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Abstract  

A significant amount of nitrogen (N) is lost during composting and this loss reduces the 

fertilizing value of the final product. Greenhouse gas emissions (GHG) – mainly methane (CH4) 

and nitrous oxide (N2O) – also occur during composting. High temperatures (> 45°C) increase 

ammonia volatilisation. The addition of an N-rich substrate after the thermophilic phase (late 

addition) is therefore proposed as a way of reducing nitrogen losses and GHG emissions from 

composting thereby improving the agronomic value of the final product. Vermicomposting – 

composting by earthworms – has also been suggested for reducing N losses from composting. 

However, the effect of these practices on the GHG emissions is unclear. The objective of this 

thesis was, therefore, to investigate the effect of delayed addition of N-rich substrate on 

greenhouse gas emissions during composting and link this effect to the different composting 

method. The results showed that the treatments with early addition increased CO2 production 

(P = 0.03), irrespective of the composting method. Apart of the mixing ratios of the substrate, 

vermicomposting increased the CO2 emissions by 22 - 47% compared with traditional 

composting (P < 0.01). Vermicomposting also increased N2O emissions (P = 0.01) by 160 – 

230%, but decreased CH4 emissions (P = 0.01) from 97-253%. The timing of substrate addition 

on GHG emission showed the same pattern regardless the composting methods. Delayed 

addition increased N2O emissions, but reduced CH4 production. With vermicomposting, the 

NO3
- concentrations increased from 90%-140% and the NH4

+ concentrations decreased by 23 

– 44% except in the 3rd treatment where it increased 98%. The pH dropped ( 0,5 – 3%) in the 

presence of earthworms. In conclusion, the timing of addition of N-rich substrate influences the 

total GHG emissions and chemical properties of compost and hence further studies are 

suggested to understand the mechanisms.  
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1. Introduction 

 

The increase in world population and the fastest growth of cities, particularly in developing 

countries, have led to an increase in environmental problems in urban areas. The municipal 

waste is one of the major causes. These residues eventually accumulate in landfills to be 

incinerated, leading to a large release of toxic gasses into the atmosphere. Find viable 

alternatives to these problems is the challenge of the society.  

 

Studies have shown that biodegradable materials constitute more than 50% of municipal waste 

in developing countries (Getahun et al., 2012) and therefore composting has been suggested as 

a non-expensive method to reduce the amount of municipal waste in landfill sites. Composting 

has several potential benefits on this issue: (i) reduces the amount of organic wastes dumped as 

landfill (ii) closes the nutrient cycle (iii) improves the soil structure (Bernal et al., 2009) 

 

Composting is a controlled and microbial mediated decomposition process that convert organic 

materials into a stable product which is ultimately used as a soil amendment (Lazcano et al., 

2008). During composting, microorganisms consume oxygen and decompose organic 

materials, thereby generating heat, water vapor and carbon dioxide (CO2) (Fig.1).  As organic 

matter decomposes, mineral nutrients such as nitrogen (N), phosphorous (P) and sulfur (S) are 

released. A significant amount of ammonia (NH3), NOx and greenhouse gasses (i.e., methane 

(CH4) and nitrous oxide (N2O)) are produced during composting as well. Under optimum 

conditions composting resulted up to 50% weight loss (Tiquia et al., 2002) and hence reduces 

the cost of waste transportation.  
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Figure 1 – The composting system (adapted from Rynk, 1992) 

 

There are three stages in the composting process based on the temperatures in the compost pile. 

(Fig. 2). The first stage is called the mesophilic phase (temperature < 45°C). It is the initial 

phase of composting where the rapid breakdown of easily degradable compounds occurs. The 

heat produced during this stage raises temperatures to above 45 °C and leads to the second 

phase, called thermophilic composting. During the thermophilic stage, temperatures rise above 

45°C and the breakdown of proteins, fats, hemicellulose and cellulose occurs (Singh and 

Kalamdhad, 2014). These high temperatures are crucial to the process since it is through this 

temperature rise that the desired sanitary status can be achieved by eliminating the pathogens 

and weed seeds (Tian et al., 2012). The third stage is called the curing or maturation phase 

during which temperatures decrease to ambient temperature and more stable organic 

compounds are degraded at a low rate (Lazcano et al., 2008). During this stage, the pile is 

recolonized by mesophilic microorganisms which can finish the decomposition of the 

remaining compounds. The duration of these stages depends mainly on the properties of 

materials and management of control parameters (Eghball et al., 1997). The maturation is 

usually associated with the degree of decomposition of phytotoxic substances, pathogens and 

weed seed. Stability is generally related to the microbial activity. The compost is stable when a 

decrease in microbial activity and the concentration of labile compounds is registered using 

respirometric methods (Benito, et al., 2003). These two states are essential to the quality and 

marketability of the final product (Wu, et al., 2000). An unstable product besides being 
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phytotoxic can lead to competition between decomposing microorganisms and plants roots for 

oxygen, causing serious damages on the seeds development and plants growth (Zorpas & 

Loizidou, 2008). 

 

 

The composting process is influenced by moisture content, oxygen concentration (aeration) and 

the quality of the organic material (carbon, nitrogen, C:N ratio and other nutrients). The 

moisture content of 50 - 60 %, C to N ranged from 25:1 to 30:1 and oxygen concentration of > 

5 % are required for the optimum composting process (Table 1).  

 

 

Figure 2 - The phases of the composting process according to the temperature in the pile 
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Table 1.  Optimal conditions to composting (Rynk, 1992) 

Condition  Reasonable Range Preferred Range 

C/N Ratio 20:1 – 40:1 25:1 – 35:1  

Moisture content (%) 40 - 65 50 – 60 

Oxygen concentration (v/v) >5 >>5 

Particle size (mm) 3.2 – 12.7 Varies 

pH 5.5 – 9.0 6.5 – 8.0 

Temperature (°C) 43 – 66 54 – 60 

Bulk density (kg m-3) < 640 - 

Porosity (%) > 40 - 

 

One of the challenges in composting is to obtain a single material which fulfills all the optimum 

conditions for the composting process (Table 1).  Mixing the three feedstock of the compost 

mixture is necessary to have a valuable end product. A good balance between the substrate, 

amendment, and bulking agent is essential to improve the aeration and the nutrients of the pile. 

The primary substrates are normally high in Nitrogen with relatively high moisture content. 

The amendments usually are dry and high in Carbon (Chowdhury, 2013).  According to this, 

materials with high N-content, such as food waste and manure requires the addition of carbon 

sources (C-rich materials) to adjust the C:N ratio and moisture content. The addition of C-rich 

materials with bulking properties are also added to ensure air circulation through the 

composting pile (Nigussie, et al., 2016) (Chowdhury, et al., 2014) (Vu, et al., 2014). 

The total N losses during composting may account for 40-70 % of the initial N (Bernal et al., 

2009). Ammonia volatilization accounts for most N loss, and it is influenced by (i) C/N ratio of 

the material: a low concentration of nitrogen in the compost material (C:N > 30:1) causes a 

decrease in decomposition (Nigussie, et al., 2016) (Wang, et al., 2010) while a high 

concentration (C:N<25:1) leads to loss of ammonia through volatilization. (Chowdhury, et al., 

2014); (ii) pH: the combination of alkaline pH (>8.5) and high temperatures (>45ºC) favors 

ammonia volatilization by displacing NH4
+ = NH3 equilibrium to ammonia. (Pagans et al., 

2006); (iii) temperature: high temperature inhibits the nitrification process, and thereby, the 

possibility for ammonia volatilization is high, leading to losses of 24–33% of the initial nitrogen 

content; (iv) moisture content: since it is the oxygen source for microorganisms. The optimal 

values are between 50 and 60%. Below 40 %, the activity of organisms decreases due to lack 
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of O2. Above 60 %, anaerobic areas are created, decreasing the decomposition process, and 

leading to leaching, greenhouse gas emissions and unpleasant odour (Nigussie, et al., 2016); 

(vi) aeration rate: aeration is essential to avoid anaerobic patches, accelerate the decomposition 

process (Jiang, et al., 2011) and to control nutrient loss and gaseous emissions (Nigussie, et al., 

2016) (Chowdhury, et al., 2014). High moisture content and low porosity reduce the air 

movement through the composting pile. Aeration of the pile is essential to avoid aerobic 

situations. However, excessive aeration can bring negative effects to the process. Loss of 

moisture, being an example, which leads to decreased decomposition, volatilization of NH3 and 

GHG (Gao, et al., 2010) (Chowdhury, et al., 2014). These N losses reduce the agronomic value 

of the final product.  

In addition to high ammonia loss, significant emission of greenhouse gasses, mostly nitrous 

oxide (N2O) and methane (CH4), are reported from composting (Chowdhury et al., 2014). N2O 

and CH4 make a large contribution to global warming since they have a warming potential 25 

(CH4) and 296 (N2O) times higher than CO2 (Hao et al., 2004; Friedrich & Trois, 2013). 

Inorganic N concentration, C quality (Chowdhury et al., 2014) and temperature influence 

greenhouse gas (GHG) emissions during composting. Methane (CH4) is mainly produced in the 

thermophilic phase (Sánchez-Monedero et al., 2010) due to the presence of labile carbon 

compounds in conjunction with and anoxic microsites. Nitrous oxide (N2O) is emitted after the 

thermophilic stage because nitrifying and denitrifying bacteria are mesophilic (Vu et al., 2015). 

pH control using additives (Liang et al., 2006) and the addition of absorbents (i.e. biochar) 

(Chowdhury et al., 2014; Jiang et al., 2015) are suggested as ways of reducing N losses and 

GHG emissions from composting. Still, most of these interventions are inadequate to fit easily 

within the broader small-scale farming systems in developing countries. Revolving the pile and 

increase the C/N ration are low-cost practices however revolving will lead to more volatilization 

and increasing the C/N ratio is not sufficient. There is, therefore, a need for more research to 

develop low-cost methods to mitigate N losses and GHG emissions from composting while 

retaining the beneficial properties (fertilizing value) of compost. 

The addition of N-rich substrate after the thermophilic phase has been suggested as low-cost 

ways of reducing N losses from composting (Dresbøll & Thorup-Kristensen, 2005).  In this 

process, a sufficient amount of a nitrogen-rich substrate is added in the beginning (before 

thermophilic phase) so the carbon turnover occurs. The remainder is added after the 

thermophilic stage (late addition). By reducing the losses, it increases the nitrogen 
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concentration in the final product (Dresbøll & Thorup-Kristensen, 2005). It is plausible that 

delayed addition of N-rich materials might influence the GHG budget of the composting 

system. For example, additions of the N-rich substrate after the thermophilic phase might 

increase N2O emissions by increasing the bioavailability of mineral N for nitrifying and 

denitrifying bacteria (Sung & Liu, 2003). On the other hand, a single addition of an N-rich 

substrate could trigger CH4 emissions due to the occurrence of anaerobic sites, high 

temperatures and bioavailable C and/or N for methanogenic bacteria (Hao, et al., 2005). Still, 

the effect of delayed addition of an N-rich substrate on GHG emissions from composting has 

not been investigated.  

Vermicomposting is a composting process that involves both earthworms and associated 

microorganisms to decompose and stabilize organic materials (Domínguez and Edwards, 1997; 

Munroe, 2007). During vermicomposting, earthworms break down organic materials into 

smaller particles and facilitate the further microbial decomposition process. Earthworms ensure 

air circulation by moving through the compost, implying that they might reduce GHG emissions 

during vermicomposting (Wang et al., 2014; Chan et al., 2010). Earthworms also affect N 

transformations such as mineralization, volatilization, nitrification and denitrification through 

their interaction with associated microbes (Velasco-Velasco, et al., 2011; Lazcano, et al., 2008), 

and thereby influence N2O emissions. Other studies have shown that earthworms induce N2O 

emissions (Hobson, et al., 2005) because their gut contains denitrifying bacteria (Drake & Horn, 

2006) This occurrence is influenced by available C and mineral N (Lubbers, et al., 2013) (Drake 

& Horn, 2006). There are important variables which could influence the losses (mineral N 

concentration, C quality, moisture content and earthworm density), which are different in the 

soil environment, where these studies were conducted and the vermicomposting environment. 

However, currently little is known about N losses and GHG emissions during vermicomposting 

(Lim et al., 2016). The effect of delayed addition of N-rich substrate on GHG emissions in the 

vermicomposting process has not been studied yet.  
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Therefore, the objective of this thesis is to assess the effect of delayed application of N-rich 

substrate on GHG emissions on the two composting methods (composting and 

vermicomposting). It was hypothesized that: 

 

(i) Delayed addition of N-rich substrate increases N2O emissions regardless of the 

composting methods    

(ii) Early addition of N-rich substrate reduces CH4 emissions regardless of the 

composting method 

(iii) Vermicomposting reduces N2O and CH4 emissions as compared with conventional 

composting   
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Figure 4 – Dendrobaena veneta 

2. Methods 

 

2.1 Experiment set-up 

 

The experiment was carried out at Wageningen UR, Netherlands (51°58′N 5°40′E) for 40 days 

in 31cm X 17cm X 29 cm plastic box (Fig. 3). Waste materials such as pre-decomposed garden 

waste, cattle manure, and garden waste were collected from the university farm. The peat moss 

was obtained from the nearby earthworm farms and used as bedding material. A mixture of pre-

decomposed garden waste was used as a composting material and then mixed with the peat 

moss to the ratio of 3:1.  

The N- rich substrate (i.e cattle manure) was applied to the mixtures to produce the intended 

C/N ratio (i.e., approx. 25:1 to 30:1). The cattle manure was applied at different times, namely 

(i) All the manure was applied at the beginning of composting (i.e., traditional ones), (ii) 2/3 of 

the manure was applied at the beginning of composting and the remaining 1/3 was applied after 

the fourth week, (iii) 1/3 of the manure was applied at the beginning of composting and the 

remaining 2/3 was applied after the fourth week, and (iv) All the manure was applied after the 

fourth week of composting.  

Adult Dendrobaena veneta (Fig. 4), from the ‘De Polderworm’, were used for the 

vermicomposting experiment, and the earthworms were added at the stocking density of 4 kg 

earthworms m-2 The treatments without earthworms were used as a traditional composting 

method. To prevent the escape of the earthworms, barrier cloth was used to cover all the boxes.  

 

 

Figure 3- Boxes used in the experiment 
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The experiment was arranged in 4 X 2 factorial arrangements (four-time of manure addition X 

two composting methods (with and without earthworms)). The treatments were replicated three 

times. The details description of the treatments is presented in Table 1. The moisture content 

was adjusted by spraying water on top. The temperature was measured every hour, and it 

remained below 30ºC for all treatments.  

 

Table 2  – Description in detail of the treatments. 

Code Descriptions of the treatments  

VT  

0 / 100 

All the N- source material was applied in the fourth week of composting. Treatment with 

earthworms. 

VT  

1

3
 / 

2

3
 

1

3
 of the N- source material was applied at the beginning of composting and the remaining 

2

3
 was applied in the fourth week of composting. Treatment with earthworms. 

VT  

2

3
 / 

1

3
 

2

3
 of the N- source material was applied at the beginning of composting and the remaining 

1

3
 was applied in the fourth week of composting. Treatment with earthworms. 

VT 

100 / 0 

All the N- source material was applied at the beginning of composting. Treatment with 

earthworms. 

 

CT 

 0 / 100 

 

All the N- source material was applied in the fourth week of composting. Treatment 

without earthworms. 

CT 

 
1

3
 / 

2

3
 

1

3
 of the N- source material was applied at the beginning of composting and the remaining 

2

3
 was applied in the fourth week of composting. Treatment without earthworms. 

CT  

2

3
 / 

1

3
 

2

3
  of the N- source material was applied at the beginning of composting and the remaining 

1

3
 was applied in the fourth week of composting. Treatment without earthworms. 

CT  

100/0 

All the N- source material was applied at the beginning of composting. Treatment without 

earthworms. 
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2.2 Gas Sampling 

 

Gas samples were collected every day for the first week after the addition of substrates and then 

once a week until the end of the experiment. Gas samples were collected at three-time points 

(0, 60, 120 minutes). The gas samples were analyzed using INNOVA. A detail of the gas 

analysis is described by Nigussie et al., (2016). The emissions rate in mg kg-1 initial dry matter 

day-1 was calculated using equation 1:  

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = (
∆𝐶

∆𝑡
) ∗ (

𝑉

𝐴
) ∗ (

𝑀

𝑉𝑠
) ∗ (

𝑃

𝑃𝑜
) ∗ (

273

𝑇
) ∗ 60 𝑚𝑖𝑛 ∗ 24 ℎ𝑟 ∗ (

𝐴

𝑊
)      (1)       

Where ΔC is the change in concentration of gas at time interval Δt, V and A are the headspace 

volume (litre) and reactor surface area (m2), M is the molecular weight of the gas of interest 

(44, 16 and 44 g of CO2, CH4, and N2O, respectively), Vs is the volume occupied by 1 mole of 

a gas at standard temperature and pressure (22.4 litres), P is the atmospheric pressure (mbar), 

Po is the standard pressure (1013 bar), T is the temperature inside the chamber during the 

deployment time in Kelvin, and W is the initial dry matter of the composting material.  

The cumulative emissions were calculated using the trapezoid formula (equation 2) (Ly et al., 

2013):  

𝐴𝑡(𝑎𝑏) =
(𝑡𝑏−𝑡𝑎) .  (𝐹𝑡𝑎+𝐹𝑡𝑏)

2
 …………………………… (2) 

 

Where At (ab) is the cumulative emission between the measurement days (between ta and tb), ta 

and tb are the dates of the two measurements, Fta and Ftb are the gas fluxes at the two 

measurement dates.   

Therefore, the total cumulative emission was calculated as the sum of cumulative emissions on 

each day using equation 3: 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =  ∑ 𝐴𝑡(𝑎𝑏)……………………….. (3) 

 

The global warming potential (CO2-equivalents) of each treatment was then calculated by 

multiplying total cumulative CO2, CH4 and N2O emissions by 1, 34 and 298 respectively (IPCC, 

2013). Global warming potential was calculated for all three greenhouse gasses and for the 

combination of CH4 and N2O.  
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2.3. Ammonia trap 

 

The ammonia (NH3) emissions were determined using sulphuric acid (0.8M H2SO4). The 

ammonia was measured every day for the first week after the addition of new substrates, and/or 

otherwise twice a week. Briefly, 25ml of 0.8M H2SO4 was added into a tube. During sampling, 

one tube was gently put in each treatment on the top of the substrates. The chamber was then 

closed for 4hrs. After 4hrs, the tubes were retrieved and stored at 4oC until the next sampling 

date. After three weeks, the acid in each tube was diluted four times, and the samples were sent 

to the laboratory for NH4
+ analysis. The new 0.8M H2SO4 was added later again to trap NH3 for 

the next three weeks. The results of ammonia are not, however, presented in the thesis because 

the samples are not analyzed yet.             
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2.4. Chemical analyses 

 

Compost samples were collected at the end of the experiment for analyses of pH, NO3
- and 

NH4
+. The pH was measured in water (1:10 ratio, w/v). The samples were stored at 4°C for 

NH4
+ and NO3

- prior to measurements. The NH4
+ and NO3

- concentration were measured as 

described by Chowdhury et al. (2014). Briefly, compost samples were mixed with 1M KCl in 

a 1:100 compost: solution ratio (w/v) and shaken for one hour. The extracts were then analyzed 

for NH4
+ and NO3

-
 concentrations using SFA (Segmented Flow Analysis, SKALAR Analytical, 

The Netherlands).  
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2.5 Statistical analyses 

 

All treatments were arranged in a complete random design, and two-way analysis of variance 

(ANOVA) was performed. The assumptions of ANOVA were checked before the data analyses. 

Accordingly, the CO2, N2O, and CH4 data were log-transformed to fulfill the assumptions of 

normality and homogeneity of variance. However, the homogeneity of the variance could not 

be fulfilled after even data transformation because the replications were too small (n =3). All 

of the statistical analyses were carried out using the SAS version 9.2 statistical package.   
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3. Results and discussion 

 

3.1. Temperature 

 

The temperatures were below 30ºC in all treatments. The treatments without earthworms could 

not represent the conventional composting (thermophilic composting) since the temperature 

was in the mesophilic phase (< 45oc) throughout the experimental period. The lowest 

temperatures in the present study as compared with earlier composting studies (Chowdhury et 

al., 2014) could be explained by the heat lost because in this experiment (i) the containers were 

small and not insulated; (ii) the substrates were partially decomposed.  
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3.2 Greenhouse gas emissions 

 

The effect of the timing of N-rich substrate addition on the GHG emissions is presented in 

Figure 5, 6 and 7. The analysis of variance (Table 2) showed that cumulative emissions of CO2 

and CH4 emissions were influenced by both timing of an N-rich substrate addition and the 

presence of earthworms, as hypothesized. N2O emissions were influenced by the presence of 

earthworms. The interaction between the two variables (timing addition and presence of 

earthworms) was not significant.  

Adding the N-rich substrate at the beginning resulted in higher cumulative CO2 emissions 

compared to other timing of addition (Fig.5). Similarly, vermicomposting increased the CO2 

emissions significantly (P < 0.001 respectively) compared with the composting process.  
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Figure 5 - Total Cumulative C-CO2 emissions after 40 days of composting. with and 

without earthworms. 100/0 = all the N-rich substrates was applied at the beginning 

of composting; 75/25 = 75% of the N-rich substrate was applied at the beginning of 

composting and the remaining 25 % was added after the thermophilic phase; 25/75= 

25 % of the N-rich substrate was applied at the beginning of composting and the 

remaining 75 % was added after the thermophilic phase; 0/100 = all the N-rich 

substrates was applied after the thermophilic phase. 
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The explanation for the higher CO2 emissions during the early addition of N-rich substrate is 

the time for decomposition since the N-rich substrate added in the third week had less time to 

decompose. The higher CO2 emissions indicate the stage of decomposition of the compost, 

implying that vermicompost and compost produced by early additions were at a more advanced 

stage of decomposition compared to split addition. In agreement with these findings, Chan et 

al. (2010), Luth et al. (2011), Nigussie et al. (2016) showed higher CO2 emissions after 

vermicomposting than thermophilic composting.     

The cumulative N2O emissions (Fig. 6) were affected by the presence of earthworms (P = 0.001) 

and marginally by the timing of N-rich substrate addition (P = 0.09). The hypothesis that 

delayed addition increased the N2O emissions in both composting methods was confirmed. 

Similarly, Nigussie et al. (2016) observed higher N2O emissions when poultry manure was 

applied in a split than in single during composting of urban waste. 
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Figure 6 - Total Cumulative N-N2O emissions after 40 days of composting. with and 

without earthworms. 100/0 = all the N-rich substrates was applied at the beginning 

of composting; 75/25 = 75% of the N-rich substrate was applied at the beginning of 

composting and the remaining 25 % was added after the thermophilic phase; 

25/75= 25 % of the N-rich substrate was applied at the beginning of composting and 

the remaining 75 % was added after the thermophilic phase; 0/100 = all the N-rich 

substrates was applied after the thermophilic phase. 
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Different mechanisms could explain the effect of timing of substrate addition on N2O emissions. 

First, the co-existence of labile C pool and N-rich materials during the early stage of composting 

immobilize a significant amount of N and thereby decrease the accessibility of NH4
+ and NO3

- 

for nitrifying and denitrifying bacteria. Second, the low temperatures during the composting 

experiment which allow nitrification and denitrification process, which are the major N2O 

producing processes, because the nitrifying and denitrifying bacteria are mesophilic.  

The N2O emissions were higher during vermicomposting than conventional composting, 

irrespective of the timing of N-rich substrate addition. This observation was unexpected, and it 

contradicts our hypothesis. Similarly, our results are also contradictory with previous studies 

on vermicomposting (Chan et al. 2010; Nigussie et al., 2016; Wang et al., 2014) who reported 

a decrease in N2O emissions due to earthworms. The higher mortality of earthworms (Fig. 8) 

in contrast with the previous vermicomposting experiment could explain the higher N2O 

emissions in the present study. Also, pre-decomposed garden waste and manure were used in 

this study, implying that the available C and N concentrations were lower rather than the 

previous studies that used fresh materials. In the substrate containing low nitrogen, earthworms 

increased N2O emissions because the gut contains more available nitrogen and carbon than the 

substrate which induces the activity of de-nitrifying bacteria inside the gut than in the substrate 

(Luth et al., 2011). Studies show that in proportion, the population of denitrifying bacteria inside 

the gut of earthworms is higher than the population on the soil (Karsten and Drake, 1997) and 

thus enhances N2O emissions (Hobson et al., 2005). Hobson et al. (2005) showed a significant 

effect of earthworms on the efflux of N2O from household waste. Others showed that 

earthworms significantly increased CO2 emission, but did not affect N2O fluxes from soils 

(Chapuis-Lardy et al., 2010; Speratti and Whalen, 2008). Similarly, Chan et al. (2011) showed 

that vermicomposting of household waste emitted more CO2, but less N2O than traditional 

composting. Effects of earthworms on gas emissions are complicated and no consensus has 

been reached; The role of the earthworms on N2O emissions must be investigated. 

The timing of N-rich substrate addition and earthworms affected cumulative CH4 emissions 

(Fig. 7)  (P < 0.01; P < 0.01 respectively) as hypothesized. Irrespective of the composting 

method, the CH4 emissions showed the same pattern. The lowest CH4 emissions were observed 

when all of the N-rich substrates were added later whereas the highest CH4 were observed when 

¾ of N-rich substrate was added at the beginning of composting. 
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The same pattern was reported by Nigussie et al. (2016). The high CH4 production during early 

additions of the N-rich substrate is explained by (i) the high load of materials during early 

addition results in more anaerobic hotspots, and (ii) low methane oxidation due to the similarity 

between enzymes involved in methane and ammonium oxidation (Wei et al., 2016). 

Methanotrophs can switch substrates from CH4 to NH4
+ and result in low CH4 oxidation. Little 

is known about the effect of timing of an N-rich substrate and GHG emissions during 

composting. Further investigations are therefore needed. Earthworms are ecosystem engineers, 

they affect physicochemical characteristics of substrates and interact with microbes through 

their feeding, burrowing and casting activity (Hobson et al., 2005), and by that affects gas 

emissions. With the presence of earthworms, aeration was highly promoted. Wang et al, 2014 

showed that on vermicomposting of rabbit manure, the treatments with earthworms decreased 

CH4 emissions by 65% compared with conventional composting.  As compared with the 

previous composting studies (Chan et al., 2010), the CH4 production in the present study was 
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Figure 7 - Total Cumulative C-CH4 emissions after 40 days of composting. with and 

without earthworms. 100/0 = all of the N-rich substrates was applied at the 

beginning of composting; 75/25 = 75% of the N-rich substrate was applied at the 

beginning of composting and the remaining 25 % was added after the thermophilic 

phase; 25/75= 25 % of the N-rich substrate was applied at the beginning of 

composting and the remaining 75 % was added after the thermophilic phase; 0/100 

= all of the N-rich substrates was applied after the thermophilic phase. 
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very low, due to the decomposed materials used in this study. Whereas Chan et al., (2010) and 

Nigussie et al., (2016) used fresh kitchen wastes for their experiment.  

The effect of timing addition was not significant for all the experiment. One reason could be 

the frequency of sampling, which was daily during the first week of the addition of substrate 

and decreased over the weeks. Another was the time between the first and the second addition. 

The first addition lasted for almost four weeks, while the second addition lasted two weeks.  

 

Table 3 - ANOVA table showing the results for CO2, N2O, and CH4 emissions. The considerate variables were: 

time of addition of the N-rich substrate and presence of earthworms  

  CO2  N2O  CH4  

 DF F-value p-value F-value p-value F-value p-value 

Time 3 3.78 0.0318 2.47 0.0989 5.4 0.0092 

Earthworms 1 31.53 <.0001 32.15 <.0001 10.31 0.0055 

Time*Earthworms 3 1.25 0.3244 1.41 0.2777 0.56 0.647 
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3.3 Total GHG emissions 

 

The total GHG budget for both composting methods is presented in Figure 8 and Figure 9. Total 

GHG emissions varied between composting method and time of application. Two scenarios 

were used to test the global warming potential of the treatments. The first scenario includes 

CO2, N2O, and CH4 in the total GHG balance. The second scenario, on the other hand, excludes 

CO2 from the total GHG budget because CO2 is considered as a biogenic product the 

composting systems. Previous composting studies also exclude CO2 from the GHG budget 

(Chan et al., 2010). Higher CO2 emissions indicate a higher decomposition of the remaining 

material. It is, therefore, important to exclude CO2 from the total GHG budget of composting 

experiments (Vu et al., 2015) since its emissions are implied in the process. In both scenarios, 

however, vermicomposting has higher total GHG emissions. The CO2 contributes with the 

biggest the part for the total GHG emissions followed by N2O emissions. Similarly, Anderson 

et al. (2010) and Chan et al. (2011) reported an 80% contribution of CO2 to the total GHG 

emissions during household waste composting. Earthworms treatments were a sink for CH4, 

emissions, but the contribution of CH4 to the GHG balance was non-significant. The CH4 

production was low in this study because the materials used for the experiment were partially 

pre-decomposed before starting the experiment. The N2O contribution was higher, which is 

explained by the high mineral N concentration in cattle manure.  

 

Table 4 - ANOVA table showing the results for Total GHG including and excluding CO2. The considerate 

variables were: time of addition of the N-rich substrate and presence of earthworms. 

    Total GHG Total GHG without CO2 

 DF F-value p-value F-value p-value 

Time 3 3.76 0.0324 2.49 0.0971 

Earthworms 1 35.73 <.0001 32.09 <.0,001 

Time*Earthworms 3 1.25 0.3274 1.40 0.2783 
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Figure 8 - Total GHG emissions (including CO2) after 40 days of composting with 

and without earthworms. 100/0 = all the N-rich substrate was applied at the 

beginning of composting; 75/25 = 75% of the N-rich substrate was applied at the 

beginning of composting and the remaining 25 % was added after the thermophilic 

phase; 25/75= 25 % of the N-rich substrate was applied at the beginning of 

composting and the remaining 75 % was added after the thermophilic phase; 0/100 

= all the N-rich substrate was applied after the thermophilic phase. 
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Figure 9 - Total GHG emissions (excluding CO2) after 40 days of composting with 

and without earthworms. 100/0 = all the N-rich substrate was applied at the 

beginning of composting; 75/25 = 75% of the N-rich substrate was applied at the 

beginning of composting and the remaining 25 % was added after the thermophilic 

phase; 25/75= 25 % of the N-rich substrate was applied at the beginning of 

composting and the remaining 75 % was added after the thermophilic phase; 0/100 

= all the N-rich substrate was applied after the thermophilic phase. 
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3.4 Chemical properties 

 

The NH4
+ concentration was, however, not affected by the timing of N-rich substrate addition 

and presence of earthworm (Fig. 10). Both timing of substrate addition and presence of 

earthworms influence the NO3
- concentration (P = 0.01 and P < 0.001, respectively). Early 

addition of N-rich substrate resulted in a higher NO3
- concentration in both composting methods 

(Fig. 11). The manure had more time to mineralize during the early addition of N-rich substrate. 

The earthworms increased the NO3
- concentration by 89 – 136%. The findings are in agreement 

with the previous studies on vermicomposting who reported up to 300% increase in NO3- 

concentration after vermicomposting (Ndegwa and Thompson, 2001; Nigussie et al., 2016). 

The pH after 40 days of composting is presented in Figure 10. The results showed that pH was 

affected by the timing of an N-rich substrate addition (P = 0.03) and the presence of earthworms 

(P = 0.004). In general, the presence of earthworms and early addition of an N-rich substrate 

reduced the pH of the compost (Fig. 12). The lowest pH values suggested that nitrification of 

N compounds, the release of CO2 and organic acids from microbial metabolism, and the 

production of humic and fulvic acids, as possible causes of the decrease in pH during 

vermicomposting (Ndegwa and Thompson, 2001; Nigussie et al., 2016). 

 

 

Table 5 - ANOVA table showing the results for the concentration of NH4
+, NO3

-, and the values of pH. The 

considerate variables were: time of addition of the N-rich substrate and presence of earthworms. 

 

 

 

 

  

  NH4
+ 

 NO3
- 

 pH  

 DF F-value p-value F-value p-value F-value p-value 

Time 3 0.33 0.8003 6.08 0.0058 3.87 0.0295 

Earthworms 1 0.47 0.5009 237.66 <.0001 11.10 0.0042 

Time*Earthworms 3 1.75 0.1964 2.30 0.1161 2.79 0.0744 
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Figure 10 - Concentration of NH4
+ after 40 days of composting with and without 

earthworms. 100/0 = all the N-rich substrate was applied at the beginning of 

composting; 75/25 = 75% of the N-rich substrate was applied at the beginning of 

composting and the remaining 25 % was added after the thermophilic phase; 25/75= 

25 % of the N-rich substrate was applied at the beginning of composting and the 

remaining 75 % was added after the thermophilic phase; 0/100 = all the N-rich 

substrate was applied after the thermophilic phase. 
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Figure 11 - Concentration of NO3
- after 40 days of composting with and without 

earthworms. 100/0 = all the N-rich substrate was applied at the beginning of 

composting; 75/25 = 75% of the N-rich substrate was applied at the beginning of 

composting and the remaining 25 % was added after the thermophilic phase; 25/75= 

25 % of the N-rich substrate was applied at the beginning of composting and the 

remaining 75 % was added after the thermophilic phase; 0/100 = all the N-rich 

substrate was applied after the thermophilic phase. 



29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

7,20

7,30

7,40

7,50

7,60

7,70

7,80

7,90

100/0 75/25 25/75 0/100

p
H

Worm - Worm +

Figure 12 - pH values after 40 days of composting with and without earthworms. 

100/0 = all the N-rich substrate was applied at the beginning of composting; 75/25 = 

75% of the N-rich substrate was applied at the beginning of composting and the 

remaining 25 % was added after the thermophilic phase; 25/75= 25 % of the N-rich 

substrate was applied at the beginning of composting and the remaining 75 % was 

added after the thermophilic phase; 0/100 = all the N-rich substrate was applied after 

the thermophilic phase. 
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3.5. Earthworms biomass loss 

 

The change in earthworm biomass after the experiment was ranged between 29% and 36% 

when all manure was added at the beginning of composting and after three weeks, respectively 

(Fig. 13). However, the difference was non-significant between the treatments (P =0.37), 

indicating that the observed differences in CO2, N2O and mineral N between the timing of 

substrate addition were not affected by the earthworm mortality. The high biomass loss in this 

thesis as compared with other experiments is explained by the sensitivity of Dendrobaena 

veneta to the manure. The previous studies that reported an increase in biomass (Wang et al., 

2014) used Eisenia fetida which are more suitable for vermicomposting of manure. Farmers 

report some conclusions after trials with these two different species of epigiec earthworms. 

Eisenia fetida work better in warmer bins, drier conditions, and denser populations, while 

Dendrobaena veneta prefer cooler bins, wetter environment and need more space 

(https://www.wormsdirectuk.co.uk/acatalog/advice-sheet-which-worm-is-best-for-composting.html). Also, 

Dendrobaena veneta as very low reproduction and growth rate when compared with Eisenia 

fetida. A scientific experiment comparing the two species would be necessary to understand the 

influence of the different species during vermicomposting. 

  

https://www.wormsdirectuk.co.uk/acatalog/advice-sheet-which-worm-is-best-for-composting.html
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Figure 13 - Earthworm biomass change on different treatments. 100/0 = all the N-

rich substrate was applied at the beginning of composting; 75/25 = 75% of the N-rich 

substrate was applied at the beginning of composting and the remaining 25 % was 

added after the thermophilic phase; 25/75= 25 % of the N-rich substrate was applied 

at the beginning of composting and the remaining 75 % was added after the 

thermophilic phase; 0/100 = all the N-rich substrate was applied after the 

thermophilic phase. 
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4. Conclusions 

 

This study showed that the time of addition and the different compost methods affects the GHG 

emissions. Although it increases the N2O emissions, vermicomposting reduces CH4 emissions 

and accelerates the decomposition process, since this method has higher CO2 emissions, which 

implies that vermicompost is at a more advanced stage of decomposition than traditional 

composting. The effect of the earthworms on N2O is still contradictory. More research on this 

matter is needed to understand the effect of earthworms on N losses and GHG emissions from 

composting using different parameters such as substrate quality, earthworm species and feeding 

frequency. Nevertheless, vermicomposting could be the low-cost solution for farmers to 

produce a more valuable and stable compost.   
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5. Implication of the study  

 

Greenhouse gas emissions and nutrient losses such as N and P occur during composting. Several 

technologies have been identified to mitigate these losses such as controlling pH (Pagans et al., 

2006), aeration rate (Chowdhury et al., 2014) and the use of absorbents (i.e. active carbon, 

biochar and zeolite) (Steiner et al., 2010), but besides being expensive, it is difficult to scale up 

to field conditions. Moreover, they are difficult to fit the existing farming systems in developing 

countries. This study, however, possible to confirm that adjusting the timing of N-rich substrate 

could be considered as a low-cost technique to mitigate the GHG emissions from composting. 

The effect of timing of substrate addition on the chemical properties of compost (pH, NO3
- and 

NH4
+) has been investigated in this thesis. Many farmers across the world prepare compost 

mainly by continuously adding organic materials to a compost pile rather than adding all 

materials in one pile at the same time. In practice, however, not only N-rich substrate that is 

added continuously to a compost pile, but also different qualities of materials. Although this 

experiment showed that split addition increases N2O emissions, the final concentration of NO3
- 

increased, so the nutrient value of the final product was higher. Further study is, however, 

recommended to investigate the timing of application of different quality materials and different 

earthworm species on the GHG emissions in the composting and vermicomposting process  
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