyereisen, G.W., Griffis, T.J., Wente, C.D., Baker, J.M., 2021. Long-term 
ecosystem carbon losses from silage maize-based forage cropping systems. Agricultural and 
Forest Meteorology 306, 108438. https://doi.org/10.1016/j.agrformet.2021.108438. 

Gerber, P.J., Hristov, A.N., Henderson, B., Makkar, H., Oh, J., Lee, C., Meinen, R., Montes, F., 
Ott, T., Firkins, J., Rotz, A., Dell, C., Adesogan, A.T., Yang, W.Z., Tricarico, J.M., Kebreab, 
E., Waghorn, G., Dijkstra, J., Oosting, S., 2013. Technical options for the mitigation of direct 
methane and nitrous oxide emissions from livestock: a review. Animal 7 (Suppl. 2),  
220–234. https://doi.org/10.1017/S1751731113000876.  

Gerlach, K., Roß, F., Weiß, K., Büscher, W., Südekum, K.-H., 2013. Changes in maize silage 
fermentation products during aerobic deterioration and effects on dry matter intake by goats. 
Agricultural and Food Science 22, 168–181. https://doi.org/10.23986/afsci.6739. 

Gerlach, K., Roß, F., Weiß, K., Büscher, W., Südekum, K.-H., 2014. Aerobic exposure of grass 
silages and its impact on dry matter intake and preference by goats. Small Ruminant 
Research 117, 131–141. https://doi.org/10.1016/j.smallrumres.2013.12.033.  

Gomes, A., Jacovaci, F.A., Bolson, D.C., Nussio, L.G., Jobim, C.C., Daniel, J., 2019. Effects of 
light wilting and heterolactic inoculant on the formation of volatile organic compounds, 
fermentative losses and aerobic stability of oat silage. Animal Feed Science and 
Technology 247, 194–198. https://doi.org/10.1016/j.anifeedsci.2018.11.016. 

 

 



General discussion and conclusions 

- 206 - 

Grahame, D.A., Stadtman, T.C., 1987. Carbon monoxide dehydrogenase from Methanosarcina 

barkeri. Disaggregation, purification, and physicochemical properties of the enzyme. 
The Journal of biological chemistry 262, 3706–3712. https://doi.org/10.1016/ 
S0021-9258(18)61412-7. 

Hadj Saadoun, J., Luparelli, A.V., Caligiani, A., Macavei, L.I., Maistrello, L., Neviani, E., 
Galaverna, G., Sforza, S., Lazzi, C., 2020. Antimicrobial Biomasses from Lactic Acid 
Fermentation of Black Soldier Fly Prepupae and Related By-Products. Microorganisms 8. 
https://doi.org/10.3390/microorganisms8111785. 

Hafner, S.D., Bühler, M., Feilberg, A., Franco, R.B., Howard, C., Montes F., Muck, R.E., Rotz, 
C.A., Weiß, K., 2018. Volatile organic compounds and silage: sources, emission, and 
mitigation. In: Proceedings of the XVIII International Silage Conference. 
XVIII International Silage Conference, Bonn, Germany, 24–26 July 2018, 52–67. 

Hafner, S.D., Montes, F., Rotz, C.A., 2012. A mass transfer model for VOC emission from silage. 
Atmospheric Environment 54, 134–140. https://doi.org/10.1016/j.atmosenv.2012.03.005. 

Hafner, S.D., Montes, F., Rotz, C.A., Mitloehner, F., 2010. Ethanol emission from loose corn 
silage and exposed silage particles. Atmospheric Environment 44, 4172–4180. 
https://doi.org/10.1016/j.atmosenv.2010.07.029. 

Hafner, S.D., Windle, M., Merrill, C., Smith, M.L., Franco, R.B., Kung, L., 2015. Effects of 
potassium sorbate and Lactobacillus plantarum MTD1 on production of ethanol and other 
volatile organic compounds in corn silage. Animal Feed Science and Technology 208,  
79–85. https://doi.org/10.1016/j.anifeedsci.2015.07.007. 

Haselmann, A., Wenter, M., Fuerst-Waltl, B., Zollitsch, W., Zebeli, Q., Knaus, W., 2020. 
Comparing the effects of silage and hay from similar parent grass forages on organic dairy 
cows’ feeding behavior, feed intake and performance. Animal Feed Science and 
Technology 267, 114560. https://doi.org/10.1016/j.anifeedsci.2020.114560. 

Hayashi, A., Tauchi, H., Hino, S., 1985. Production of carbon monoxide by bacteria of the genera 
Proteus and Morganella. Journal of General and Applied Microbiology 31, 285–292. 
https://doi.org/10.2323/jgam.31.285. 

Hoffmann, T., Berg, W., Prochnow, A., 2014. Futtereinlagerung im Fahrsilo - Anforderungen und 
Lösungen. In: Proceedings 13. Fachtagung LAND.TECHNIK für Profis „Verfahren und 
Technik für die Futterernte“, 13. Fachtagung LAND.TECHNIK für Profis „Verfahren und 
Technik für die Futterernte“, Mannheim, Germany, 11–12 February 2014. 

Honig, H., 1987. Gärbiologische Voraussetzungen zur Gewinnung qualitätsreicher Anwelksilage. 
In: Grünfutterernte und -konservierung: Beiträge des KTBL-Fachgespräches vom 18. und 
19. März 1987 in Darmstadt. KTBL-Fachgespräche Vol. 318, Darmstadt, Germany,  
18–19 March 1987, p. 47–58. 

Jacobs, A., Auburger, S., Bahrs, E., Brauer-Siebrecht, W., Christen, O., Götze, P., Koch, H.-J., 
Rücknagel, J., Märländer, B., 2017. Greenhouse gas emission of biogas production out of 
silage maize and sugar beet – an assessment along the entire production chain. Applied 
Energy 190, 114–121. https://doi.org/10.1016/j.apenergy.2016.12.117.  



General discussion and conclusions 

- 207 - 

Jones, S.L., Gibson, K.E., Ricke, S.C., 2021. Critical Factors and Emerging Opportunities in Food 
Waste Utilization and Treatment Technologies. Frontiers in Sustainable Food Systems 5, 
781537. https://doi.org/10.3389/fsufs.2021.781537. 

Kaiser, E., Weiß, K., 2007. Nitratgehalte im Grünfutter – Bedeutung für Gärqualität und 
siliertechnische Maßnahmen. Übersichten zur Tierernährung 35, 13–30.  

Kalzendorf, C., Staudacher, W., 2012. Siliermitteleinsatz. In: Gerighausen, H.-G. (Ed.), 
Praxishandbuch Futter- und Substratkonservierung: Jetzt auch mit Silagen für 
Biogasanlagen. 8th ed. DLG-Verlag, Frankfurt am Main, Germany, pp. 83–96. 

Keady, T.W.J., Murphy, J.J., 1998. A Note on the Preferences for, and Rate of Intake of, Grass 
Silages by Dairy Cows. Irish Journal of Agricultural and Food Research 37, 87–91. 

Kebreab, E., Bannink, A., Pressman, E.M., Walker, N., Karagiannis, A., van Gastelen, S., Dijkstra, 
J., 2023. A meta-analysis of effects of 3-nitrooxypropanol on methane production, yield, and 
intensity in dairy cattle. Journal of dairy science 106, 927–936. https://doi.org/ 
10.3168/jds.2022-22211. 

Kim, S.C., Adesogan, A.T., 2006. Influence of ensiling temperature, simulated rainfall, and 
delayed sealing on fermentation characteristics and aerobic stability of corn silage. Journal 
of dairy science 89, 3122–3132. https://doi.org/10.3168/jds.s0022-0302(06)72586-3. 

Knicky, M., Wiberg, H.-G., Eide, F., Gertzell, B., 2014. Dynamics of gas formation during 
ensilage. In: Proceedings of the 5th Nordic Feed Science Conference. Nordic Feed Science 
Conference, Uppsala, Sweden, 10–11 June 2014, pp. 41–46. 

Kono, M., 2023. Cross sector collaboration and evaluation in Ag plastics recycling programs. 
In: Proceedings of the XIX International Silage Conference. XIX International Silage 
Conference, Beijing, China, 8–12 August 2023, pp. 438–439. 

Krueger, L.A., Koester, L.R., Jones, D.F., Spangler, D.A., 2022. Carbon dioxide equivalent 
emissions from corn silage fermentation. Frontiers in Microbiology 13, 1092315. 
https://doi.org/10.3389/fmicb.2022.1092315. 

Kung, L., 2010. Aerobic Stability of Silage. In: Proceedings, 2010 California Alfalfa & Forage 
Symposium and Corn/Cereal Silage Conference. 40th California Alfalfa & Forage 
Symposium, Visalia, California, USA, 1–2 December 2010, pp. 89–102. 

Kung, L., 2023. Wild Yeasts & Aerobic Stability of Silages & TMR. Potential Negative Effects 
on Intake & Production. In: Real Science Lecture Series, Online, 1 August 2023. 
https://balchem.com/animal-nutrition-health/wp-content/uploads/sites/3/2023/08/ 
Wild_Yeast_Webinar.pdf (accessed 17 July 2024). 

Kung, L., Shaver, R.D., Grant, R.J., Schmidt, R.J., 2018. Silage review: Interpretation of chemical, 
microbial, and organoleptic components of silages. Journal of dairy science 101, 4020–4033. 
https://doi.org/10.3168/jds.2017-13909. 

Kung, L., Sheperd, A.C., Smagala, A.M., Endres, K.M., Bessett, C.A., Ranjit, N.K., Glancey, J.L., 
1998. The effect of preservatives based on propionic acid on the fermentation and aerobic 
stability of corn silage and a total mixed ration. Journal of dairy science 81, 1322–1330. 
https://doi.org/10.3168/jds.S0022-0302(98)75695-4. 



General discussion and conclusions 

- 208 - 

Kyrikou, I., Briassoulis, D., 2007. Biodegradation of Agricultural Plastic Films: A Critical Review. 
Journal of Polymers and the Environment 15, 125–150. https://doi.org/10.1007/ 
s10924-007-0053-8. 

Latsch, R., Sauter, J., 2011. Density determination of grass silage – Comparison of five 
measurement methods. Landtechnik 66, 418–421, https://doi.org/10.15150/lt.2011.433. 

Lee, C.R., Kim, C., Song, Y.E., Im, H., Oh, Y.-K., Park, S., Kim, J.R., 2018. Co-culture-based 
biological carbon monoxide conversion by Citrobacter amalonaticus Y19 and Sporomusa 

ovata via a reducing-equivalent transfer mediator. Bioresource technology 259, 128–135. 
https://doi.org/10.1016/j.biortech.2018.02.129. 

Leurs, K., 2006. Einfluss von Häcksellänge, Aufbereitungsgrad und Sorte auf die 
Siliereigenschaften von Mais. PhD Dissertation. Rheinische Friedrich-Wilhelms-
Universität, Bonn, Germany. https://hdl.handle.net/20.500.11811/2360 (accessed 
16 July 2024). 

Levitan, L., Barros, A., 2003. Recycling Agricultural Plastics in New York State. Environmental 
Risk Analysis Program, Ithaca, New York, USA, 14853. https://hdl.handle.net/1813/47656 
(accessed 15 May 2024). 

Li, M., Jungbluth, K.H., Sun, Y., Cheng, Q., Maack, C., Buescher, W., Lin, J., Zhou, H., Wang, Z., 
2016. Developing a Penetrometer-Based Mapping System for Visualizing Silage Bulk 
Density from the Bunker Silo Face. Sensors 16, 1038. https://doi.org/10.3390/s16071038. 

Li, M., Shan, G., Zhou, H., Buescher, W., Maack, C., Jungbluth, K.H., Lipski, A., Grantz, D.A., 
Fan, Y., Ma, D., Wang, Z., Cheng, Q., Sun, Y., 2017. CO2 production, dissolution and 
pressure dynamics during silage production: multi-sensor-based insight into parameter 
interactions. Scientific reports 7, 14721. https://doi.org/10.1038/s41598-017-14187-1. 

Li, Q., Si, R., Guo, S., Waqas, M.A., Zhang, B., 2023. Externalities of Pesticides and Their 
Internalization in the Wheat–Maize Cropping System – A Case Study in China’s Northern 
Plains. Sustainability 15, 12365. https://doi.org/10.3390/su151612365. 

Lindgren, S., 1999. Can HACCP Principles be Applied for Silage Safety?. In: Proceedings of 
XII International Silage Conference: Silage Production in relation to animal performance, 
animal health, meat and milk quality. XII International Silage Conference, Uppsala, Sweden,  
5–7 July 1999, pp. 51–66. 

Lindgren, S., Pettersson, K., Kaspersson, A., Jonsson, A., Lingvall, P., 1985. Microbial dynamics 
during aerobic deterioration of silages. Journal of the Sciences of Food Agric. 36, 765–774. 
https://doi.org/10.1002/jsfa.2740360902. 

Maack, G.-C., Deeken, H.F., Sun, Y., Büscher, W., 2023. Calibration of a hand penetrometer to 
estimate crop density at the silo face. In: Proceedings of the XIX International Silage 
Conference. XIX International Silage Conference, Beijing, China, 8–12 August 2023, 
pp. 416–417. 

Maack, G.-C., Wyss, U., 2012. Silagelagerung. In: Gerighausen, H.-G. (Ed.), Praxishandbuch 
Futter- und Substratkonservierung: Jetzt auch mit Silagen für Biogasanlagen. 8th ed. 
DLG-Verlag, Frankfurt am Main, Germany, p. 97–136. 



General discussion and conclusions 

- 209 - 

Macdonald, A.D., Clark, E.A., 1987. Water and Quality Loss During Field Drying of Hay.  
In: Brady, N.C. (Ed.), Advances in Agronomy, Volume 41. Academic Press, Cambridge, 
Massachusetts, USA, pp. 407–437. https://doi.org/10.1016/S0065-2113(08)60810-X. 

Mann, L., Tolbert, V., Cushman, J., 2002. Potential environmental effects of corn (Zea mays L.) 
stover removal with emphasis on soil organic matter and erosion. Agriculture, Ecosystems 
& Environment 89, 149–166. https://doi.org/10.1016/S0167-8809(01)00166-9. 

McCullough, M., 1984. Feeding quality silage. Animal Nutrition and Health, 30–35. 

McEniry, J., Forristal, P.D., O’Kiely, P., 2011. Gas composition of baled grass silage as influenced 
by the amount, stretch, colour and type of plastic stretch-film used to wrap the bales, and by 
the frequency of bale handling. Grass and Forage Science 66, 277–289. 
https://doi.org/10.1111/j.1365-2494.2011.00788.x. 

McEniy, J., O’Kiely, P., 2014. Developments in grass-/forage-based biorefineries. In: Waldron, 
K. (Ed.), Advances in Biorefineries: Biomass and Waste Supply Chain Exploitation. 
Woodhead Publishing Limited, Cambridge, United Kingdom, and Waltham, Massachusetts, 
USA, pp. 335–363. 

Merry, R.J., Davies, D.R., 1999. Propionibacteria and their role in the biological control of aerobic 
spoilage in silage. Lait 79, 149–164. https://doi.org/10.1051/lait:1999112. 

Milimonka, A., Thaysen, J., Richter, C., 2019. Nachhaltigkeit – können Siliermittel einen Beitrag 
leisten?. In: 57. Jahrestagung der Bayerischen Arbeitsgemeinschaft Tierernährung e.V.: 
Nachhaltigere Tierernährung: Erfolgreiche Fütterung, Ökonomie, Biodiversität und Umwelt 
im Einklang. 57. Jahrestagung der Bayerischen Arbeitsgemeinschaft Tierernährung e.V., 
Grub/Poing, Germany, 10 October 2019, pp. 96–101. 

Muck, R.E., Moser, L.E., Pitt, R.E., 2003. Postharvest Factors Affecting Ensiling. In: Buxton, 
D.R., Muck, R.E., Harrison, J.H. (Eds.), Silage Science and Technology. American Society 
of Agronomy, Crop Science Society of America, Soil Science Society of America, Madison, 
Wisconsin, USA, pp. 251–304. 

Muck, R.E., Nadeau, E.M.G., McAllister, T.A., Contreras-Govea, F.E., Santos, M.C., Kung, L., 
2018. Silage review: Recent advances and future uses of silage additives. Journal of dairy 
science 101, 3980–4000. https://doi.org/10.3168/jds.2017-13839. 

Mumme, M., Katzameyer, J., 2008. Mobile Test Station for the Radiometric Measurement of 
Density Distribution in Bales. Landtechnik 63, 341–343. https://doi.org/ 
10.15150/lt.2008.874. 

National Advisory Committee on Microbiological Criteria for Foods, 1998. Hazard Analysis and 
Critical Control Point Principles and Application Guidelines. Journal of Food Protection 61, 
1246–1259. 

Nia, S.M., Wittenberg, K.M., 2000. Effect of delayed wrapping on preservation and quality of 
whole crop barley forage ensiled as large bales. Canadian Journal of Animal Science 80, 
145–151. https://doi.org/10.4141/A99-047. 

 



General discussion and conclusions 

- 210 - 

Norris, S.L., Blackshaw, R.P., Dunn, R.M., Critchley, N.R., Smith, K.E., Williams, J.R., Randall, 
N.P., Murray, P.J., 2016. Improving above and below-ground arthropod biodiversity in 
maize cultivation systems. Applied Soil Ecology 108, 25–46. https://doi.org/ 
10.1016/j.apsoil.2016.07.015. 

Nußbaum, H., 2013. Der Einsatz von Silierzusatzstoffen bei Grassilage. 
In: 40. Viehwirtschaftliche Fachtagung gemäß Fortbildungsplan des Bundes: Ökonomik, 
Proteinversorgung, Grundfutterqualität, Grundfutterkonservierung, Mutterkuhhaltung, 
Forschungsergebnisse LFZ. 40. Viehwirtschaftliche Fachtagung, Irdning, Austria,  
18–19 April 2013., pp. 73–81. 

Oliveira, R.A., Näsi, R., Niemeläinen, O., Nyholm, L., Alhonoja, K., Kaivosoja, J., Jauhiainen, L., 
Viljanen, N., Nezami, S., Markelin, L., Hakala, T., Honkavaara, E., 2020. Machine learning 
estimators for the quantity and quality of grass swards used for silage production using 
drone-based imaging spectrometry and photogrammetry. Remote Sensing of 
Environment 246, 111830. https://doi.org/10.1016/j.rse.2020.111830. 

Pahlow, G., Hünting, K., 2012. Silierung: Gärungsbiologische Grundlagen und biochemische 
Prozesse der Silagebereitung. In: Gerighausen, H.-G. (Ed.), Praxishandbuch Futter- und 
Substratkonservierung: Jetzt auch mit Silagen für Biogasanlagen. 8th ed. DLG-Verlag, 
Frankfurt am Main, Germany, pp. 73–82. 

Pahlow, G., Muck, R.E., Driehuis, F., Oude Elferink, S.J.H.W., Spoelstra, S.F., 2003. 
Microbiology of Ensiling. In: Buxton, D.R., Muck, R.E., Harrison, J.H. (Eds.), Silage 
Science and Technology. American Society of Agronomy, Crop Science Society of 
America, Soil Science Society of America, Madison, Wisconsin, USA, pp. 31–93. 

Pereira, L.M., Moura, L., Zopollatto, M., Deniz, M., Gomes, I.C., Volpi, D., Vigne, G.L.D., 
Schmidt, P., 2019. Aerobic stability varies in different silage layers. In: Proceedings of the 
VI International Symposium on Forage Quality and Conservation. VI International 
Symposium on Forage Quality and Conservation, Piracicaba, Brazil, 7–8 November 2019. 
https://doi.org/10.13140/RG.2.2.34855.68007. 

Peterson, W.H., Burris, R.H., Sant, R., Little, H.N., 1958. Toxic Gases in Silage, Production of 
Toxic Gas (Nitrogen Oxides) in Silage Making. Journal of Agricultural and Food Chemistry 
6, 121–126. https://doi.org/10.1021/jf60084a006. 

Pitt, R.E., Muck, R.E., 1993. A Diffusion Model of Aerobic Deterioration at the Exposed Face of 
Bunker Silos. Journal of Agricultural Engineering Research 55, 11–26. 
https://doi.org/10.1006/jaer.1993.1029. 

Pitt, R.E., Muck, R.E., Pickering, N.B., 1991. A model of aerobic fungal growth in silage, 
2. Aerobic stability. Grass and Forage Science 46, 301–312. https://doi.org/10.1111/ 
j.1365-2494.1991.tb02235.x. 

Queiroz, O.C.M., Ogunade, I.M., Weinberg, Z., Adesogan, A.T., 2018. Silage review: Foodborne 
pathogens in silage and their mitigation by silage additives. Journal of dairy science 101, 
4132–4142. https://doi.org/10.3168/jds.2017-13901. 



General discussion and conclusions 

- 211 - 

Ragsdale, S.W., Pierce, E., 2008. Acetogenesis and the Wood-Ljungdahl pathway of CO2 fixation. 
Biochimica et Biophysica Acta (BBA) – Proteins and Proteomics 1784, 1873–1898. 
https://doi.org/10.1016/j.bbapap.2008.08.012. 

Randby, Å., Bakken, A.K., 2021. Bunkers or round bales: Losses and silage quality with or without 
acid treatment of low dry matter grass crops. Animal Feed Science and Technology 275, 
114868. https://doi.org/10.1016/j.anifeedsci.2021.114868. 

Restelatto, R., Novinski, C.O., Pereira, L.M., Silva, E.P.A., Volpi, D., Zopollatto, M., Schmidt, 
P., Faciola, A.P., 2019. Chemical composition, fermentative losses, and microbial counts of 
total mixed ration silages inoculated with different Lactobacillus species. Journal of animal 
science 97, 1634–1644. https://doi.org/10.1093/jas/skz030. 

Rinne, M., 2024. Novel uses of ensiled biomasses as feedstocks for green biorefineries. Journal of 
animal science and biotechnology 15, 36. https://doi.org/10.1186/s40104-024-00992-y. 

Rooke, J.A., Hatfield, R.D., 2003. Biochemistry of Ensiling. In: Buxton, D.R., Muck, R.E., 
Harrison, J.H. (Eds.), Silage Science and Technology. American Society of Agronomy, Crop 
Science Society of America, Soil Science Society of America, Madison, Wisconsin, USA, 
pp. 95–139. 

Rossi, L.G., Rabelo, C.H., Andrade, M.E., Siqueira, G.R., Vicente, E.F., Nogueira, D.A., 
Reis, R.A., 2023. Feed intake, digestibility, ruminal fermentation, growth performance, and 
carcass traits of lambs fed corn silage treated with Lentilactobacillus buchneri and stored for 
different times. Animal Feed Science and Technology 304, 115751. 
https://doi.org/10.1016/j.anifeedsci.2023.115751. 

Rotz, A., Stout, R., Leytem, A., Feyereisen, G., Waldrip, H., Thoma, G., Holly, M., Bjorneberg, 
D., Baker, J., Vadas, P., Kleinman, P., 2021. Environmental assessment of United States 
dairy farms. Journal of Cleaner Production 315, 128153. https://doi.org/10.1016/ 
j.jclepro.2021.128153. 

Rotz, C.A., Beegle, D., Bernard, J.K., Leytem, A., Feyereisen, G., Hagevoort, R., Harrison, J., 
Aksland, G., Thoma, G., 2024. Fifty years of environmental progress for United States dairy 
farms. Journal of dairy science. https://doi.org/10.3168/jds.2023-24185. 

Sauerbrei, R., Ekschmitt, K., Wolters, V., Gottschalk, T.K., 2014. Increased energy maize 
production reduces farmland bird diversity. Global Change Biology Bioenergy 6, 265–274. 
https://doi.org/10.1111/gcbb.12146. 

Savoie, P., Caron, E., Tremblay, G.F., 2011. Control of Losses during the Haymaking Process. 
In: Proceedings of the II International Symposium on Forage Quality and Conservation. 
II International Symposium on Forage Quality and Conservation, Sao Pedro, Brazil, 16–19 
November 2011. 

Schmidt, L., Weißbach, F., Wernecke, K.-D., Hein, E., 1971. Erarbeitung von Parametern für die 
Vorhersage und Steuerung des Gärungsverlaufes bei der Grünfuttersilierung. Oskar-Kellner-
Institut für Tieremährung, Akademie der Landwirtschaftswissenschaften der DDR, Rostock, 
German Democratic Republic. 



General discussion and conclusions 

- 212 - 

Schmidt, P., Amaro, F.X., Vyas, D., Adesogan, A.T., 2023. New steps to understanding gas 
absorption by silages. In: Proceedings of the XIX International Silage Conference. 
XIX International Silage Conference, Beijing, China, 8–12 August 2023, pp. 434–435. 

Schmidt, P., Novinski, C.O., Bayer, C., Dieckow, J., Junges, D., Santos, M.C., 2011. Greenhouse 
gas emissions during the fermentation of sugarcane silages. In: Proceedings of the 
II International Symposium on Forage Quality and Conservation. II International 
Symposium on Forage Quality and Conservation, Sao Pedro, Brazil, 16–19 November 2011. 

Schmidt, P., Novinski, C.O., Cameiro, E.W., Bayer, C., 2012. Greenhouse gas emissions from 
fermentation of corn silage. In: Proceedings of the XVI International Silage Conference. 
XVI International Silage Conference, Hämeelinna, Finland, 2–4 July 2012, pp. 448–449. 

Schmidt, P., Novinski, C.O., Zopollatto, M., 2018. Carbon absorption in silages: a novel approach 
in silage microbiology. In: Proceedings of the XVIII International Silage Conference. 
XVIII International Silage Conference, Bonn, Germany, 24–26 July 2018, pp. 20–21. 

Schmidt, P., Vigne, G.L.D., 2023. Gas absorption by silages: A new branch of knowledge. 
In: Proceedings of the XIX International Silage Conference. XIX International Silage 
Conference, Beijing, China, 8–12 August 2023, pp. 67–73. 

Schroeder, J.W., 2004. Quality Forage: Silage Fermentation and Preservation, AS-1254.  
North Dakota State University, Fargo, North Dakota, USA. http://hdl.handle.net/10365/5102 
(accessed 11 March 2024). 

Schulz, V.S., Schumann, C., Weisenburger, S., Müller-Lindenlauf, M., Stolzenburg, K., 
Möller, K., 2020. Row-Intercropping Maize (Zea mays L.) with Biodiversity-Enhancing 
Flowering-Partners – Effect on Plant Growth, Silage Yield, and Composition of Harvest 
Material. Agriculture 10, 524. https://doi.org/10.3390/agriculture10110524. 

Seglar, B., 2003. Fermentation Analysis and Silage Quality Testing. In: Proceedings of the 
Minnesota Dairy Health Conference. Minnesota Dairy Health Conference, Falcon Heights, 
Minnesota, USA, 18–20 May 2003, pp. 119–135. 

Seppälä, A., Heikkilä, T., Mäki, M., Miettinen, H., Rinne, M., 2013. Controlling aerobic stability 
of grass silage-based total mixed rations. Animal Feed Science and Technology 179, 54–60. 
https://doi.org/10.1016/j.anifeedsci.2012.11.011. 

Shan, G., Buescher, W., Maack, C., Lipski, A., Acir, I.-H., Trimborn, M., Kuellmer, F., Wang, Y., 
Grantz, D.A., Sun, Y., 2021a. Dual sensor measurement shows that temperature outperforms 
pH as an early sign of aerobic deterioration in maize silage. Scientific reports 11, 8686. 
https://doi.org/10.1038/s41598-021-88082-1. 

Shan, G., Buescher, W., Maack, C., Zhou, H., Grantz, D.A., Lipski, A., Acir, I.-H., Sun, Y., 2019. 
An automatic smart measurement system with signal decomposition to partition dual-source 
CO2 flux from maize silage. Sensors and Actuators B: Chemical 300, 127053. 
https://doi.org/10.1016/j.snb.2019.127053. 

 

 



General discussion and conclusions 

- 213 - 

Shan, G., Maack, C., Buescher, W., Glenz, G., Milimonka, A., Deeken, H., Grantz, D.A., Wang, 
Y., Sun, Y., 2021b. Multi-sensor measurement of O2, CO2 and reheating in triticale silage: 
An extended approach from aerobic stability to aerobic microbial respiration. Biosystems 
Engineering 207, 1–11. https://doi.org/10.1016/j.biosystemseng.2021.04.004. 

Shan, G., Rosner, V., Milimonka, A., Buescher, W., Lipski, A., Maack, C., Berchtold, W., Wang, 
Y., Grantz, D.A., Sun, Y., 2021c. A Multi-Sensor Mini-Bioreactor to Preselect Silage 
Inoculants by Tracking Metabolic Activity in situ During Fermentation. Frontiers in 
Microbiology 12, 673795. https://doi.org/10.3389/fmicb.2021.673795. 

Shan, G., Sun, Y., Maack, C., Buescher, W., Berchtold, W., Grantz, D.A., 2023. Insight of CO2 and 
ethanol emission from maize silage: A case study with real-time identification of aerobic 
and anaerobic microbial respiration using a multi-sensor-fusion method. Environmental 
pollution 335, 122361. https://doi.org/10.1016/j.envpol.2023.122361. 

Spiekers, H., 2012. Ziele – in der Wiederkäuerfütterung. In: Gerighausen, H.-G. (Ed.), 
Praxishandbuch Futter- und Substratkonservierung: Jetzt auch mit Silagen für 
Biogasanlagen. 8th ed. DLG-Verlag, Frankfurt am Main, Germany, pp. 13–17. 

Spoelstra, S.F., 1983. Inhibition of clostridial growth by nitrate during the early phase of silage 
fermentation. Journal of the Science of Food and Agriculture 34, 145–152. https://doi.org/ 
10.1002/jsfa.2740340206.  

Spoelstra, S.F., 1985. Nitrate in silage. Grass and Forage Science 40, 1–11. https://doi.org/ 
10.1111/j.1365-2494.1985.tb01714.x. 

Spoelstra, S.F., Courtin, M.G., van Beers, J.A.C., 1988. Acetic acid bacteria can initiate aerobic 
deterioration of whole crop maize silage. The Journal of Agricultural Science 111, 127–132. 
https://doi.org/doi:10.1017/S0021859600082915. 

Steckel, T., 2018. Entwicklung einer kontextbasierten Systemarchitektur zur Verbesserung des 
kooperativen Einsatzes mobiler Arbeitsmaschinen. PhD Dissertation. Universität 
Hohenheim, Hohenheim, Germany. https://hohpublica.uni-hohenheim.de/handle/ 
123456789/6259 (accessed 17 July 2024). 

Sun, Y., Li, M., Zhou, H., Shan, G., Cheng, Q., Jungbluth, K.H., Buescher, W., Maack, C., 
Lipski, A., Wang, Z., Fan, Y., 2017. In situ measurements and simulation of oxygen 
diffusion and heat transfer in maize silage relative to the silo surface. Computers and 
Electronics in Agriculture 137, 1–8. https://doi.org/10.1016/j.compag.2017.03.011. 

Tabacco, E., Ferrero, F., Borreani, G., 2020. Feasibility of Utilizing Biodegradable Plastic Film to 
Cover Corn Silage under Farm Conditions. Applied Sciences 10, 2803. 
https://doi.org/10.3390/app10082803. 

Thünen, T., Heuer, K., Rochlitzer, R., Brockmann, C., Seifert, S., 2019. Schlussbericht zum 
Verbundvorhaben: Effizienzsteigerung im Silageprozess (EiS) – Neue Konzepte zur 
Minimierung von Energieverlusten. Julius Kühn-Institut Bundesforschungsinstitut für 
Kulturpflanzen (JKI) – Institut für Pflanzenbau und Bodenkunde, Braunschweig, Germany. 
https://www.fnr.de/ftp/pdf/berichte/22404212.pdf (accessed 17 July 2024). 



General discussion and conclusions 

- 214 - 

Türkgeldi, B., Koç, F., Lackner, M., Okuyucu, B., Okur, E., Palangi, V., Esen, S., 2023. Infrared 
Thermography Assessment of Aerobic Stability of a Total Mixed Ration: An Innovative 
Approach to Evaluating Dairy Cow Feed. Animals 13, 2225. https://doi.org/ 
10.3390/ani13132225. 

Vigne, G.L.D., 2022. Gas production, pressure and carbon dioxide absorption in maize silage. 
PhD Dissertation. Universidade Federal do Paraná, Curitiba, Brazil. 
https://hdl.handle.net/1884/76245 (accessed 16 July 2024). 

Vigne, G.L.D., Zopollatto, M., Weiß, K., Pereira, L.M., Volpi, D., Schmidt, P., 2019. Gas 
production and volatile composition of CO2-supplied corn silages. In: Proceedings of the 
VI International Symposium on Forage Quality and Conservation. VI International 
Symposium on Forage Quality and Conservation, Piracicaba, Brazil, 7–8 November 2019. 

Vogel, E., Deumlich, D., Kaupenjohann, M., 2016. Bioenergy maize and soil erosion – Risk 
assessment and erosion control concepts. Geoderma 261, 80–92. https://doi.org/ 
10.1016/j.geoderma.2015.06.020. 

Vyas, D., Adesogan, A.T., 2023. Smart silage of the future. In: Proceedings of the 
XIX International Silage Conference. XIX International Silage Conference, Beijing, China,  
8–12 August 2023, pp. 89–94. 

Wang, L.C., Burris, R.H., 1960. Toxic Gases in Silage, Mass Spectrometric Study of Nitrogenous 
Gases Produced by Silage. Journal of Agricultural and Food Chemistry 8, 239–242. 
https://doi.org/10.1021/jf60109a023. 

Weinberg, Z., Ashbell, G., 2003. Engineering aspects of ensiling. Biochemical Engineering 
Journal 13, 181–188. https://doi.org/10.1016/S1369-703X(02)00130-4. 

Weinberg, Z.G., Ashbell, G., 1994. Changes in gas composition in corn silages in bunker silos 
during storage and feedout. Canadian Agricultural Engineering 36, 155–158. 

Weiß, K., 2001. Gärungsverlauf und Gärqualität von Silagen aus nitratarmem Grünfutter. 
PhD Dissertation. Humboldt-Universität zu Berlin, Berlin, Germany. https://doi.org/ 
10.18452/14610. 

Weiß, K., 2017. Volatile Organic Compounds in Silages – Effects of Management Factors on their 
Formation: A Review. Slovakian Journal of Animal Science 50, 55–67. 

Weiß, K., Kroschewski, B., Auerbach, H., 2020. Formation of volatile organic compounds during 
the fermentation of maize as affected by sealing time and silage additive use. Archives of 
animal nutrition 74, 150–163. https://doi.org/10.1080/1745039X.2019.1694357. 

Weiß, K., Kroschewski, B., Auerbach, H.U., 2022. The Influence of Delayed Sealing and Repeated 
Air Ingress during the Storage of Maize Silage on Fermentation Patterns, Yeast 
Development and Aerobic Stability. Fermentation 8, 48. https://doi.org/10.3390/ 
fermentation8020048. 

Weißbach, F., Honig, H., 1996. Über die Vorhersage und Steuerung des Gärungsverlaufs bei der 
Silierung von Grünfutter aus extensivem Anbau. Landbauforschung Völkenrode: 
FAL agricultural research 46, 10–17. https://www.openagrar.de/receive/ 
timport_mods_00031904 (accessed 16 July 2024). 



General discussion and conclusions 

- 215 - 

Weseh, A., 2013. Effects of silage inoculants on silage fermentation, aerobic stability and animal 
performance. PhD Dissertation. University of Alberta, Edmonton, Alberta, Canada. 
https://doi.org/10.7939/R3PH4R. 

WHG, 2023. Wasserhaushaltsgesetz vom 31. Juli 2009 (BGBl. I S. 2585), das zuletzt durch Artikel 
7 des Gesetzes vom 22. Dezember 2023 (BGBl. 2023 I Nr. 409) geändert worden ist. 

Whittenbury, R., McDonald, P., Bryan-Jones, D.G., 1967. A short review of some biochemical 
and microbiological aspects of ensilage. Journal of the Science of Food and Agriculture 18, 
441–444. https://doi.org/10.1002/jsfa.2740181001. 

Wilkins, R.J., 2005. Silage: A Global Perspective. In: Reynolds, S.G., Frame, J. (Eds.), Grasslands: 
Developments, opportunities, perspectives. CRC Press Taylor & Francis Group, 
Boca Raton, Florida, USA, pp. 111–132. 

Wilkinson, J.M., 1999. Silage and animal health. Natural Toxins 7, 221–232. 
https://doi.org/10.1002/1522-7189(199911/12)7:6<221::AID-NT76>3.0.CO;2-H. 

Wilkinson, J.M., 2015. Managing silage making to reduce losses. Livestock 20, 280–286. 
https://doi.org/10.12968/live.2015.20.5.280. 

Wilkinson, J.M., Bolsen, K.K., Lin, C.J., 2003. History of Silage. In: Buxton, D.R., Muck, R.E., 
Harrison, J.H. (Eds.), Silage Science and Technology. American Society of Agronomy, Crop 
Science Society of America, Soil Science Society of America, Madison, Wisconsin, USA, 
pp. 1–30. 

Wilkinson, J.M., Garnsworthy, P.C., 2017. Dietary options to reduce the environmental impact of 
milk production. The Journal of Agricultural Science 155, 334–347. https://doi.org/10.1017/ 
S0021859616000757. 

Wilkinson, J.M., Garnsworthy, P.C., 2021. The carbon footprint of maize silage. In: Annual 
Conference of the UK Maize Growers Association, The role of maize in the new farming 
world. Online, 2 March 2021. 

Wilkinson, J.M., Muck, R.E., 2019. Ensiling in 2050: some challenges and opportunities.  
Grass Forage Science 74, 178–187. https://doi.org/10.1111/gfs.12418.  

Wirén-Lehr, S. von, 2001. Sustainability in agriculture – an evaluation of principal goal-oriented 
concepts to close the gap between theory and practice. Agriculture, Ecosystems & 
Environment 84, 115–129. https://doi.org/10.1016/S0167-8809(00)00197-3. 

Woods, L.F., Wood, J.M., Gibbs, P.A., 1981. The involvement of Nitric Oxide in the inhibition of 
the phosphoroclastic system in Clostridium sporogenes by sodium nitrite. Journal of general 
microbiology 125, 399–406. https://doi.org/10.1099/00221287-125-2-399. 

Wróbel, B., Nowak, J., Fabiszewska, A., Paszkiewicz-Jasińska, A., Przystupa, W., 2023.  
Dry Matter Losses in Silages Resulting from Epiphytic Microbiota Activity – A 
Comprehensive Study. Agronomy 13, 450. https://doi.org/10.3390/agronomy13020450. 

Xiccato, G., Cinetto, M., Carazzolo, A., Cossu, M.E., 1994. The effect of silo type and dry matter 
content on the maize silage fermentation process and ensiling loss. Animal Feed Science and 
Technology 49, 311–323. https://doi.org/10.1016/0377-8401(94)90055-8. 



General discussion and conclusions 

- 216 - 

Xu, D., Wang, N., Rinne, M., Ke, W., Weinberg, Z.G., Da, M., Bai, J., Zhang, Y., Li, F., Guo, X., 
2021. The bacterial community and metabolome dynamics and their interactions modulate 
fermentation process of whole crop corn silage prepared with or without inoculants. 
Microbial biotechnology 14, 561–576. https://doi.org/10.1111/1751-7915.13623. 

Yitbarek, M.B., Tamir, B., 2014. Silage Additives: Review. Open Journal of Applied Sciences 4, 
258–274. https://doi.org/10.4236/ojapps.2014.45026. 

Yunilas, Y., Indra Aja Nasution, M., Mirwandhono, E., Fathul Qohar, A., 2023. Effect of 
Fermentation Time and Organic Acid Level on Organoleptic Quality and Chemical 
Components of Black Soldier Fly Prepupae Silage. Advances in Animal and Veterinary 
Sciences 11, 1651–1658. https://doi.org/10.17582/journal.aavs/2023/11.10.1651.1658. 

Zhao, Y., Wexler, A.S., Hase, F., Pan, Y., Mitloehner, F.M., 2021. Carbon Monoxide Emissions 
from Corn Silage. Journal of Environmental Protection 12, 438–453. 
https://doi.org/10.4236/jep.2021.127027. 

  



Danksagung 

- 217 - 

7 Danksagung 

Am Ende dieses Weges, bleibt die wichtige und freudige Aufgabe vielfach Danke zu sagen. 

An erster Stelle möchte ich meinem Doktorvater und Erstgutachter Herrn Prof. Dr. Wolfgang 

Büscher für sein Vertrauen und die Überlassung der beiden Forschungsprojekte danken. Die 

fachliche, wissenschaftliche und persönliche Betreuung war stets bereichernd und angenehm.  

Ich möchte Herrn Prof. Dr. André Lipski für die Erstellung des Zweitgutachtens sowie die 

Zusammenarbeit bei den Laboruntersuchungen danken. Darüber hinaus gilt mein Dank Herrn 

Prof. Dr. Karl-Heinz Südekum für den Vorsitz in der Prüfungskommission und die vielen 

lehrreichen Vorlesungen im Laufe des Studiums sowie Frau PD Dr. Katrin Gerlach für die 

Übernahme der Position des Fachnahen Mitglieds und die Zusammenarbeit in Studie 1. 

Dem Ministerium für Landwirtschaft und Verbraucherschutz NRW verdanke ich die Förderung 

des Projektes ‚EnergARA‘ und der Deutschen Forschungsgemeinschaft (DFG) des Projektes 

‚RESPilage‘. Allen beteiligten Personen gilt ein großer Dank für die gute Zusammenarbeit.  

Ein riesiges DANKE geht an alle Mitarbeiter*Innen im Institut für Landtechnik für die 

freundliche Atmosphäre und konstruktive Hilfe. Allen voran möchte ich meinen direkten 

Ansprechpartnern Dr. Manuel Krommweh und Dr. Christian Maack danken; für die fachlichen 

Diskussionen, aber auch für den freundschaftlichen Austausch und die aufmunternden Worte. 

Darüber hinaus gilt mein Dank Dr. Alexander Schmithausen für die Überlassung der Daten, sowie 

Dr. Manfred Trimborn für die Unterstützung rund um die Emissionsmessungen. Zudem möchte 

ich mich bei Herrn Prof. Dr. Dr. h.c. Yurui Sun für die lehrreiche Zusammenarbeit bedanken. 

Darüber danke ich herzlichst all meinen Doktorandinnenkolleginnen (sowie Peter und Felix), 

dass wir uns stets wohlwollend und ohne Fragen unterstützt haben, Freud und Leid geteilt haben 

und eine so angenehme Arbeitsatmosphäre geschaffen haben. Auch wenn es mir schwerfällt, 

möchte ich hier Veronika, Alexandra, Johanna und Kristin namentlich hervorheben. 

Ich möchte meinen Kempener und Bonner Freund*Innen danken, dass ihr geduldig wart und 

euch so manche Ergüsse über warme, stinkende Luft und schimmeligen Mais angehört habt. Einen 

großen Dank schicke ich zudem auf den Hof nach Münster, woher die Liebe zur Stallluft stammt. 

Der größte Dank gilt meinen Eltern, Ralf und Mechthild, und meinem Bruder, Henning. Dass 

aus „Muhkaka wech!“ mal eine Dissertation und den Pepes mal ein Doktorhut werden würde 

haben wir wohl alle lange nicht gedacht. Euer Glaube und Rückhalt, eure bedingungslose Liebe 

und stetige Unterstützung auf allen Schritten dieses Weges ist das größte Geschenk, was ich mir 

erdenken kann und ohne Euch wäre ich niemals so weit gekommen. Zu guter Letzt möchte ich 

mich bei Laila für die Ruhe und Kraft bedanken, die du mir geschenkt hast, sowie für deine 

Geduld, wenn meine Anspannung unsere gemeinsame Zeit beeinflusst hat – das wird jetzt besser! 


