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Abstract

The objective of the work was to provide a method to predict CO, and NHj yields during composting of the biodegradable frac-
tion of municipal solid wastes (MSW). The compostable portion of MSW was simulated using three principal biodegradable com-
ponents, namely mixed paper wastes, yard wastes and food wastes. Twelve laboratory runs were carried out at thermophilic
temperatures based on the principles of mixture experimental and full factorial designs. Seeded mixed paper (MXP), seeded yard
waste (YW) and seeded food waste (FW), each composted individually, produced 150, 220 and 370 g CO,-C, and 2.0, 4.4 and
34 g NH3-N per dry kg of initial substrate, respectively. Several experimental runs were also carried out with different mixtures
of these three substrates. The effect of seeding was insignificant during composting of food wastes and yard wastes, while seeding
was necessary for composting of mixed paper. Polynomial equations were developed to predict CO, and NHj; (in amounts of mass
per dry kg of MSW) from mixtures of MSW. No interactions among components were found to be significant when predicting CO,

yields, while the interaction of food wastes and mixed paper was found to be significant when predicting NHj yields.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Composting of municipal solid wastes (MSW) can be
used to pretreat MSW prior to landfilling or to produce
a soil amendment and landscaping material (Diaz et al.,
1993). Two major biological products during MSW
composting are carbon dioxide (CO,) and ammonia
(NH3). CO, is a greenhouse gas, while ammonia is an
air pollutant of malodorous and potentially toxic nat-
ure. Even though MSW consist of many types of organic
and inorganic materials, paper wastes, yard wastes and
food wastes are the principal biodegradable compo-
nents, rendering them responsible for most of the CO,
and NHj; emitted during MSW composting.

Laboratory aerobic degradation studies of various
solid organic wastes have been performed in the past.
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Most laboratory studies have measured the reduction
of the organic fraction during composting (Poincelot
and Day, 1960; Inoko et al., 1979; Baca et al., 1992;
Wang et al., 2003), while some studies have included a
setup to capture and measure gases produced during
composting. Michel et al. (1993) provided a laboratory
setup to measure CO, emissions during composting of
mixtures of grass and leaves in sealed laboratory digest-
ers and also measured the reduction of certain chemical
groups (cellulose, hemicellulose, lignin) during the pro-
cess. Nakasaki et al. (1994) measured the degradation
kinetics of grass clippings in laboratory reactors, provid-
ing a setup to capture and quantify the emitted CO,. In
addition, measurements of cellulose, hemicellulose and
lignin in the grass were performed. Nakasaki et al.
(1998a) measured NH; and other N gases emitted dur-
ing dog food composting in thermophilic temperatures
using a setup that also quantified CO, emissions. The
same setup was also used in Nakasaki et al. (1998b).
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Laboratory-scale digesters to quantify CO, emissions
during solid and agricultural waste composting experi-
ments have been also described in Suler and Finstein
(1977), Sikora et al. (1983), Bono et al. (1992), Palmi-
sano et al. (1993), Schwab et al. (1994), Nakasaki
et al. (1993), Magalhies et al. (1993), Cook et al. (1994)
and Tseng et al. (1995). Different initial substrates were
used in all composting experiments. Suler and Finstein
(1977) used a mixture of food scraps, paper napkins,
plastic tableware and shredded newspaper; Nakasaki
et al. (1993) used garbage from a meal supply service
industry; whilst Cook et al. (1994) used shredded news-
paper, rabbit food, composted cow manure and corn
cob piths to simulate organic waste. Magalhaes et al.
(1993) used a mixture of horse manure, alfalfa, newspa-
per and soil as the initial substrate, whilst Palmisano
et al. (1993) used rabbit chow and shredded newspaper
as initial substrates.

The objective of the study presented in this paper was
to quantify the CO, and NHj; emissions from the three
major biodegradable components of MSW, as well as
mixtures of these components, with the ultimate goal
to develop a mathematical model to predict these emis-
sions from such different mixtures. The mathematical
model can aid in estimating the contribution of the bio-
degradable fraction of MSW from different sources or
countries to global phenomena.

2. Materials and methods

The biodegradable fraction of MSW was assumed to
comprise three substrates, namely mixed paper waste
(MXP), food waste (FW) and yard waste (YW). Mixed
paper waste (MXP) was prepared by mixing old corru-
gated cardboard (OCC), printed office paper (OFP)
and old newsprint (ONP) at percentages of approxi-
mately 45%, 21% and 34%, respectively, on a wet weight
basis, based on a typical composition for mixed paper in
the US (Tchobanoglous et al., 1993). Yard wastes (YW)
were prepared by mixing grass clippings and leaves at an
arbitrary ratio of approximately 1.5:1 (dry content ba-
sis), respectively. Food wastes (FW) were simulated
using milk, cooked pasta, hamburger, lettuce, raw pota-
toes and carrots, mixed in equal wet weight amounts.
All food products were obtained from a local grocery
store and prepared prior to each run.

The three MSW substrates (or components) were
mixed according to the US typical MSW composition
after recycling (Tchobanoglous et al., 1993). Twelve
laboratory runs were carried out using five custom-
made 25-1 airtight stainless steel digesters constructed
by Hooper™ Corporation (Madison, Wisconsin,
USA). All MSW substrates were mixed with #1.5
HyPak® aluminum packing material (4.5 cm thickness x
4.5 cm diameter) acquired by Norton Chemicals (Akron,

Ohio, USA) at a percentage of approximately 10% to
15% of the volume occupied by the substrate to facil-
itate air flow. A 4.5-cm air plenum was placed at the
bottom of the digesters to provide unform aeration.
Initial moisture content was set to 55-60% (w.w.) for
all substrates, unless the initial content was higher
than that, such as in food wastes. Nitrogen was added
to all substrates or mixtures to reach a C/N ratio of
approximately 30, which is considered optimum for
composting, unless the initial C/N ratio was lower
than that, such as in food wastes. Nitrogen was added
as NHy;NOj; salt dissolved in the water used to in-
crease the moisture content. Nitrogen was added to
the mixed paper run (MXP) as well as to all mixtures
of mixed paper, except the MSW,;3 run (see Table 1).
The initial C/N ratios of all substrates are included in
Table 1.

Laboratory ambient air was continuously pumped
into the digesters using an air pump operating at a posi-
tive pressure. The air first passed through a 500-ml 5 N
KOH solution to capture ambient CO, and then passed
through 10 1 of distilled water, kept at incubator temper-
ature, to humidify the substrate.

A valve prior to each digester was used to regulate
airflow to each digester so that oxygen content within
the digester was kept higher than 15% by volume for
all runs. Aluminum packing was mixed with all sub-
strates to facilitate air flow. Moisture was added upon
drying of a material during the course of a run. The
digesters were operating concurrently in an incubator
at a 52 = 2 °C temperature (thermophilic range). Some
runs were seeded with partially composted MSW, here-
after referred to as seed. Seed was collected from a near-
by MSW composting facility located at Portage
(Wisconsin, USA). Approximately 15 kg of seed (wet
weight) were collected from the outlet of a 5-day reten-
tion time drum digester that receives raw MSW without
any preprocessing. The seed was screened through a
12.7-mm screen to remove larger items, such as glass
and plastic. Seeding was provided at a ratio of approx-
imately 1:10 of dry seed to dry substrate. The above aer-
obic degradation conditions were considered close to
optimal.

Carbon dioxide and ammonia yields and production
rates were measured for all experimental runs. The air
stream exiting a digester was bubbled through a 750-ml
5 N KOH solution to capture carbon dioxide and then
through a 500-ml 1 N H,SO, solution to capture ammo-
nia. The cumulative mass of captured carbon dioxide
(expressed in g CO,—C) was measured periodically by
titration. The alkaline trap was replenished when the
CO,—C concentration in the solution would exceed 10 g
CO,—C/1. In the case of ammonia, a sample of 1.5 ml of
the NHj3 trap solution was periodically removed and
mixed with 10 ml D.I. water. Dissolved ammonia was
quantified using a preliminary distillation/titration
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Table 1

Properties of experimental runs

No. of

Duration of run

(days)
198

Moisture

N addition

C/N?

N content®

YW FwW

MXP

Amount of seed

Name of run

(% wet weight)

(% dry weight)

1.5%

(% dry weight)

0.35%

(dry kg/digester)  (dry kg/digester)  (dry kg/digester)

(dry kg/digester)

0.073

experiment
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87
77
69
58
91
180
129
114
170
47

8.6%

8.6%
63%
65%
76%
79%
24%
19%
65%
31%
65%

0.82%
1.3%
0.77%

8.4
7.9

120
506
18
19
59
76
14
47
17
13

0.09%
2.1%
1.9%
5.6%
6.2%
0.72%
0.58%
2.9%
0.9%
2.6%
2.8%

0.26
0.13
0.037
0.073
0.042
0.12

0.39
0.39
0.13
0.26
0.15
0.15

0.68
0.68
0.65
0.82
0.80
0.14

0.059
0.054
0.086
0.045
0.14

0.11

MXP/YW/FW

Seed
# Prior to NH4NO; addition (values calculated include seed).

MXP/YW
MXP/FW
FW/YW

MXP
MXP,¢
YW
YWns
FW
FWa,

— NN <t VOIS0 O —
—

—

62

9.3%

0.17

method (Komilis and Ham, 2000) and expressed in g
NH;3-N.

The experimental runs were terminated when carbon
dioxide production rates dropped below approximately
0.5g CO,-C/dry kg/day and after ensuring that this
was not due to moisture limitation. Therefore, durations
for each run varied, as shown in Table 1, depending on
when a run approached complete degradation.

The materials and methods associated with the setup
of the laboratory experiment, substrate selection and
preparation, the analytical techniques and the quality
assurance and quality control performed are presented
in more detail in Komilis and Ham (2000). The proper-
ties of all experimental runs used are included in Table 1.

3. Statistical experimental designs

The statistical experimental designs were based on the
principles of full factorial experimental design (Box
et al., 1978) and mixture experimental design (Cornell,
1990). The full factorial design analysis was used to
investigate the effect of seeding to the three MSW biode-
gradable components, while the mixture experimental
design analysis was used to develop equations for pre-
dicting CO, and NHj yields from mixtures of mixed pa-
per, yard waste and food waste.

3.1. Full factorial experimental design

To investigate the effect of seed in the overall emis-
sions of unseeded MSW components, three factorial
experiments with two factors and two levels were de-
signed (Box et al., 1978). The two factors are the com-
ponents and the seed. The two levels are the low level,
representing the absence of a component or the seed
from the digester and the high level, representing the
presence of a component or the seed in the digester.
The model for the 2> factorial design used to investi-
gate component and seed interaction is shown in Eq.

(1),

X X X
Y:n—i—?CLc—f—?SLs +$LcLs+8, (1)

where

Y: carbon dioxide yield (Y¢ in g C) or ammonia yield
(Yn in g N). These gaseous yields are used as the
experimental responses to evaluate the effects and
are the amounts of gas emitted by the amount of sub-
strate placed in the digester, as shown in Table 2.

n: average yield or experimental mean (in g CO,—C or
g NH;-N); this is the average response of the whole
experiment and is calculated by the sum of all yields
divided by 4 (Berthouex and Brown, 1994); the exper-
imental mean is determined by the experiments.
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X, Xs, Xcg: effects for each of the three MSW com-
ponents (X¢), for the seed (Xs) and for the interaction
of component/seed (Xcs); the effect of a factor (MSW
component or seed) measures the average change in
the response (gaseous yield) caused by changing that
factor from its low level (absence of a component
from the digester) to its high level (presence of a com-
ponent in the digester) (Berthouex and Brown, 1994).
these values are determined by the experiments.

Lc, Lg: either —1 (low level), representing the absence
of a component or the seed from the digester, or +1
(high level) representing the presence of a component
or the seed in the digester.

Lc: corresponds to the MSW biodegradable compo-
nent — that is either mixed paper (MXP), yard waste
(YW) or food waste (FW) — and Lg corresponds to
the seed.

&: errors (residuals) that are distributed normally with
a zero mean and a constant variance.

The structures of the three 2° full factorial designs are
included in Table 2. The » and the effects are calculated
according to Box et al. (1978).

3.2. Mixture experimental design

To predict CO, and NHj yields from any MSW mix-
ture on a per dry unit mass basis, a mixture experimental
design was developed (Cornell, 1990). As part of the
mixture experimental design analysis, the polynomial
Eq. (2) was fit to the data:

Yie = bpFp + byFy + bpF + bpyFpFy + bppFpFr
+ bypFyFr + bpypFpFyFr + ¢, (2)

Table 2

where

Yig: is either the unit CO, yield (Y,C) or unit NH;
yield (Yi,N) of a MSW mixture expressed in g
CO,—C/dry kg or g NH;3-N/dry kg of individual com-
ponent or mixture, respectively;

Fp, Fy, Fg: are the dry fractions of mixed paper, yard
waste and food waste, respectively, in the mixture,
with each of the Fp, Fy, Fg: values ranging from 0
(0%) to 1 (100%) and with Fp + Fy + Ff always being
equal to 1 (100%);

bP, by, bp, bpy, bYFs bPFs bPYF: are the model coeffi-
cients determined by the experiments using the
method of least squares (Berthouex and Brown,
1994); and

e: are the errors (residuals) that are distributed nor-
mally with a zero mean and a constant variance

The mixture experimental approach can indicate
interactions among components, which are also known
as synergisms or antagonisms (Cornell, 1990). These
are indicated by the positive or negative sign, respec-
tively, of the coefficient of the product of any of the F;
values in the equation (with i being either P, Y or F,
as noted above).

4. Results and discussion

The CO, emissions from the control run (empty di-
gester) were 0.64 g (as C), as measured over a period
of 48 days. The CO,—C in the control run came from
CO5 in ambient air that was not captured by the initial
alkaline filter. Most of the control CO,—C was captured

22 full factorial experimental runs to investigate interactions between individual MSW components and added seed

No. of experiment

Yc' (g CO-C) YN (g NH5-N)

1st 2% experiment
Control (empty digester)
2
12
1

2nd 22 experiment
Control (empty digester)
4
12
3

3rd 22 experiment
Control (empty digester)
6
12
5

MXP,(0.68 dry kg)*

+

+
YW,5(0.39 dry kg)
+

+
FW,; (0.26 dry kg )
+

+

Seed (0.073 dry kg)

- 0 0

- 3.8 0

+ 6.3 0.13
+ 120 1.5
Seed (0.059 dry kg)

- 0 0

- 83 1.7
+ 5.2 0.10
+ 95 1.9
Seed (0.054 dry kg)

- 0 0

— 92 9.8
+ 42 0.09
+ 110 10

(+): high level, indicating presence of either an individual component or the seed in the digester; (—): low level, indicating absence of either an
individual component or seed from the digester.
# Total amount (yield) of CO,~C or NH3-N emitted (in g) from the amount of substrate placed in the digester during the course of a run.
* Values in parantheses indicate dry mass of substrate in digester.
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during the first 5 days of the control run; therefore the
amount of 0.64 g CO,—C was simply subtracted from
the total CO,—C yields emitted from all other experi-
mental runs. No significant amounts of ammonia were
detected during the control run.

4.1. Gaseous yields

As illustrated in Fig. 1, FW,q is the largest producer
of CO, among all components, producing approxi-
mately 370 g CO,—C/dry kg, within 91 days, as shown
in Table 1. Based on Fig. 1(a), seeding appeared to affect
CO; production rates, but not yields, for FW. FW ¢ and
FW had similar CO, productions rates until day 5. After
day 5, FW , had steadily lower CO, production rates
compared to the corresponding rates of FW. It took
56 days for FW to approach complete degradation, as
opposed to a period of 91 days for the FW ¢ run. FW
was also the largest ammonia producer among all com-
ponents, emitting up to 41 g NH3-N/dry kg of starting

(a) 400
350 7
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-C (gkg")
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Time (days)
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o — '00 J
Q" 150 i* o;xx%*&\ MXP/FW |
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Time (days)

Fig. 1. (a) Cumulative CO,—C production per dry kg of individual
components (including seed). (b) Cumulative CO,~C production per
dry kg of mixtures (including seed).

material (see Fig. 2(a)). FW s may have produced more
NH; than FW, due to its longer duration.

YW emitted approximately 220 g CO,—C and 4.5 g
NH;-N per dry kg of starting material, whilst no signif-
icant differences between the emissions of YW and
YW, were observed.

MXP,, produced the lowest CO, yield among all sub-
strates (see Table 4). In addition, MXP produced some
of the lowest ammonia amounts. MXPs ammonia emis-
sions are mainly due to the added seed, since MXP con-
tains no significant N. However, some ammonia from
MXP might have partially originated from the initially
added NH4NO;. Apparently, the chemical equilibrium
attained between NH; and NH; — which is a function
of the fluctuating pH during the composting process —
could have resulted in some nitrogen evaporating as
NH; after the ammonium addition.

@

MXP
omo- oI
| s | s | s | s | P

0 20 40 60 80 100 120 140 160 180 200 220
Time (days)

(b) 45
40 | i

35 - —

1 Y AT R4
0 20 40 60 80 100 120 140 160 180 200 220

Time (days)

o

Fig. 2. (a) Cumulative NH;-N production per dry kg of individual
components (including seed); MXP,, had zero NH; emitted. (b)
Cumulative NH3-N production per dry kg of mixtures (including
seed).
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Seed produced 86 g CO, (as g C/dry kg), during a
period of 62 days, which was the lower CO, production
after the MXP and MXP,,, runs. This indicates that seed
was relatively stabilized compared to the other
substrates.

From the mixtures, the FW/YW was the largest gas
emitter, producing approximately 300g CO,-C and
15 g NH3-N per dry kg. Interestingly, all mixtures had
CO, emissions that ranged from 250 to 300 g CO,—C/
dry kg. Mixtures with paper percentages greater than
50% dry weight (MXP/YW, MXP/FW, MXP/YW/
FW) had ammonia emissions lower than 1.5 g NH3-N/
dry kg. The FW/YW mixture was the mixture with the
largest ammonia production, being approximately 15 g
NH;-N/dry kg.

4.2. Seed interaction

The model shown in Eq. (1) was fit to the CO,~C and
NH;-N yield experimental data (Y values) included in
Table 2. The effect of each component (X¢), the effect
of the seed (X5) and the interaction effects (Xcs) are in-
cluded in Table 3. Based on Table 3, the seed main ef-
fects (Xs) are 10% and 11% of the YW and FW
effects, respectively, when predicting CO, yields. The
seed to component interaction effects (Xcs) are 4% and
7% of the component CO, yield effects for FW and
YW, respectively. This indicates that the additional
amounts of CO, produced due to the seed can be consid-

Table 3
Effects for the 3 22 factorial designs (based on Eq. (1))

ered insignificant compared to the amounts produced by
the components themselves. On the other hand, the
interaction of the seed with MXP is almost equal to
the effect of MXP alone when predicting both CO,
and NH;, indicating that this interaction is highly
significant.

The relatively small component and seed interaction
effects (based on the CO, response) for FW and YW
(<7% of the component effect) are explained by the fact
that these sole components are likely to contain an indi-
genous microbial population capable of initiating and
maintaining the aerobic decomposition process (Gray
et al., 1971). In the case of MXP, seeding was necessary
to initiate decomposition, since negligible CO, was pro-
duced from the MXP, run.

In the case of ammonia, the seed effects are approxi-
mately 8% and 1.5% of the YW and FW effects, respec-
tively. The component/seed interaction effects are
approximately 3% and 0.6% of the YW and FW main
effects, respectively. In a similar manner, it is likely that
a microbial population capable of ammonification pro-
cesses is originally present in the unseeded FW (FW )
and unseeded YW (YW,,), as opposed to MXP.

According to the above, the amounts of CO, and
NH; produced from the seed in the FW and YW runs
are relatively low compared to the sole component emis-
sions. Therefore, the CO, and NH; amounts given in
Table 4 are expressed as g produced per dry kg of com-
ponent plus the seed (for the seeded runs). Due to the

Mixed paper

Yard wastes

Food wastes

CO; (g CO-O) NH; (g NH3-N)

CO, (g CO,-O)

NH; (g NH;3-N) CO, (g CO-0O) NH; (g NH3-N)

Component (X¢) 59 0.69 86 1.8 99 9.9

Seed (Xs) 61 0.82 8.6 0.15 11 0.15

Component/seed (Xcs) 55 0.69 34 0.05 6.9 0.06

Table 4

Fractions of components in mixtures (dry mass basis) and gaseous yields for 12 runs

Run title MXP (Fp) YW (Fy) FW (Fg) Dry seed/dry CO,-C NH;-N % of initial N
component ratio (g C/dry kg)* (g N/dry kg)* (including added NH4NO3)

evaporated as NH3;-N

Seed 0 0 0 1 86 1.8 6.3%

MXP 1 0 0 1:94 150 2.0 11%

MXP, 1 0 0 0 5.5 0.0 0.0%

YW 0 1 0 1:6.5 220 4.4 22%

YW, 0 1 0 0 220 4.6 25%

FwW 0 0 1 1:4.8 360 34 61%

FW,y 0 0 1 0 370 41 65%

MXP/YW 0.83 0.17 0 1:7.2 250 0.6 3.9%

MXP/FW 0.96 0 0.04 1:9.9 240 1.1 5.9%

FW/YW 0 0.78 0.22 1:7.4 300 15 50%

MXP/YW/FW 0.80 0.155 0.045 1:7.4 270 0.5 3.0%

MSW,3 0.34 0.37 0.30 0 270 6.5 25%

% Values represent cumulative mass of emitted gas per dry kg of initial substrate after the end of the test (component + seed for seeded runs).
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relatively small amounts of CO, or NH; produced by
the seed, the FW and FW, runs and the YW and YW,
runs are treated as replicates.

Results for seed interaction effects are based on the
specific seed to component ratios used. The use of differ-
ent seed percentages might have led to different results.
However, the addition of seed in a mixture was consid-
ered to be such so that to simply initiate biodegradation
avoiding significant additional impact to the compo-
nent’s gaseous yields.

4.3. Mixture experiment

The results given in Table 4 were fit by least squares
to Eq. (2). A parametric regression analysis was fol-
lowed and the best reduced descriptive models for the
CO, and NH; yields are given in Eqgs. (3) and (4),
respectively:

YieC = 220(£19)Fp + 240(£21)Fy + 370(£24)F,
(3)

YieN = 1.3(£1.4)Fp + 5.2(£1.4)Fy + 38(&+1.6)Fy
— 69(+23)FpFr, (4)

where

Y1, C: unit yield (in g) of CO,—C emitted per dry kg of
component or mixture,

YiN: unit yield (in g) of NH3—N emitted per dry kg
of component or mixture, and other parameters as
defined previously.

Values in parentheses are the coefficients’ standard
errors.

The adjusted coefficient of determination (R?) is higher
than 98% for both aforementioned equations. In addi-
tion, residuals for Egs. (3) and (4) are distributed nor-
mally with a mean of zero, indicating the adequacy of
both models.

4.4. CO, emissions

According to Eq. (3), no component interactions are
statistically significant during degradation of MSW
components to carbon dioxide, since no second order
terms are included. Eq. (3) is valid as long as compo-
nents approach their “full” extent of decomposition,
regardless of rates. Since MXP produced approximately
150 g CO»—C/dry kg during the specific experiment pre-
sented here, Eq. (3) indicates that around 72% (150 g out
of 220 g) of the ultimate MXP CO, emissions were actu-
ally released during the experimental course. This is
likely due to inadequate seeding or simply because
MXP requires a relatively long time to approximate its
full extent of decomposition due to relatively slow solids

hydrolysis. Mixing of FW with MXP or YW with MXP,
however, resulted in an apparently higher decomposi-
tion extent of MXP in the mixture, probably due to
the seeding provided by the former two substrates.

The response surface described by Eq. (3) is illus-
trated in Fig. 3. Black dots in Fig. 3 indicate the “loca-
tion” of the performed experimental runs. The “flat”
response surface of Fig. 3 indicates that the predictive
model is linear. It is worth noting that USA-based
MSW, with a MXP content higher than 40%, is located
at the upper part of the triangle of Fig. 3, while a typical
Southeastern Europe MSW composition (such as in
Greece) is located at the bottom right part of the triangle
due to the FW content higher than 35%. Therefore,
MSW in the former case are expected to produce less
CO, (on a dry kg basis) compared to MSW in the latter
case, when decomposed aerobically.

4.5. NH; emissions

According to Eq. (4), YW and FW are the only two
statistically significant main effects, while only one
two-component interaction (or antagonism) is signifi-
cant. The MXP coefficient has a relatively large stan-
dard error rendering the corresponding main effect
insignificant; however, the MXP term cannot be ex-
cluded from Eq. (4) since there is at least one interaction
that includes MXP (Box et al., 1978). Therefore, accord-
ing to Eq. (4), MXP is not a significant ammonia emitter
despite its appearing in the equation. The negative 2nd
order coefficient of Eq. (4) indicates that the mixing of
MXP and FW significantly reduces overall NH; emis-

(MXP)
{150} [220]
(MXP/FW)
{240} [220]

100%
0%

(YW/FW)

{300} [270] >
0% 100%

(YW?)
{220} [240]

(FW~)
{370} [370]

Fig. 3. Response surface for CO, based on Eq. (3) (dots indicate
‘location’ of experimental runs; contour lines represent locations of
equal carbon dioxide yield expressed in g CO,-C per dry kg of
substrate). Note. {}: experimentally determined data, [ ]: calculated
data, *: indicates average experimental value from seeded and
unseeded runs, which were considered as replicates for component
shown.
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sions. This is because by combining MXP and FW — at
the percentages used during the experiment — nitrogen
becomes limiting for the overall mixture, as opposed
to when FW is composted individually.

Table 4 shows that the highest ammonia emissions
are due to FW, which has the highest percentage of
the initial N content emitted as NH; among all sub-
strates, namely approximately 65%. YW follows with
25% of its initial total N emitted as NHj3. Therefore,
ammonia emissions appear to be a function of the initial
N content of the MSW substrates. Ammonia emissions
are expected to also depend strongly on the temperature
and substrate pH, but this was not studied here, since
temperature was kept similar to all digesters and the
pH was let to follow its own course without any adjust-
ments during a run.

The response surface described by Eq. (4) is illus-
trated in Fig. 4. The curved isopleths of Fig. 4 are due
to Eq. (4) being non-linear. According to Fig. 4, a
“dip” exists at approximately the top of the triangle
indicating negligible NH; yields from MSW mixtures
with a MXP content higher than approximately 80%
(dry wt.). An “ascending slope” from the middle of
the triangle towards high FW contents reflects the in-
creases in NHj yields as FW content in MSW increase.
The measured yield of 2.0 g NH3;—N/dry kg of MXP rep-
resents a separate peak at the top of the triangle as a re-
sult of the initially added NH4NOj; to lower the initial C/
N ratio. Similarly to the CO, emissions, South-Eastern
European MSW, due to the relatively high FW contents,
are expected to emit higher amounts of NH; on a dry kg
basis compared to MSW from the USA.

(MXP)
{2.0} [1.3]
(MXP/FW)

(MXP/YW) 1.1} [0.0]

{0.6} [1.9]

100%

0%

L . L L
(YW?) (YW/FW) Fw (FW*)
453521 {15}[12] ————» {37} [38]
0% 100%

Fig. 4. Response surface for NH; based on Eq. (4) (dots indicate
‘location’ of experimental runs; contour lines represent locations of
equal ammonia yield expressed in g NH;-N per dry kg of substrate).
Note. {}: experimentally determined data, [ ]: calculated data, *:
indicates average experimental value from seeded and unseeded runs
considered as replicates for component shown.

It is noted that the above equations were based on
simulating the organic fraction of MSW with three bio-
degradable components, namely MXP, YW and FW.
To express gaseous yields per unit mass of actual
MSW, which contains inorganic (and other) compo-
nents, the yields predicted in Egs. (3) and (4) have to
be reduced according to the percentage of inorganics
(or other components) included in MSW. Figs. 3 and
4 can be used for rapid estimation of CO, and NHj;
yields, respectively, from MSW of various compositions.

5. Conclusions

1. Seeding of YW or FW does not significantly affect
their decomposition, compared to when these compo-
nents are composted without the addition of seed.
Seeding is necessary for the aerobic decomposition
of MXP.

2. CO, yields (in g C/dry kg) can be described by the
additive model: Y;,C =220Fp + 240Fy + 370F,
with parameters as defined in the text, indicating that
interactions among components are insignificant. The
model indicates that MXP actually yielded 72% of its
CO, ultimate yield during the experiment.

3. NH; yields (in g N/dry kg) can be described by the
non-additive model: YNH; = 1.3Fp + 5.2Fy + 38Ff
— 69FpFf, with parameters as defined in the text.
Ammonia emissions are a function of the initial N
content of the MSW substrates. Approximately 65%
of the initial N of FW,,; was volatilized as ammonia.
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