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Abstract: One of the major tasks of municipal waste management in European Union countries is the systematic 
reduction of waste that is removed and transported to landfi lls. This refers particularly to biodegradable waste. 
One of the methods employed to decrease waste amount is Mechanical-Biological Treatment (MBT) of the 
waste, before it is stored. 

The article presents characteristics of MSW and biologically pre-treated municipal solid waste, organic 
carbon loads emitted in biogas and leachate during waste deposition in a landfi ll. Its decomposition rate 
constants were determined on the basis of modifi ed Zacharof and Butler’s stochastic model. The values of 
decomposition rate constants determined for MSW had similar change trends to those presented in the literature: 
the hydrolysis constant had the lowest value (2.6 × 10-5 d-1), the highest acid phase constant (4.1 × 10-4 d-1), while 
the methane phase constant – 2.2 × 10-4 d-1. The PMSW decomposition rate constants in each anaerobic waste 
degradation phase had similar change trends, though their values were higher, by 21, 11 and 19%, respectively.

INTRODUCTION

Waste decomposition processes
One of the major tasks of municipal waste management in European Union countries 
is the systematic reduction of waste that is removed and transported to landfi lls. This 
refers particularly to biodegradable waste [27]. The presence of such waste infl uences the 
amount of pollution emitted with leachate and biogas to the natural environment. Poland 
adopted The Directive on the Landfi ll of Wastes 1999/31/EEC requiring the reduction of 
biodegradable waste by 25% to 2010, by 50% to 2013 and 65% by 2020, in relation to 
the amount of landfi ll waste in 1995 [4]. One of the methods employed to decrease waste 
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amount is Mechanical – Biological Treatment (MBT) of the waste, before it is stored. The 
method has been recommended in The Polish National Waste Management Plan 2010 as 
useful for regions of population between 150,000 and 300,000 people. MBT allows for 
reducing the organic pollution and nitrogen emissions, present in leachate and biogas, by 
even 80–90% [2, 19, 22]. The emission reduction scale depends on a number of factors: 
the waste composition (the percentage of organic biodegradable substance), a type of 
utilized method, the conditions of biological stabilization process and duration of the 
degradation [21].

Biological processes taking place at the landfi ll may be basically divided into three 
phases. Each phase has its specifi c requirements and each generates specifi c products. 
Each phase is distinguished on the basis of the physical-chemical composition of 
leachate, as well as the quantity and quality of biogas production [20]. According to 
various scientifi c sources, the waste decomposition process may have three [14], four [20, 
26] or fi ve phases [17, 18]. For practical reasons, the most frequently applied is divided 
into three phases, consisting of hydrolysis, acid phase and methane phase. The fi rst phase 
includes disintegration, waste dissolution and enzymatic reactions of the hydrolysis. The 
fi nal products of hydrolysis (monosaccharides, aminoacids, long-chain organic acids 
and glycerol) become a substrate for the acid phase, during which they are transformed 
by bacteria into short-chain organic acids (formic, acetic, propionic, butanoic, valeric 
and hexanoic acids), alcohols (methanol, ethanol), aldehydes and gases (carbon dioxide, 
hydrogen). They in turn become a substrate for acetate and methanol bacteria. Hence, the 
effi ciency of decomposition process depends on the rate of hydrolysis and the balance 
between the substrate production during acid and methane phases. A detailed analysis 
and modeling of hydrolysis mechanisms as well as acid and methane phases enables one 
to elaborate adequate methods oriented at intensifi cation of decomposition processes and 
prediction of pollution emission period at landfi lls [26].

Waste decomposition models
The anaerobic waste decomposition kinetics is described by numerous mathematical 
models. Most of them employ the assumption that in a wide range of conditions present 
during the anaerobic decomposition processes, the hydrolysis is the slowest, thus it 
determines the rate of decomposition in general.

According to Bastone et al. [1] hydrolysis may be described by two basic models 
that refl ect two different concepts.

The fi rst one is the Michaelis-Menten kinetic model (1) which assumes the rate of 
hydrolysis by the rate of microorganisms’ growth:

 SK
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m
m

m +
=

+
⋅=  (1)

where: S, E – the concentration of substrates and enzymes, k – hydrolysis rate constant, 
Vm – maximum hydrolysis rate, Km – half-saturation rate coeffi cient.

Another model, widely applied and presented in the literature, utilizes the fi rst 
order equation to describe the hydrolysis process (2). According to this model, the 
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hydrolysis rate depends on the presence of organic substrates, which are easily available 
to microorganisms:

 kS
dt
dS −=  (2)

where: S – substrate concentration, k – the fi rst-order rate coeffi cient.

More developed models employ much more complicated formulas to describe 
processes of waste decomposition and to predict the amount of pollution to be removed 
with leachate and biogas. These formulas allow for calculating the rate of decomposition 
in each phase: hydrolysis, acid and methane phase. As a consequence, it leads to more 
accurate refl ection of the process [5, 6, 30]. In the aforementioned models, the changes 
in amount of organic carbon are determined in three phases: solid phase (waste), liquid 
(leachate) and gas (biogas). Such an approach is represented by the El-Fadel et al. [5, 6] 
model as well as the Zacharof and Butler’s [30] model. 

El-Fadel et al. [5, 6] utilizes Monod’s equation to describe the kinetics of 
fermentation, considering the rate of growth and decay of microorganisms in each 
decomposition phase. This model requires a lot of data describing the variation of waste 
composition and process conduction conditions, which are diffi cult to determine [6, 11, 
28, 29]. Therefore this model has a high uncertainty level. The Zacharof and Butler’s 
[30] model uses stochastic equations that take into account – like El Fadel et al. [5, 6] 
model – the infl uence of the growth rate and concentration of microorganisms upon the 
decomposition process. Unlike the El Fadel et al. [5, 6] model, however, in the case of 
Zacharof and Butler’s model it is not necessary to identify so many uncertain parameters 
that describe the process.

Zacharof and Butler’s [30] model describes the process of hydrolysis using the fi rst 
order reaction, whereas the growth and decay of microorganisms during the following 
phases are presented by means of the below equation (3):

 ( ) ( )ktAtetR −=  (3)

where: R(t) − reaction rate at time t, kg/year; A − amplitude term, kg/year2; k − rate 
constant, year-1.

The value of  R(t) function (Fig. 1) in the model depends on the rate of microorganisms’ 
growth. 

The function itself describes two phases of the process. The fi rst stage, during 
which the function R(t) value rises rapidly, is a period of fast exponential growth of 
microorganisms due to the high availability of readily degradable organic substrates 
(dissolved organic carbon). The second stage, during which there is a characteristic 
and clear decline of values exponentially approaching zero, displays a moderation of 
microorganisms’ growth due to a depletion of dissolved organic carbon.

The changes of the organic carbon content in waste are described by the following 
formulas (4) – (7) in the Zacharof and Butler’s [30] model:
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The changes of carbon mass in solid waste during hydrolysis – solid phase

 ( )
( )sih

si mk
dt
dm

−=  (4)

the changes of dissolved carbon mass – liquid phase
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( ) ( )tk
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−−=  (5)

the changes of carbon mass in acetate phase – gas phase
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the changes of carbon mass in methane phase – gas phase

 ( ) ( )tk
m

Mei
mteA

dt
dm

−=  (7)

where, mi – ‘i’ – mass of this component.

The following symbols S, Aq, Ac and Me denote correspondingly: solid mass, 
dissolved mass, acetate mass and methane mass. Indices h, a and m denote the rate 
constants for hydrolysis, acid phase and methane phase. Aa and Am symbols describe the 
amplitudes of acetate and methane decomposition.

Waste decomposition rates
The literature contains a lot of information about the decomposition rate of municipal 
solid waste (MSW) [7−10, 12, 15, 24, 25] but there is a scarcity of information about the 

Fig. 1. The growth and decomposition function A=0.01 kg/year2, k=0.1 year-1 [30]
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decomposition rate of pre-treatment municipal solid waste (PMSW). The research results 
reveal that the decomposition rate of MSW is tightly correlated with its composition. 
The fi rst order hydrolysis takes values from 10-7 d-1 for slow – degradable fraction [7] to 
0.55 d-1 for food leftovers [25]. Low rate constant values are typical for ingredients with 
high contents of lignin and cellulose, such as scrap paper or straw. Vavilin et al. [26] 
provided the following fi rst order constant values for cellulose (0.066 d-1), offi ce paper 
(0.036 d-1), cardboard (0.046 d-1) and newsprint (0.057 d-1). The value for MSW is 0.1 d-1. 
Garcia de Cortazar and Monzon [7] give the fi rst order hydrolysis value of 2.3·10-4 d-1 for 
the readily biodegradable MSW fraction, and rate constant values for acid and methane 
phases − 0.01 and 0.02 d-1 respectively. For the slow biodegradable fractions, the rate 
constant values were 10-7, 10-4 and 10-5 d-1 respectively. Manna et al. [13] determined 
the hydrolysis fi rst order constant value of organic waste at 1.89·10-3 d-1. Musmeci [15] 
adopted the hydrolysis rate constant values of composted waste (various mixtures of 
grass, leaves and cardboard) from 0.165 to 0.190 d-1.

Komilis et al. [10] presented the hydrolysis rate constants of rapidly biodegradable 
fraction (khr

) and moderately biodegradable fraction (khr
) respectively of paper waste 

(0.06, 0.005 d-1), vegetable waste (0.09, 0.008), food leftovers (0.1, 0.05), as well as tree 
branches (-, 0.06), leaves (-, 0.03) and grass (-, 0.03), subjected to separate composting 
in laboratory conditions.

A considerable diversifi cation of constant values presented in the literature is a result 
of examining the waste of different composition and fragmentation, stabilized in different 
technical and technological conditions, having different hydrolytic biomass to substrate 
ratio.

The article presents the characteristics of MSW and PMSW (stabilized in aerobic 
conditions for about 5 weeks) and organic carbon loads emitted in biogas and leachate 
during storing of these wastes on a landfi ll. Modifi cation of stochastic Zacharof and 
Butler’s [30] model was proposed, which involved the introduction of a stochastic 
random disturbance component considering the infl uence of variable waste storage 
conditions, being diffi cult to describe, on the process. Based on the modifi ed model, the 
decomposition rate constants were determined in each degradation phase (the hydrolysis, 
the acid and the methane phases) of MSW and PMSW at the landfi ll.

MATERIAL AND METHODS

Research material
Research was carried out on municipal solid waste (MSW, unprocessed biologically) and 
pre-treated waste (PMSW), collected from central heated block of fl ats in Zielona Gora. 
Biological processing was conducted in Municipal Waste Composting Plant in Zielona 
Gora. The biological line installation consisted of four oxygen open chambers made of 
reinforced concrete. Every 7−10 days the waste was moved to another chamber. The 
overall waste stabilization time was approximately fi ve weeks. The waste was aerated by 
sucking out gasses from the bottom of the chambers.

MSW samples weighing 50 kg were taken from randomly selected vehicles 
which deliver waste from tall buildings of the city of Zielona Gora to the bunkers, and 
waste samples of PMSW from selected batches of composted waste. Eachof the MSW 
and PMSW samples was exposed towards screening of the following granulometric 
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fractions:<10 mm, 10−20 mm and >20 mm. The 10−20 mm fraction was manually sorted 
to the fraction of biodegradable waste (kitchen, garden, wood, paper and card board, 
textiles made from natural fi bers, composite waste and skin), and non-biodegradable 
waste. The fraction < 10 mm was added to the biodegradable fraction in the proper 
proportion. The fraction >20 mm was divided in to successive granulometric fractions: 
20−40 mm, 40−60 mm, 60−100 mm and >100 mm in order to simplify sortingitin to 
material. The separated material fractions (>20 mm) were manually or mechanically 
crushedto grains of grain size below 10 mm. All separated granulometric and material 
fractions were weighed and their weight in the overall mass ofwaste was determined. 
The fraction <10 mm and biodegradable and non-biodegradable fraction 10−20 mm and 
the material fraction (>20 mm), after mechanical or manual crushing to the grain of grain 
size below 10 mm were reduced by quartering to obtain a sample weighing about 0.5 kg. 
Physicochemical composition in the prepared samples was tested. 

The research area
The examined waste was placed in two reinforced concrete bunkers, which are part of 
the composting plant technological line. Each bunker has the following dimensions:  
(Length × Breadth × Height) and active volume L×B×H = 44.30 × 4.72 × 3.10 m. The 
waste was placed in layers of 20–25 cm thickness, and compressed by a light bulldozer. 
As a result, the MSW layer thickness measured 0.69 Mg/m3, and PMSW thickness was 
0.56 Mg/m3.

The bunkers were equipped with leachate and biogas intake systems. The leachate 
was drained with a drainage pipeline, placed on each bunker’s bottom and equipped 
with a water-meter. The outlet and leachate sample collecting point were located in 
a ventilation room. The leachate reception system consists of fl ow tank (volume − 5 dm3), 
where samples were taken, and the end tank (volume − 50 dm3). When the collected 
leachate exceeded a limiting level in the end tank, it was pumped into the composting 
plant sewerage system. The leachate draining pipelines were equipped with air traps so as 
to prevent the air being sucked into the leachate deposit.

Biogas collecting drainage pipelines were installed along bunkers at two levels 
– 0.5 m above the bunker bed and 1 m below the waste surface. Biogas collecting spouts 
were put out, along side walls of the bunkers.

Testing procedure
After bringing the waste into the bunker, the amount of leachate forming was monitored 
on a daily basis. A daily amount of leachate was assessed upon the indications on the 
water − meter.

The leachate samples for physical-chemical composition examination were initially 
collected twice a week (between the 1st and 122nd day of research), then once a week 
(between 123rd and 365th day) and fi nally, during the last stage of testing – once in three 
weeks (between 366th and 915th day). Twenty-four hours before each sample collection, 
the sample collection tank had been emptied. Biogas was sucked in from the bottom 
pipeline (placed 0.5 m over the bottom) with a Metrix G 2.5 type gas-meter operating 
within the capacity range between 600 and 20 dm3/h, till the gas pressure in the top 
pipe was balanced out. During the fi rst year of testing, the biogas was measured twice 
a week, and in the second and the third years, once a week. The biogas was measured in 
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equal time intervals once in 15 minutes. With the measuring instrument, the amount and 
composition of biogas was established.

Process control
The process control included the analyses of sieve, chemical and composition of the 
waste, the leachate quantity measurement and its chemical composition, biogas chemical 
composition and the monitoring of rainfall.

The waste and leachate analyses were conducted according to Polish valid norms. 
The quantity of leachate was assessed upon daily readouts from water-meter installed on 
the leachate drain pipe.

Daily and total precipitation quantities were determined upon monthly reports 
obtained from a nearby weather station.

Modifi ed equations of Zacharof and Butler’s model
The Zacharof and Butler’s model has been employed for the purpose of modeling the 
processes taking place at the landfi ll. In order to give consideration to all factors that 
infl uence decomposition processes (temperature, pH, moisture content, composition of 
waste), equations of the aforementioned model needed to be modifi ed. The modifi cation 
included incorporating a stochastic factor of the form random disturbances (8) to the right 
sides of equations (4) and (5):

 tsi Bmt )()(γ  (8)

where: γ(t) – the function determining the infl uence intensity of randomly occurring 
disturbances; (B(t))t≥0 – the function describing all disturbances that infl uence the course 
of a process (so called ‘white noise’).

Incorporating the term (8) to equations (9) and (10) allows for taking into account 
unpredictable and diffi cult to assess factors infl uencing the process. The reason for their 
unpredictability is the complexity of occurrences taking place at the landfi ll, as well as 
the heterogenic character of the waste. The elements were incorporated as random factors 
that constitute a probability space ( F, P), where: F stands for the family of all subsets 
of the  ensemble that contains all the random factors disturbing processes taking place 
at the landfi ll. The C stands for occurrence probability of distinguished group of factors 
A  F during the observed process.

Ultimately, the following equations were elaborated:

carbon mass changes in solid waste − hydrolysis

 ( ) tsisihsi dBtmtdttmtktdm )()()()( )()()( γ+−=  (9)

dissolved carbon mass change – liquid phase

 ( ) tsi
ttka

asihAqi dBtmtdttetAtmtktdm )()()()()()( )(
)(

)()( γ−−= −  (10)
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carbon mass changes during acetate phase – gas phase

 ( )dttetAtetAtdm ttkm
m

ttka
aAci

)()(
)( )()()( −− −=  (11)

carbon mass changes during methane phase – gas phase

 
 dttetAtdm ttkm

mMei
)(

)( )()( −=   (12)

where: Aa, Am, kh, ka and km, are the functional parameters describing the rates of 
biochemical transformations proceeding in the landfi ll (the symbol „h” stands for the 
hydrolysis process, the symbol „a” stands for the acid phase processes, and the symbol 
„m” denotes the methane phase processes).

The basic problem connected with determining the above-mentioned masses based 
on the measurements of their values at the points of time 0 < t1 < t2 < ... < tr = T, is the 
determination of the functions Aa, Am, kh, ka and km. It requires the appropriate setting of 
the numbers Aa

j, Am
j, kh

j, ka
j, km

j, for j = 1,...,r, so that the functions mi(s), mi(Aq), mi(Ac), mi(Me), 
as defi ned by the equations (9) – (12), at the points 0 < t1 < t2 < ... < tr = T took on the 
values acquired experimentally in their measurements. 

The function kh can be determined using the method of selecting the best estimator 
in each range (tj-1, tj). This problem has been solved by bringing it to the problem of 
fi ltration, characterized as follows.

The assumption was made that the waste distribution in the landfi ll, depending on 
variable environmental factors, may be described by the stochastic process (Zt)t0, being 
dependent on the unknown process (Xt)t0. The stochastic process (Zt)t0 is described by 
the equation [16]:

ttt dVtDdtXtGdZ )()( +=  ,

while the unknown process (Xt)t0, by the equation:

ttt dUtCdtXtFdX )()( +=  ,

where: (Ut)t0 and (Vt)t0 are stochastically independent Brown motions within the space 
( F, P).

The solution of the fi ltration problem involves determining, based on the observation 
of the process (Zt)t0, another process 0

^
ttX  which is the best estimator of process (Xt)t0

infl uencing the course of the process  (Zt)t0 being observed. To determine the estimator 
0

^
ttX , the Kolman-Bucky theorem should be applied.

According to the theorem, the process 
0

^

≥t
tX  defi ning the best estimators of 

random variables Xt for t 0, determined on the basis of the observation process (Zt)t0, 
satisfi es the equation:
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RESULTS

Waste characteristics
The chemical properties and composition of MSW and PMSW are presented in Table 1 
below. 

Table 1. Chemical properties and composition of the wastes (average of 10 samples)

Waste properties MSW PMSW
Moisture content, %
Volatile solid, % of dry matter
Organic carbon, kg/kg of dry matter
Biodegradable carbon, kg/kg dry matter
Biogas overall production, dm3/Mg
Total nitrogen, kg/kg dry matter

38.5±4.0
54.0±3.1
0.40±0.03
0.112±0.022
145±18.4
0.012±0.002

32.7±2.6
44.2±3.3
0.31±0.02
0.047±0.008
50±6.2
0.014±0.002

Composition of the waste (average percentage 
wet weight)
Food and vegetable leftovers
Paper and cardboard
Glass
Plastic
Textile
Packing material (miscellaneous composition)
Wood
Metal
Mineral waste
Overall

43.6±7.1
18.9±3.7
9.3±4.7
13.0±2.6
2.3±1.5
2.5±0.9
0.1±0.2
1.5±1.2
8.8±3.3
100

32.4±7.4
15.2±2.5
12.9±2.1
18.3±5.7
2.7±1.4
3.5±0.8
0.1±0.1
2.0±1.1
12.9±4.6
100

Experimental results
Figure 2 presents the total biogas production expressed as grams of organic carbon mass 
that had been removed withbiogas to one kilogram of MSW and PMSW waste. Figure 3
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presents methane concentration in biogas. After the analysis of biogas production and 
methane concentration, three periods have been distinguished:

  First period – between the 1st and 105th day in the MSW bunker, and 91st day in 
the PMSW bunker. Characterized by quick gas production, there was no presence 
of methane detected. The total biogas production during this period reached 
0.27 gC/kg in the MSW bunker and 0.12 gC/kg in the PMSW bunker;

  Second period – between the 106th and 448th day in the MSW bunker (92nd – 503rd 
in the PMSW bunker), characterized by the fast increase of methane level in 
biogas: up to 54% in the MSW and 65% in the PMSW bunker. Slightly slower 
than during the previous period was the daily production of biogas. On the last day 
of the second period a total biogas production in the MSW and the PMSW bunkers 
reached 0.89 gC/kg and 0.46 gC/kg respectively;

  Third period – from the 449th day (MSW) and the 504th day in the PMSW 
until the end of the research. The characteristic feature of this period was the 
slow decline in daily biogas production in the MSW bunker (the total biogas 
production on the last day of research reached 1.26 gC/kg), and a very low 
daily biogas production in the PMSW bunker (the total biogas production on 
the last day of research was 0.57 gC/kg). During this period, the concentration 
of methane maintained relatively a constant high level (an average methane 
concentration in biogas was approximately 55% in the MSW bunker and 66% 
in the PMSW bunker).

Figure 4 represents sum curves of TOC loads, removed with leachate from the MSW 
and PMSW. Within the fi rst two months 0.14 gTOC/kg of waste was removed from the 
MSW bunker, which constituted 24% of the load emitted during the whole research. The 
TOC load removed from the PMSW bunker was approximately six times lower than the 
load removed from the MSW bunker.

During the following months of research, changes of curves representing TOC 
emissions in the MSW and PMSW bunkers were very similar. The overall TOC load 

Fig. 2. The total curve of organic carbon emission in biogas from the MSW and the PMSW bunkers
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removed from the MSW and PMSW bunkers, within 915 days of research, reached 0.58 
and 0.38 gTOC/kg respectively.

Modeling results
The average values of decomposition rate constants during each phase (hydrolysis − kh; 
acid − ka and methane − km) prior to and after biological processing – as presented in Table 
2 − were determined upon the research results in scope of organic carbon emission from 
the MSW and PMSW in leachate (Fig. 4) and biogas production (Fig. 2), as well as the 
methane concentration in biogas (Fig. 3). To assess these values, modifi ed equations of 
Zacharof and Butler’s model were employed.

 
Fig. 3. The methane concentration in biogas from the MSW and the PMSW bunkers

Fig. 4. TOC load removed in leachate from MSW and PMSW
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Table 2. The rate constants for hydrolysis, 
acid phase and methane phase of MSW and PMSW

Rate constants, d-1
Bunkers
MSW PMSW

kh
ka
km

2.6×10-5

4.1×10-4

2.2×10-4

3.3×10-5

4.6×10-4

2.7×10-4

DISCUSSION

Experimental results
After 915 days of research, the total emissions of organic carbon removed from MSW 
and PMSW in biogas reached 1.26 g/kg, and PMSW 0.57 g/kg respectively. In the case 
of PMSW, the lower biogas production was the consequence of their preliminary oxygen 
stabilization prior to its deposit [2, 19, 21], which removed most of the organic, rapidly 
biodegradable substances from the waste. Biogas from the PMSW bunker had a higher 
methane concentration, in comparison with biogas from the MSW bunker. The average 
methane concentration in each bunker during the third phase of the process was 66% for 
the PMSW bunker, and 55% for the MSW.

As expected, the total TOC load removed from unprocessed waste in leachate was 
65% lower than from PMSW waste. This fi nding is confi rmed by numerous publications 
and research, which indicate that the organic pollution loads removed in leachate from the 
waste, after they had been biologically stabilized, may be 80–90% lower than in the case 
of raw waste [2, 19, 22]. Another fi nding is that 5-week oxygen processing of the waste 
before it was deposited is not suffi cient to make it stabilized.

Modeling results
The determined rate constants of hydrolysis, acid phase and methane phase of unprocessed 
MSW fi t within a wide range of values, as presented in the literature [7−10, 12, 13, 15, 
25], and their proportions had similar tendencies in terms of changes (the hydrolysis 
constant had the lowest value, the acid phase constant was the highest) (Table 2).

The PMSW decomposition rate constants displayed similar change tendencies to 
those observed in the MSW during corresponding phases. However, their values were 
higher: kh − 21, ka − 11 and km − 19%.

The higher values for PMSW may be explained by:
  Higher shredding of the PMSW, hence making the bigger area of waste available 

for microorganisms (during the aerobic stabilization the waste was moved fi ve 
times);

  Higher susceptibility to anaerobic biodegradation of waste, previously processed 
aerobically, as indicated in research of Capella et al. [3].

The hydrolysis rate constant fi t into ranges usually presented in the literature. 
According to Garcia de Cortazar and Monzon [7] the value of hydrolysis constant for 
readily biodegradable MSW fraction is 2.3·10-4 d-1, and for slowly biodegradable fraction 
− 10-7d-1. Likewise, Manna et al. [13] determined the fi rst order hydrolysis constant for 
organic waste at 1.89·10-3 d-1.
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Fig. 5. Simulated and experimental curves determined for the MSW and PMSW waste, stored in conditions 
of technical: a) organic carbon mass loss, b) dissolved carbon mass, emitted in leachate, c) carbon mass 

emitted in biogas, d) carbon mass emitted in methane (methane phase)
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On the other hand, the hydrolysis constant for PMSW, outlined in the research was 
visibly lower than the values presented in the literature. The constant value of fi rst order 
hydrolysis for paper waste, agricultural waste and food leftovers, determined by Komilis 
et al. [10], was 0.005; 0.008 and 0.05 d-1 respectively. Musmeci [15] found the value of 
hydrolysis rate constant for composted waste (consisting of grass, leaves and cardboard, 
in different proportions) between 0.165 and 0.190 d-1.

Major divergences between hydrolysis constant values presented by different 
authors prove to what extend the chemical compositions of the waste and its landfi ll 
conditions infl uence the degradation rate. The quoted research regarding the PMSW 
degradation rate was conducted in laboratory conditions, with controlled temperature 
and waste moisture content. On the other hand, the research presented here, which 
allowed for establishing the constant values, was conducted in real conditions. Hence, 
the changeable weather conditions (temperature, rainfall) and, more importantly, 
uneven irrigation (being the consequence of heterogeneous nature of the landfi ll) had 
a considerable infl uence on the rate of processes taking place in landfi lls. Figure 5 
presents experimental and simulated curves of carbon mass changes in PMSW and 
MSW, as well as in removed leachate and biogas. The curves run is based upon 
determined degradation rate constants kh, ka, km.

As a result, it was found that the experimental and simulated curves have accurate 
fi t, both in the case of MSW and PMSW (Fig. 5). Coeffi cient of determination R2 
characterized the fi t of the experimental curves to simulated [23] determined for waste 
processed and unprocessed in aerobic condition had very high values in the range 0.9–1. 
This proves that the equations (9−12) utilized to simulate degradation processes precisely 
refl ect degradation processes both for biologically unprocessed and processed waste.

Changes the mass of carbon in the aerobically treated and untreated waste 
determined based on the unmodifi ed equation Zacharof’a and Butler’a [30] (equations 
4−7) characterized the low accuracy of the mapping (R2 ratio of 0.5−0.6). 

Obtaining a good level of fi tting of the simulated curves to the experimental curves 
requires, however, many years’ monitoring of the amount of leachate formed, biogas 
output quantity, organic carbon concentration in leachate, methane concentration in the 
biogas taken up, as well as the biodegradable carbon content and gas potential of the 
waste. In practice, the proposed model may be applied for prognosis of variations the 
mass of biodegradable carbon in waste, leachate and biogas. 

The reliability of the prognosis depends on the duration of monitoring. In the case 
when conducting monitoring in real conditions is not feasible, there is a possibility 
of applying testing results derived from landfi lls with similar climatic conditions, 
provided that the initial organic carbon content and methane potential of the waste are 
known. Variations in the masses and concentrations of nitrogen, phosphorus and other 
contaminants in the leachate may be also prognosis on the basis of the model.

CONCLUSIONS

Based upon the results of presented research, the following conclusions may be drawn:
1.  The fi ve-week aerobic MSW stabilization before landfi ll, conducted in chambers 

with regular shoveling, reduces the TOC emission by 55% in biogas, and by 65% in 
leachate, when compared to unprocessed waste emission.
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2.  The anaerobic degradation processes in the municipal waste landfi ll are faster than in 
unprocessed MSW landfi ll, when such waste had been previously subjected to aerobic 
biological stabilization. Further research is required to verify and explain the observed 
processes. 

3.  The research confi rmed that models employing the equation of fi rst order reaction 
kinetics to evaluate the hydrolysis processes, as well as stochastic equations utilized to 
simulate the run of acid and methane phases are appropriate to describe the course of 
decomposition processes with regards to the MSW and PMSW landfi lls.
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STAŁE KINETYCZNE ROZKŁADU ZMIESZANYCH ODPADÓW KOMUNALNYCH 
PRZED I PO MECHANICZNO-BIOLOGICZNYM PRZETWORZENIU. SKALA POLOWA

Istotnym zadaniem gospodarki odpadami komunalnymi w krajach UE jest systematyczne zmniejszanie ilości 
odpadów komunalnych usuwanych na składowiska, w tym zwłaszcza odpadów ulegających biodegradacji. Jedną 
z metod stosowanych do realizacji tego celu jest mechaniczno-biologiczne przetwarzanie odpadów komunalnych 
(MBP) przed ich składowaniem. W artykule przedstawiono charakterystykę surowych odpadów komunalnych 
(ZOK) i wstępnie przetworzonych biologicznie, ładunki węgla organicznego emitowane w biogazie i odciekach 
podczas ich składowania oraz wyznaczono stałe szybkości rozkładu tych odpadów w oparciu o zmodyfi kowany 
stochastyczny model Zacharof’a i Butler’a. Wartości wyznaczonych dla ZOK stałych szybkości rozkładu 
mieściły się w bardzo szerokich zakresach prezentowanych w literaturze, a ich relacje zachowywały podobne 
tendencje zmian; stała hydrolizy miała najniższą wartość (2,6×10-5 d-1), co potwierdziło limitujący jej wpływ 
na szybkość rozkładu, stała fazy kwaśnej najwyższą (4,1×10-4 d-1), a stała fazy metanowej – 2,2×10-4 d-1). Stałe 
szybkości rozkładu PMSW w poszczególnych fazach beztlenowej degradacji odpadów zachowywały podobne 
tendencje zmian, jednakże ich wartości były wyższe, odpowiednio o 21, 11 i 19%.


