many attempts to identify and seal the leaks and run OUR tests
without success, the OUR parameter was dropped from the
experimental plan.

3.2.4 Laboratory Analyses - Water Extracts

Water compost extracts were obtained by mechanically
shaking oven dried compost samples with distilled water for 2 hours
(solid liquid ratio = 1/10). The extracts were centrifuged at 5,0009
for 20 minutes, and filiered through a Watsman No. 1 fiiter paper
(11 um). The water extracts were developed using the method used
by Garcia et al. (1991b).

The water extracts were analyzed immediately for NH3 and organic
nitrogen and were stored in teflon sealed glass bottles in a
refrigerated room at 4°C until they were analyzed for carbon
content.

3.2.4.1 Total Organic Carbon (TOC) Content

The total carbon (TC) and total inorganic carbon (TIC) content
of the compost water extracts were determined by using a Dohrman
DC-80 Organic Carbon Analyzer. The water extracts were diluted 10
fold prior to injection Using a volumetric pipet, 1 mi of compost
water extract was transferred to a 10ml volumetric flask and
topped up with. distilled water. The total organic carbon (TOC)
content was calculated by subtracting the TIC value from TC value
for each water extract sample. At least three syringe injections per
extract were performed. Multiple extracts were developed and
analyzed for selected samples to provide an indication of variance.

The compost water extracts were prepared from ground, oven-
dried samples versus air dried samples. This sample preparation
method may have introduced some possible errors in the TOC resulits.
Drying- the samples at the higher temperature would result in
potential volatile organic and ammonia losses, and hence, affect the
water extract results. Jimenez and Garcia (1992b) found there was
only about a 1.2 to 1.8% more water soluble carbon in air dried and
ground samples than in fresh samples. The volatile organic and
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ammonia losses may not be significant at the 1903°C temperature.
Tests would be required to assess the potential losses.

An additional source of error was the time required to filter
the compost water extracts. To obtain enough water extract for
analyses, the earlier grass-like samples required approximately 30
additional minutes of filtration time. The longer filtration times
introduced possible losses in TOC and ammonia.

The errors introduced in obtaining the initial compost samples
are perhaps larger in magnitude than the errors due to sample drying
and water extract preparation.

3.2.4.2 Ciganic and Ammonia Nitrogen

The organic and ammonia nitrogen contents of the water
extracts were determined by the Kjeldahl method described in
Standard Methods for the Examination of Water and Wastewater
1989, 17th edition. Generally, duplicate aliquots of the water
extracts were analyzed for NH3 and organic nitrogen content.
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4.0 RESULTS AND ANALYSIS

This section of the thesis reviews the results of the factorial
experiments, discusses tho decomposition kinetics of the various
compost piles and the results of the ARIMA (Autoregressive
integrated moving average) analyses of pile temperature data.

4.1 Factorial Experiments

The purpose of the field factorial experiments were to
systematically evaluate the influence of key operational parameters
on the decompostion rate of yard waste in a windrow type operation.
The following sections describe the changes in operational and
response variables and the results of the factorial experiments.

4.1.1 Trends in Operational Variables

4.1.1.1 C:N ratio

The C:N ratio of the various piles generally followed a
decreasing trend throughout the first 112 days of the process, the
active composting phase, and then remained fairly constant or varied
slightly during the remaining 113 days, the maturation phase, of the
process. Figures 4.1 to 4.8 show the C:N ratio versus composting
days for the low, medium and high C:N ratio pile sections, as well as
control piles C1 and C2 and the replicate piles R1 and R2.
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The C:N ratio values of the different piles generally fluctuated
more during the first 35 to 45 days of the process and usually
increased from the initial values during this period. Possible
reasons for the fluctuations in the C:N ratio values are inadequate
mixing, sampling errors, ammonia losses and the amount of straw
added to the piles. Figure 4.8 clearly shows the variability in the
C:N ratio data for piles with the same experimental design. Table
4.1 lists the initial and final C:N ratio values for the various piles.

Table 4.1 - Initial and Fina! File C:N Values

Plle No. Pile Designation initial Final
C:N ratio C:N ratio
1 Med C:N, Low M.C., Low Por. 17.12 9.72
2 Hi C:N, Low M.C., Low Por. 10.19 13.49
3 Med C:N, Hi M.C., Low Por. 13.12 11.19
4 Hi C:N, Hi M.C., Low Por. 20.08 9.99
5 Med C:N, Low M.C., Hi Por. 13.13 11.11
6 Hi C:N, Low M.C., Hi Por. 25.80 12.57
7 Med C:N, Hi M.C., Hi Por. 13.92 10.52
8 Hi C:N, Hi M.C., Hi Por. 21.60 8.46
R1 Med C:N, Hi M.C., Hi Por. 11.45 15.15
R2 Med C:N, Hi M.C., Hi Por. 12.20 9.58
Lt Low C:N, Hi M.C., Low Por. 11.93 10.36
L2 Low C:N, Low M.C., Low Por. 17.03 10.29
L3 Low C:N, Hi M.C., Hi Por. 17.33 10.30
L4 Low C:N, Low M.C., Hi Por. 19.83 10.87
C1t Control Pile 15.27 11.07
c2 Control Pile 12.09 10.12

The initial C:N ratio values for piles sections L1 to L4 varied
from 12:1 to 15:1. The final C:N ratio values for piles L1 to L4 were
all approximately 10:1. The medium C:N ratio piles 3, 5 and 7 had
initial values of about 13:1 and final C:N ratio values of
approximately 11:1. Pile 1, the other medium C:N ratio pile section,
had a starting value of about 17:1 and a final value of 13.5:1. The
high C:N ratio piles 2, 4, 6 and 8 had initial C:N values from about
10:1 to 26:1 and final values varying from 8.5:1 to 13.5:1. The high
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C:N ratio piles generally had higher C:N ratio values than the medium
and low C:N ratio piles. The medium to low C:N ratio piles had
similar values mainly because the amtount of barley straw initially
mixed with the respective pile sections did not increase the C:N
ratio as much as expected. The C:N ratio of the bariey straw was
determined to be 55.7:1 by Norwest Labs, compared to literature
values between 129 to 150:1 for wheat straw. At the time of the
composting experiment, only barley straw was available. To increase
the C:N ratio of piles 2 and 8 (on day 17) and piles 4 and 6 (on day
18) two front end loader buckets of wheat straw were added to each
of these pile sections on August 17, 1992. On August 26, 1992 (days
26 and 27 respectively), an additional 3/4 of a bucket of wheat
straw was mixed into each of the high C:N ratio piles. One bucket of
barley straw was also added to piles 1 and 7 on composting day 18
and piles 3 and 7 on composting day 17 to increase the C:N ratio of
the those pile sections. The initial C:N ratios of the City of Edmonton
control piles C1 and C2 were 15.3 and 12.1, while the final values
were 11.1 and 10.1 respectively.

4.1.1.2 Moisture Content

The factorial experiment included testing the affect of two
different moisture content levels on the decomposition of the yard
waste. The experimental design called for certain pile sectiuns to
be maintained at a moisture content of 60% and others at 40%. It
was not possible to maintain the moisture content of the pile
sections at the desired levels. As expected, the moisture content of
the piles sections generally decreased dramatically during the first
2 to 3 weeks of the process due to evaporative !osses as a result of
the high temperatures. Water was added to the piles on five
occasions to increase the moisture content during the first 73 days
of the process. The moisture content generally followed a gradual
decreasing trend for the remainder of the composting period. As the
compost matured and the temperature of the piles cooled,
evaporative losses decreased. The moisture content of the various
piles are displayed in Figures 4.9 to 4.16. The vertical dashed lines
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in Figures 4.9 to 4.16 represent whien the pile sections were
watered.
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consistent with changes described in the literature.

The directional changes in moisture content of the piles were

Table 4.2 lists

the weighted average % moisture contents for the various piles. The
weighted average for each pile was calculated by the equation shown

Avg % M.C. = Days1*MC1+ Days2*MC2 + ... + Daysn’MCn (26)
Days1 4+ Days2+ ...+ Daysn

MCn = % M.C measurements at different
intervals of the composting process.

Daysn = number of composting days between each

% M.C. measurement.

Table 4.2 - Weighted Average % Moisture Content of the Compost Piles

Pile
No.

AN HE W =

R1
R2

L1
L2
L3
L4

C1
Cc2

Pile Designation

Med C:M, Low M.C., Low Por.

Hi C:N, Low M.C., Low Por.
Med C:N, H: M.C., Low Por.
Hi C:N, Hi M.C., Low Por.
Med C:N, Low M.C., Hi Por.
Hi C:N, Low M.C., Hi Por.
Med C:N, Hi M.C., Hi Por.
Hi C:N, Hi M.C., Hi Por.

Med C:N, Hi M.C., Hi Por.
Med C:N, Hi M.C., Hi Por.

Low C:N, Hi M.C., L.ow Por.

Low C:N, Low M.C., Low Por.

Low C:N, Hi M.C., Hi Por.
Low C:N. Low M.C., Hi Por.

Control Pile
Control Pile

Planned Weighted Avg Weighted Avg
Full Period Active Phase

Level

Avg High M.C.

Pile

Avg Low M.C.

Pile

40%
40%
60%
60%
40%
40%
60%
60%

60%
60%

60%
40%
60%
40%

None
None

34.4%
27.0%
42.3%
41.0%
32.8%
30.7%
40.1%
33.1%

40.6%
41.7%

39.2%
31.3%
30.6%
30.7%

39.2%
43.8%

38.6%

31.2%

40.5%
25.2%
41.1%
45.7%
38.4%
36.9%
46.5%
38.3%

48.4%
43.8%

49.9%
35.7%
42.5%
37.5%

42.6%
563.5%

44.5%

35.5%

Active Phase - up to and including samples taken on November 19-21, 1992.
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Although is was not possible to maintain the planned
experimental moisture content levels, the moisture content for the
60% moisture content piles were generaily higher than the 40%
moisture piles. The overall weighted average moisture content for
the 60% piles was 38.6% with a standard deviation of 3.86 for the
full composting period compared to 31.2% with a standard deviation
of 5.36 for the 40% moisture content piles. For the period up to and
including the November 19-21, 1992 samples, referred to as the
active stage, the overall weighted average moisture levels for both
the high and low moisture piles were higher than the values
calculated for the full composting period. The high moisture level
piles had an overall average weighted moisture content of 44.5% for
the active period with a standard deviation of 4.31. The overall
average weighted moisture level for the low moisture experimental
piles during the same period was 35.5% with a standard deviation of
2.49. These values reflect the fact the compost moisture contents of
the various piles were higher during the acuve stages of the
composting process, which is desired from an operational viewpoint.
The overall weighted average moisture contents for the high and low
M.C. piles were found to be significantly different using the Student
t test at the 95% confidence level. The calculated t values were
2.86 and 4.95 respectively for the full and active composting period
tests compared to t value from the table of 2.18.

In comparison, the overail weighted average moisture content
for the control piles C1 and C2 was 2.9% higher for the full
composting period and 3.6% higher for the active period than the
values calculated for the experimental 60% moisture content pile
sections. Piles 7, R1 and R2 having the same experimental treatment
design, had an overall weighted average moisture content of 40.8%
with a standard deviation of 0.82 for the full composting period.
The difficulty experienced trying to maintain the experimental
moisture levels may be due to the method of moisture addition, the
characteristics of the composting materials, sampling and testing
frequency and environmental factors. Environmental factors such as
the amount of precipitation and ambient air temperatures may
influence the moisture content. High ambient air temperatures will
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increase evaporation losses especially from the outer layers of the
compost piles. Although it is difficult to quantify the impact of the
precipitation, two observations werc noted. Firstly, after a
significant rain only the top 25 to 50mm (approximately) of the
outer layer seemed to be wet. Secondly, when the snow cover melted
in late March and early April, the top 100 to 150mm of the outer
layer also seemed quite moist compared to the inner layers.

1113 P ity Adj I

The porosity values for the various piles generally decreased
throughout the process with the largest reduction observed in the
first 60 days for most piles. This is consistent with the fact the
rate of decomposition is higher during the first one or two months
of the composting process when the easier degradabie components
are being broken down. Wood chips were added to pile 5 on
composting day 70 and to piles 6 and 7 on composting day 71 to
increase the porosity of the compost piles. Additional wood chips
were also added to piles R1 and R2 on composting day 78 and to piles
8, L3 and L4 on composting day 77. The wood chip additions did not
consistently create a significant increase in porosity values.
Figures 4.17 to 4.20 display the porosity values versus composting
time for the adjusted and maintained porosity piles.
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Porosity values for piles 5, 6, 7, L4, R1, R2 and 8 generally
decreased or remained fairly level for the first porosity
measurements after the addition of more wood chips. The porosity
values for Piles 8 and R1 increased for measurements taken in
November and January. The porosity values for Pile 1, for example,
increased for the October and November samples even though no
additional wood chips were mixed into the pile section. Figure 4.21
shows the porosity measurements for Pile 1 vs composting days.
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There is no conclusive evidence indicating the addition of wood
chips to certain experimental piles increased the porosity of these
piles based on visual observation of the plots. Table 4.3 displays the
first and final porosity measurements for the various experimental
piles.
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The mean porosity value for the initial tests for the
experimental piles was 0.72 with a standard deviation of 0.11. The
mean final porosity value for the pile sections was 0.52 with a
standard deviation of 0.06. The initial mean porosity value for the
initially adjusted (low porosity) piles was 0.73 compared to a value
of 0.70 for the porosity adjusted piles. The final mean porosity
value for the initially adjusted (low porosity) piles was 0.51
compared to a value of 0.52 for the porosity adjusted (high porosity)
piles. There was no statistical difference between the mean
porosity values for the high and low porosity piles for both the
initial and final porosity values using the t test. The control piles
C1 and C2 had an average porosity value of 0.73 for the initial test
with a standard deviation of 0.007. The mean final porosity value
and standard deviation for the control piles was 0.67 and 0.016. The
lower final mean porosity value determined for the experimental
piles provides an indication the organic materials in the
experimental piles had decomposed further than the yard waste in
the control piles.

The porosity values measured for the various piles are similar
to values observed by Fleming (1991) in the composting of mixtures
of green waste, leaves and wood wastes in Florida. The initial mean
porosity for her four experimental windrows was 0.70 compared to
0.72 determined for the experimental piles. The final mean porosity
for her windrows was 0.30, which is lower than the final values
observed for our composting piles. The difference may be explained
by the type of organic materials, testing errors, degree of
stabilization, the amount of wood wastes in the windrows.
Fleming's two windrows containing approximately 50% wood wastes
had final porosity values of 0.336 and 0.356, which supports the
comment that the wood chips mixed into our experimental piles may
increase the final porosity values.
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4.1.2 Trends in Response Variables

The primary response variables used to measure the degree and
rate of degradation of the organic materiais in these experiments
were the percent change in total carbon of solid samples and the
percent change in TOC of compost water extracts as well as the
more absolute indicator the ratio of Organic C/Organic N (C:Nyw) of
water extracts. The measurements of OUR were not successful, due
to problems experienced during testing. No results are available for
this parameter. Secondary, but less reliable indicators of maturity
used in these studies, are average pile temperatures, percent
increases in dry bulk density. Tables 4.4 and 4.5 list the results of
the primary response variables as well as % increases in bulk
densities over the full and active composting periods.

Table 4.4 - Pile Response Variable Values
Full composting period

Response Varlables

Plle Pile Designation % Decrease in % Decrease in % increase
No. % C (SS) TOC (WE) in DBD
1 Med C:N, Low M.C., Low Por. 44.7 81.5 49.5
2 Hi C:N, Low M.C., Low Por. 42.7 84.8 55.8
3 Med C:N, Hi M.C., Low Por. 54.5 84.5 46.4
4 Hi C:N, Hi M.C., Low Por. 52.6 61.3 62.6
5 Med C:N, Low M.C., Hi Por. 49.5 80.1 71.3
6 Hi C:N, Low M.C., Hi Por. 56.6 68.2 63.4
7 Med C:N, Hi M.C., Hi Por. 56.1 78.3 47.6
8 Hi C:N, Hi M.C., Hi Por. 73.5 86.0 34.4
R1 Med C:N, Hi M.C., Hi Por. 17.8 80.9 49.9
R2 Med C:N, Hi M.C., Hi Por. 57 .1 80.8 48.2
L1 Low C:N, Hi M.C., Low Por. 37.9 83.8 68.3
L2 LowC:N, LowM.C., Low Por. 66.4 82.1 56.9
L3 Low C:N, Hi M.C,, Hi Por. 53.3 73.8 60.7
L4 Low C:N, Low M.C., Hi Por. 53.5 68.0 59.9
C1 Control Pite 26.6 Not Tested 34.3
C2 Control Pile 51.6 Not Tested 38.5

WE= Compost water extracts
SS = Compost solid samples
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Table 4.5 - Pile Response Variable Values
Active composting period

Response Variable

Pile Pile Designation % Decrease in % Decrease in % lncrease
No. % C (SS) TOC (WE) inDBD
1 Med C:N, Low M.C., Low Por. 48.3 80.2 39.6
2 Hi C:N, Low iM.C., Low Por. 47.4 81.2 56.7
3 Med C:N, Hi M.C., Low Por. 46.8 81.4 46.7
4 Hi C:N, Hi M.C., Low Por. 50.7 67.6 59.5
5 Med C:N, Low M.C., Hi Por. 45.9 76.3 70.3
6 Hi C:N, Low M.C., Hi Por. 57.0 65.5 53.2
7 Med C:N, Hi M.C., Hi Por. 51.4 81.7 41.0
8 Hi C:N, Hi M.C., Hi Por. 65.9 84.8 30.9
R1 Med C:N, Hi M.C., Hi Por. 37.0 76.5 45.8
R2 Med C:N, Hi M.C., Hi Por. 52.3 65.0 39.9
L1 Low C:N, Hi M.C., Low Por. 45.4 76.2 63.1
L2 LowC:N,LowMC, LowPor.  68.0 80.1 56.1
L3 Low C:N, Hi M.C., Hi Por. 38.4 64.8 53.0
L4 LowC:N, Low M.C., Hi Por. 48.9 53.1 55.4
C1 Control P32 19.1 Not Tested 2i.1
C2 Contro} P& 36.4 Not Tested -2.4

WE= Compost water extracts
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4.1.2.1 Total Carbon

As expected, the percent total carbon (% C) of the various piles
decreased throughout the composting period, with most of the
decrease observed during the first 50 to 80 days of the process
when the more available organic constituents are decomposed. The
percent change in the total carbon content of the experimental piles
varied from 17.8% for pile R1 to 66.4% for pile L2. The mean value
was 51.8% with a standard deviation of 12.9. Controi piles C1 and
C2 observed a 26.6% and 51.6% decrease in % C. The large difference
between the values for the control piles may be due to sampling or
testing errors. Figures 4.22 to 4.29 display the percent carbon
content over the composting duration for the various pile sections.
The piles are organized according to their experimental C:N ratio and
moisture levels.
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Figure 4.22 % C vs Composting Days - Plles 2 and 6
Hi C:N, Low M.C.
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Replicates

The values for the % change in total carbon content for each
compost pile section are highly dependent on the reliability of the
initial and final determinations for % C. The average % volatile
solids values and their standard deviations are listed in Table A.1 in
Appendix A. The % C values were determined by dividing the %
volatile solids values by 1.8 as indicated in section 3.2.3.3.

Multiple samples were also collected for piles 1 to 8 and R1
and R2 to test for spatial differences in the compost material
within the respective piles. The % volatile solids (% VS) parameter
was used to evaluate the spatial differences in the compost
material within a pile. Based on the multiple sample % VS results
outlined in Table A.2, the samples collected for pile 2 on September
26, 1992 and pile 7 on October 10, 1992 showed the largest
variation in % VS. The analysis of variance (ANOVA) method was
used to test the null hypothesis (Ho) that the mean % VS values at
the different locations within a pile are not different. The alternate
hypothesis (Ha) is that the mean % VS values at the different
locations within a pile are not the same. The results of the two
ANOVA tests summarized in Table A.3 indicated the null hypothesis
could not be rejected. Although statistically the mean % VS values
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at the different locations within the respective piles were not
considered different, there was a significant amount of variability
in the pile % VS values as indicated in Table A.2. For exariple, the
mean % VS value for the muiltiple samples collected on September
26, 1992 for pile 2 was 34.81 + 7.94 with a standard error of 3.44.
The calculated confidence interval values for pile 2 on this sample
date represents a +22.80% of the pile mean value. The 95%
confidence interval for most of the piles (as expressed as a
percentage of the pile mean % VS values) were > +10.00%. This
variability might be explained by the heterogeneity of the pile
material or errors introduced by the method of volatile solids
determination. To ensure samples were not contaminated from
materials of adjacent pile sections compost samples were randomly
selected from the middle third of each pile section.

Table 4.6 outlines the % carbon values for the initial and final
samples for the various compost pile sections.

Table 4.6 - Plle % Carbon values - Solid samples

% C % C
Pile No. Pile Designation Initial values Final values

1 Med C:N, Low M.C., Low Por. 36.2 20.0
3 Med C:N, Hi M.C., Low Por. 33.4 .2
5 Med C:N, Low M.C., Hi Por. 31.9 16.1
7 Med C:N, Hi M.C., Hi Por. 40.6 17.8
R1 Med C:N, Hi M.C., Hi Por. 29.1 24.0
R2 Med C:N, Hi M.C., Hi Por. 35.0 15.0
2 Hi C:N, Low M.C,, Low Por. 23.2 13.3
4 Hi C:N, Hi M.C., Low Por. 33.5 15.8
6 Hi C:N, Low M.C., Hi Por. 44.6 19.9
8 Hi C:N, Hi M.C., Hi Por. 33.5 8.9
L1 Low C:N, Hi M.C., Low Por. 26.5 16.5
L2 Low C:N, Low M.C., Low Por. 40.9 13.8
L3 Low C:N, Hi M.C., Hi Por. 40.2 18.8
L4 Low C:N, Low M.C., Hi Por. 39.0 18.1
C1 Control Pile 42.1 30.9
c2 Control Pile 42 .1 20.4
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The initial mean % C values for the high, medium and low C:N
ratio piles were generally quite similar. The high C:N ratio piles 2,
4, 6 and 8 had a mean % C vaiue of 33.7 with a standard deviation of
8.7. Pile section 2 had an initial % C content of 23.2, the lowest
value of all the pile sections. The medium C:N ratio piles had a mean
o, C value of 34.4 with a standard deviation of 3.9. The low C:N ratio
piles had the highest mean o% C value of 36.7 with a standard
deviation of 6.8. The high and medium C:N ratio piles were expected
to have higher % C values due to the addition of straw. The mixing of
2 additional front end loader buckets of wheat straw to pile
sactions 4 and 6 (day 18), 2 and 8 (day 19) on August 17, 1992 did
not seem to increase the % C values for the August 23, 1992
samples. The mean % C value for the high C:N ratio piles was 34.6
with a standard deviation of 1.5, compared to a mean and standard
deviation of 34.4 and 3.8 for the medium C:N ratio piles. The initial
% C results may be influenced by the heterogeneity of the mixed
materials, sampling and test methods, or the amount of straw added
to the piles.

The final % C contents also influence the % change in total
carbon values. For example, pile R1 had a reiatively high final % C
content of 24.0%. compared to values of 17.8% and 15.0% for pile
sections 7 and R2 which had the same treatment design. The high
final % C content for pile R1 may be due to the possible
contamination of the compost sample with the compost cover
material. The burlap material used to separate the experimental
compost material from the compost cover decomposed in most piles
making it difficult to collect a true representative sample. This
high final % C content for pile R1 results in a very low value for the
% change in the total carbon.

The final % C contents for the control piles taken on day 221
varied considerably. The values for pile sections C1 and C2 were
were 30.9% and 20.4% respectively. The most likely explanation for
the large difference is sampling or testing errors. The % C content
for piles C1 and C2 were 29.1% and 29.6% for the samples taken on
day 163. The average pile temperatures for both C1 and C2 during
the period between day 163 and day 221 were below 100C. These
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low temperatures hindered the decomposition of the organic matter.
it is unlikely the change in carbon content for pile section C2
observed during the period between day 163 and day 221 can be
attributed to decomposition.

Given the results of the initial and final % C values, the %
decrease in carbon content for the pile sections is not considered a
reliable response indicator for this experiment. The % decrease in
TOC of water extracts is a more reliable response factor because it
better reflects the carbon available for microbial utilization.

4.1.2.2 Total Organic Carbon (TOC) - Compost Water Extracts

The TOC values for the various compost pile sections generally
followed a decreasing trend throughout the composting period, with
most of the decrease observed during the first 50 to 75 days of the
process when the more available organic constituents are
decamposed. The overall mean % change in TOC value was 73.9%
with a standard deviation of 9.6. The highest % change in TOC was
84.8% for high C:N ratio pile 8 and the lowest was 53.1% for low C:N
ratio pile section L4. Figures 4.30 to 4.36 display the TOC content
(water extracts) versus the composting period for the various pile
sections. The piles are organized according to their experimental
C:N ratio and moisture ievels.
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The TOC values of the different piles sections fluctuated more
during the first 36 days of the process and usually increased from
the initial values. Piles 2, 4, 5, 6, 7, R2 and L3, for example, had
higher TOC values on the samples taken on composting days 11 and
12, than determined from the initial samples. Riffaldi et a/ (1988)
found the water soluble components initially increased during the
first five days of composting a mixture of wastewater sludge from a
paper factory and chopped straw. They attributed the initial increase
to the increasing rate of decomposition by the microorganisms and
they suggested the hydrolysis and solubilization of the complex
substances initially predominated over mineralization and
immobilization processes. The water soluble components of the
compost water extract gra:ually decreased due to the microbial
activity.

The values for the % change TOC content for each compost pile
section are also highly dependent on the reliability of the initial and
final determinations for TOC. The standard deviation of the average
TOC value for multiple injections can be found in Appendix C.1.
Table 4.7 outlines the TOC values for the initial and final samples
for the various compost pile sections.
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Table 4.7 - Pile TOC values - Water Extracts

Pile Pile Deslignation initial TOC values Final TOC values
No. mg/liter mg/liter
1 Med C:N, Low M.C., Low 5499.5 1017.8

Por.
3 Med C:N, Hi M.C., Low Por. 4137.7 649.6
5 Med C:N, Low M.C., Hi Por. 3778.1 752.0
7 Med C:N, Hi M.C., Hi Por. 3940.6 857.2
R1 Med C:N, Hi M.C., Hi Por. 3731.3 753.2
R2 Med C:N, Hi M.C., Hi Por. 2412.4 756.6
2 Hi C:N, Low M.C., Low Por. 2644.2 402.1
4 Hi C:N, Hi M.C., Low Por. 2053.7 793.9
6 Hi C:N, Low M.C,, Hi Por. 3137.0 997.0
8 Hi C:N, Hi M.C., Hi Por. 3124.7 438.4
L1 Low C:N, Hi M.C., Low Por. 3536.3 571.4
L2 Low C:N, Low M.C., Low 3608.8 646.1

Por.
L3 Low C:N, Hi M.C., Hi Por. 3602.1 044 .4
L4 Low C:N, Low M.C., Hi Por. 3735.9 1195.0

C1 Control Pile
C2 Control Pile

The high C:N ratio piles 2, 4, 6 and 8 have a mean TOC value of
2739.9 with a standard deviation of 511.8. The medium C:N ratio
piles have the highest mean TOC value of 3916.6 with a standard
deviation of 987.0. The low C:N ratio piles have a mean TOC value of
3620.8 with a standard deviation of 83.4. As expected, the high C:N
ratio piles had lower TOC values because straw has a lower relative
proportion of water-soluble organic matter. Theoreticaily, the low
C:N ratio piles should have had the highest initial TOC values
because grass has a high relative proportion of water soluble
organic matter. The differences in the mean values for the low and
medium C:N ratio pile sections may be the result of heterogeneity of
the compost material, sampling and or testing methods and
procedures.

The % change in TOC values provide a relative indication of the
level of maturity of the various piles and serves as a response
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variabi in factorial design calculations to evaluate the influence of
the o # operational parameters on the decompostion rate. A more
ansciyie indicator of maturity is the organic cai.on to organic
nivesn ratin of water extracts. The following section discusses
the ofgass carbon to organic nitrogen results for the various pile
sec ions.

4.4.1.2.3 C:Ny r¥lio - Water Extracts

The organic carbon/organic nitrogen (C:Ny) values for the
various pils sectlions fluctuated widely throughcut the composting
period although pile sections 2, 3, 4, 7, and L1 generally followed a
decreasing trend. Garcia et al. (1991b) found the water soluble
carbon/organic nitregen ratio decreased considerably during the
process for various mixtures of organic wastes consisting of
aerobic sewage sludge, city refuse, grape debris and peat residue.
Figures 4.37 to 4.43 show the C:Ny values versus the composting
period for the various pile sections. The pile sections are organized
according to their experimental C:N ratio and moisture levels.
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The final C:Ny ratio values for compost is considered an
absolute indicator of compost maturity. Several authors have
indicated a final C:Ny ratio value between the 5 and 6 is as an
absolute indicator of mature compost (Chanyasak and Kubota 1981;
Chanyasak et al. 1982; Hirai et al. 1983; Riffaldi et al. 1988; Garcia
et al. 1991). Table 4.8 outlines the initial and final C:Ny values for
the experimental piles. The initial C:Ny values are from the August
11th and 16th, 1992 samples. There was not enough compost
material remaining from the first samples to develop compost water
extracts.

Table 4.8 - Pile Initial and Final C:Ny, ratios - Water

Extracts
Pile No. Pile Designation Initial Final
C:Nw C:Nw
1 Med C:N, Low M.C., Low Por. 10.60 8.44
3 Med C:N, Hi M.C., Low Por. 15.57 6.60
5 Med C:N, Low M.C., Hi Por. 9.39 9.03
7 Med C:N, Hi M.C., Hi Por. 10.12 8.59
R1 Med C:N, Hi M.C., Hi Por. 10.36 9.01
R2 Med C:N, Hi M.C., Hi Por. 8.21 9.13
2 Hi C:N, Low M.C., Low Por. 9.97 7.50
4 Hi C:N, Hi M.C., Low Por. 9.00 8.80
6 Hi C:N, Low M.C., Hi Por. 9.77 90.88
8 Hi C:N, Hi M.C., Hi Por. 11.09 9.23
L1 Low C:N, Hi M.C., Low Por. 7.75 6.25
L2 Low C:N, Low M.C., Low Por. 8.86 9.24
L3 Low C:N, Hi M.C., Hi Por. 8.84 8.33
L4 Low C:N, Low M.C., Hi Por. 8.13 9.13

Initial values for piles L2 and L4 (92-08-16 sample)
Initial values for all other piles (92-08-11 sample)
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The sole purpose for determining the final C:Nyw ratio values
was to identify which piles matured first. None of the final C:Nw
ratio values were between 5 and 6, the range indicated for mature
compost. The overall mean final C:Ny value for the experimental pile
sections was 8.51 with a standard deviation of 1.0. The overall
average initial (August 11, 1992 samples) C:Nw value for the
experimental piles was 9.83 with a standard deviation of 1.92. The
final C:Ny, values were generally lower than the initial values. Pile
section 3 had the lowest final value of 6.6, although piles L2 and 6
had values of 6.1 and 5.7 on days 60 and 34. The final C:Ny for pile
sections L2 and 6 were 9.2 and 9.9. The C:Ny ratios do not provide an
absoiute indication of which pile sections matured first.

The experimental and literature C:Ny ratios differences may be
due to the type of organic materials composted. The literature
studies involving water extracts from air dried compost samples
tested mature composts from a variety of organic mixtures but not
grass and grass and straw composts. Grebus (1992) tested water
extracts from fresh mature yard waste compost samples and found
the C:M, ratios to be higher than the literature values of between 5
and 6. The results obtained in this study may be representative of
the true organic carbon to organic nitrogen ratios of mature grass
and grass and straw composts. The most likely explanation for the
differences in literature and experimental results are sample
preparation and testing errors. For example, the final C:Ny vaiues
for pile sections 6 and L2 were much higher than the minimum
values observed on days 34 and 60, respectively. The next secticn
outlines the results of a secondary measure of organic degradation,
the % increase in the compost dry bulk density.

41.2.4 Dry_Bulk Density

As expected, the dry bulk density (DBD) of the various piles
increased throughout the composting period, with most of the
increase observed during the first 112 days, the active phase of the
process and then remained fairly constant or increased slightly
during the remaining 113 days or maturation phase. Low C:N ratio
pile L1 had the highest % increase in DBD of 68.3%, while the lowest
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increase of 34.4% was observed for pile section 8. The mean %
increase in DBD for the experimental pile sections was 55.3 with a
standard deviation of 9.9 (from August 23, 1992 sample). This
compares favorably to the mean value of 59.4% with a standard
deviation of 8.0 observed by Fleming (1991) in the composting of
mixtures of green waste, leaves and wood wastes in Florida. Control
piles C1 and C2 had a lower mean % increase in dry bulk density of
36.4% with a standard deviation of 3.0 potentially indicating the
organic materials did not degrade as much as the experimental piles.
Multiple sample bulk density measurements were taken for piles 4
and 6 on October 16, 1992 to determine variability in bulk density
measurements. Four wet bulk density measurements were taken for
each pile. The average wet bulk density value for pile 4 was 434.0
Kg/m3 with a standard deviation of 35.37. Pile 6 had an average wet
bulk density value of 654.8 Kg/m3 with a standard deviation of
36.29. Figures 4.44 to 4.51 display the DBD versus the composting
period for the various pile sections. The pile sections are organized
according to their experimental C:N ratio and moisture levels.
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Figure 4.51 DBD vs Composting Days - Piles 7, R1 and R2
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Replicate Piles

Pile sections 4, 5, 6, 7, 8, L3 and L4, R1 and R2, which had
wood chips added to adjust porosity, generally have lower values of
dry bulk density than the piles with the same experimental moisture
and C:N levels. Wood chips were added to pile 5, on day 70 and piles
6, 7, on day 71 and to piles 8, L3 and L4 on day 77 and Piles R1 and
R2 on day 78. The wood chips are less dense than the existing
compost mixtures so the lower dry bulk density values for the
porosity adjusted piles are expected. Table 4.10 outlines the dry
bulk density values for the August 23, 1992 samples and the final
samples for the various compost pile sections.
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Table 4.9 - Pile Dry Bulk Density values (DBD)

DBD DBD
Plle Pile Designation Kg/m3 Kg/m3
92-08-23 93-03-13
1 Med C:N, Low M.C., Low Por. 237.7 470.7
3 Med C:N, Hi M.C., Low Por. 270.5 504.4
5 Med C:N, Low M.C., Hi Por. 148.3 517.1
7 Med C:N, Hi M.C., Hi Por. 245.3 467.7
R1 Med C:N, Hi M.C., Hi Por. 225.8 451.0
R2 Med C:N, Hi M.C., Hi Por. 256.6 495.0
2 Hi C:N, Low M.C., Low Por. 232.3 526.1
4 Hi C:N, Hi M.C., Low Por. 184.9 493.9
6 Hi C:N, Low M.C., Hi Por. 162.3 443.0
8 Hi C:N, Hi M.C., Hi Por. 326.6 496.2
L1 Low C:N, Hi M.C., Low Por. 202.8 640.6
L2 Low C:N, Low M.C., Low Por. 222.8 516.9
L3 Low C:N, Hi M.C., Hi Por. 219.7 559.4
L4 Low C:N, Low M.C., Hi Por. 207.9 518.3
C1i Control Pile 221.2 336.9
c2 Control Pile 226.0 367.8

The dry bulk density values for the high C:N ratio piles on
August 23, 1992 varied from 162.3 Kg/m3 for pile 6 to a high value
of 326.6 Kg/m3 for pile section 8. The mean value was 226.5 Kg/m3
with a standard deviation of 72.8. The medium C:N ratio piles have a
mean DBD value on August 23, 1992 of 230.7 Kg/m3 with a standard
deviation of 43.2. The low C:N ratio piles have a mean value of 213.3
Kg/m3 with a standard deviation of 9.5. The large variation in DBD
values observed for the high C:N ratio piles on August 23, 1992 may
be explained by the heterogeneity of the mixtures of straw and
grass.

The mean final DBD for the high C:N piles was 489.8 Kg/m3
with a standard deviation of 34.5. The medium C:N ratio piles had a
similar final value of 484.3 Kg/m3 with a standard deviation of
25.2. The highest mean final DBD of 558.8 Kg/m3 with a standard
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deviation of 58.0 was observed for the low C:N ratio piles. The dry
bulk densities were comparable to values observed by Fleming
(1991). In her study, the initial and final mean DBD were 259.6
Kg/m3 and 639.4 Kg/m3 with standard deviations of 87.3 and 56.8.

The % increase in DBD provides a relative indication of the
level of maturity of the various piles and serves as a response
variable in factorial design calculations to evaluate the influence
of the key operational parameters on the decomposition rate.
Although it is not considered a primary indicator of compost
maturity, it may be useful in the confirmation of the results of more
recognized maturity parameters.

4.1.3 Factorial Design Results

Because the experimental moisture levels were not able to be
maintained the design matrix was adjusted to reflect the actual
moisture levels measured in the different compost piles. The
adjusted factorial design matrices are referred to as botched
factorials. The +1 and -1 levels for the moisture content variable
are replaced by values representing the actual pile moisture content
as a percentage of the planned experimental levels. For example, the
weighted average moisture content for pile 2 for the full composting
period was 27.0% which is 0.68 of the planned experimental level of
40%. Instead of +1 and -1 levels +0.68 is used in the design matrix.
The factorial design was analysed using the % decrease in TOC and
the % increase in dry bulk density for both the active and full
composting periods as the response variables. The results for the
active composting period reflect the importance of the operational
variables during the period when most of the decomposition of
organic materials takes place. As stated earlier the % decrease in
TOC is considered the most reliable response variable. The %
increase in dry bulk density is a secondary and less reliable
response variable. The following section summarizes the results of
the factorial experiment for both response variables.
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4.1.3.1 E i xperiment - Resul

The results of the factorial design, using % decrease in TOC as
the response variable, indicate none of the main effects and their
interactions were found to significantly effect the decomposition of
the organic materials. Based on the calculated 95% confidence
intervals of the regression coefficient B values, none of the factors
are significantly different from zero. All the B values have both
positive and negative confidence interval values, indicating zero is a
possible value. The B values measure the effect of a unit change in
the variable on the mean respcnse (Montgomery 1984). The main
effects and their interactions represent a change from -1 to +i, a
change of 2 units. To calculate the main effects and their
interactions, the B values are doubled. The results of the factorial
experiment are shown in Table E.1 in Appendix E. Table 4.10
summarizes the significant factors for both response variables
based on the 95% and 90% confidence intervals, as well as the
results from the half normal plots.

Table 4.10 - Factorial Experiment - Significant Effects

Significant Effects and Interactions

Response % Decrease in TOC % Increase in Dry Bulk Density
Varlable
Period 95% 90% Half Normal 95% 90% Half Normal
Cl (o] | Plot Cli Cl Plot
Full None 13 13 23 23 3
23 123 123
123
Active None None 2 23 23 3
12 13
13 23

The confidence interval resuits are considered more reliable
because the results of the half normal plot are dependent upon how
the straight line is drawn through the points. Although the 95 %
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confidence interval results, using % decrease in TOC as the response
variable, indicate no factor is significant, results from the 90 %
confidence interval calculations and the half normal plots for both
response variables provide some indication that some factors
marginally influenced the decomposition process. In addition,
ranking the effects from the highest to lowest value after
normalization also provides a measure of relative importance. The
higher the normalized value the larger the eftect on the
decomposition rate. The effects are normalized by dividing the
value of the effect by the standard error at the 5% significance
level.

For the full composting period, the 90% confidence interval
calculations of the B values for the response variable % decrease in
TOC, suggest the interactions 13 (C:N ratio-Porosity), 23 (MC-
Porosity) and 123 (C:N ratio-MC-Porosity) marginally influenced the
decomposition of the organic materials. The results of the half
normal plot aiso indicate the 13 and 123 interactions are
significant. The factorial design resuits, using % increase in dry
bulk density as the response variabie, found the 23 interaction (MC-
Porosity) to be significant. Table 4.11 summarizes the rankings of
the effects for both response variable factorials for the full
composting periad.

Table 4.11 - Ranking of Effects - Full Period

% Decrease in TOC % Increase in Dry Bulk Density
Effects Value Value/S.E.|] Effects Value Value/S.E.
23 -9.14 -4.60 23 -13.77 -5.58
123 -12.16 -4.56 1 -8.82 -3.36
13 -8.2 -3.90 12 -10.70 -3.22
3 3.24 2.02 2 -6.57 -2.66
12 4.46 1.68 123 -8.70 -2.62
1 0.99 0.46 13 -5.11 -1.96

-0.27 -0.14 3 -1.27 -0.64
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Interactions 23 and 123 and 13 have the highest vaiues of the
normalized effects for the % decrease in TOC factorial. The 23
interaction has the highest value of the normalized effects for the
dry bulk density factorial. The negative value for the 23 effect for
the DBD factorial indicates, this effect has a negative influence on
the increase in dry bulk density. A negative value for an effect for
the TOC factorial indicates the effect increases the percent
decrease in TOC. Based on the overall results of the 90% confidence
intervals, half normal plots and rankings, there are indications that
the 13, 23 and 123 interactions marginally influenced the
decomposition of the organic materials. The factorial results from
the TOC response variable are considered more reliable than the dry
bulk density results; therefore the conclusions are mainly based on
the TOC factorial results.

For the active period, none of the factors were found to
influence the decomposition of the organic materials, based on the
90% confidence interval calculations of the B values for the
response variable % decrease in TOC. The half normal plot indicated
the main effect 2 (MC) and the interactions 12 (C:N ratio-MC) and 13
(C:N ratio-Porosity) were significant. The dry bulk density factorial
confidence interval results indicated the 23 interaction was
significant. Table 4.12 summarizes the rankings of the effects for
both response variable factorials for the active composting period.

Table 4.12 - Ranking of Effects - Active Period

% Decrease in TOC % Increase in Dry Bulk Density
Effects Value Value/S.E.] Effects Vailue Value/S.E.
3 7.78 3.68 23 -15.01 -4.94
13 -10.08 -3.64 1 -7.92 -2.46
23 -8.99 -3.44 2 -6.23 -2.06
1 -6.80 -2.46 13 -6.02 -1.86
123 -5.80 -1.66 12 -7.02 -1.72
2 -1.69 -0.64 3 -3.99 -1.62
12 0.92 0.26 123 -6.3 -1.54
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The main effect 3 (Porosity) and interactions 13 and 23 have the
highest values of the normalized effects for the % decrease in TOC
factorial. The 23 interaction has the highest value of the
normalized effects for the dry bulk density factorial. Main effects 1
(C:N ratio) and 2 (MC) have the second and third highest values.
Overall the factorial results for the active period do not
consistently indicate any of the factors influence the decomposition
of the organic materials. The following section discusses the
factorial results of the 90% confidence intervals, half normal plots
and rankings for the full composting period.

4.1.3.2 Factorial Results Discussion

None of the operational factors were found to significantly
effect the decomposition of the organic materials based on the
calculated 95% confidence intervals of the B's for the % decrease in
TOC factorial. The 90% confidence intervals, half normal plots and
effect rankings for the full composting period provided indications
the 13, 23 and 123 interactions marginally influenced the
decomposition of the organic materials. The following paragraphs
discuss the theoretical importance of these interactions and
outlines possible explanations for the factorial results.

The factorial results suggest the operational factors are
interelated which is consistent with theory. The 23 interaction
(MC-Porosity) which had the highest normalized etfect value is
considered to have the largest affect on the response variabie |If the
moisture content is too high, the the void space availabie for air
will be reduced. This will resuilt in a lower supply of oxygen which
will reduce the rate of biological activily. When the the moisture
content is low and the void space available for air is high, the rate
of biological activity is also reduced. The fiow of air through the
void space results in moisture losses and potential cooling of the
compost mass. A balance between adequate moisture content and
porosity is important for optimizing the decomposition process.

The second and third highest normalized effects based on the
TOC factoriai resulis for the full period are the interaction 123 (C:N
ratio-MC-Porosity) and 13 (C:N ratio- Porosity). These results
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suggest a relationship exists between the moisture content,
porosity and the C:N ratio of the materials. A potential explanation
may be the variable C:N ratio actually represents the physical nature
of the material. The void space in the compost pile is related to the
physical nature of the compost materials and not the C:N ratio.
Fibrous or bulky materials such as straw and wood chips are able to
maintain adequate porosity compared to grass clippings. Golueke
(1977) indicated the maximum permissible percent moisture is also
a function of the physical nature of the materials. For example,
fibrous or bulky materials such as straw and wood chips can absorb
relatively large amounts of water and still maintain adequate
porosity (Haug 1980).

Finally the lowest normalized effects based on the TOC
factorial results for the full period are the main effects 2(MC) and
1(C:N ratio). This may suggest that these tactors alone do not
influence the decomposition of the organic materials. The
normalized effect value for the main effect 3(Porosity) was ranked
4th for the full period and fist or the active period for the TOC
factorial results. Based on . = arual measured porosity values for
piles 5, 6, 7, L4, R1, R2 and 8 the porosity generally decreased or
remained fairly level for the first porosity measurements after the
addition of more wood chips. Possible reasons for the inconsistent
results could include errors introduced in measurement, sampling or
testing, improper mixing of wood chips, compost cover
contamination of the samples or the volume of wood chips added did
not significantly alter the porosity of the piles. The most likely
explanation are errors introduced in the determination of the
porosity measurements. Since there appears to be no standard
method of determining compost porosity, the accuracy of the method
used in this study can not be determined.
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4.1.3.3 Summary and Explanations

In summary, the factorial results based on the calculated 95%
confidence intervals of the B's for the % decrease in TOC factorial
found none of the factors influenced the decomposition rate of the
organic materials. The 90% confidence intervals, haif normal plots
and effect rankings for the full composting period provided
indications the 13 (C:N ratio-Porosity ), 23 (MC-Porosity) and 123
(C:N ratio-MC-Porosity) marginally influenced the decomposition of
the organic materials. The results do not support the hypotheses
that the operating variables C:N ratio, moisture content and porosity
adjustment individually effect the decomposition rate of the organic
materials. Possible explanations for these experimental results are:
1) the response variables used in the study were not able to measure
the effects, 2) the effect of C:N ratio, M.C. and porosity on
degradation did not occur within the ranges tested or 3) the
difficulties encountered in maintaining and operating a field level
experiment impacted the results. The most likely reasons are the
difficulties in maintaining and operating a field level experiment.

For example, the difficulty experienced trying to maintain the
experimental moisture levels may have effected the factorial
resuits. It was not possible to maintain the moisture content of the
pile sections at the desired levels. For the fuli composting period
the average weighted mean pile moisture content for the high MC
piles was 38.6% compared to the experimental level of 60%. For the
40% MC piles, the average weighted mean pile moisture content was
31.2% for the full composting period. The moisture differences may
not have been significant enough to create a real difference in w:e
experimental conditions. Although the -1 and +1 levels for ine MG
variable in the factorial design matrix were adjusted to reflect ihe
calculated values oi ihe pile average weighted moisture contents,
these values may not provide a good representation of the actual
moisture conditions.

In addition, the amount of straw added to the experimental
piles may not have been sufficient enough to create a significant
difference in the C:N ratio of the piles. The experimental C:N ratio
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levels were based on the number of front end loader buckets instead
of the mass of the different organic materials.

4.2 Decomposition

The purpose of monitoring the decomposition of the organic
materials for the various compost piles was to: 1. evaluate and
model the biological degradation of these materials over time and
provide a tool for optimization of the process; 2. determine the
magnitude and rate of decomposition of the various compost
piles.and compare the results with expected behavior. The following
sections summarize the decomposition behavior of the experimental
compost piles and compares the results to a physical model proposed
by Haug (1980).

4.2.1 Decomposition Modelling

Determining the overall reaction rate for the active
composting period for the various experimental piles may be useful
in identifying differences and process optimization opportunities.
Generally the decomposition rate of organic residues especially in
soils is considered to follow first order rate kinetics (Paul and
Clark 1989). In this study, the parameters % total carbon (% C) in
solid compost samples and TOC of compost water extracts were
used as measures of the degradation of the organic materials. The
measured % C values reported in this study includes the carbon
content of substrate as well as biomass. The actual substrate % C is
usually determined by subtracting the carbon content of the biomass.

The kinetic rates for the decomposition of the organic
materials can be calculated by determining the slope of the line for
the different plots of substrate parameters versus time. Instead of
plotting the data, linear regression techniques using the least-
squares method were used to determine the slope and R2 value of the
fitted line. The R2 value is the square of the Pearson product
moment correlation coefficient. The slope of the fitted line of
substrate concentration versus time determined the zero order
kinetic rate. For first order kinetics, the slope of the In of % C and
In of TOC versus time determined the reaction rate constants. The
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slope of the fitted line of 1/% C and 1/TOC versus time determined
the second order kinetic rates. Table 4.13 on the following page
summarizes the modelling results for % C of compost solid samples.
The zero order model has the lowest R2 value of 0.68 while the
average R2 value for the second order model was highest at 0.76.
The first order R2 value was slightly lower than the second order
model at a value of 0.74. The calculated R2 value is a measure of
how well the plotted plots fit the straight line relationship. The
closer the R2 value is to 1.0 the better the data fits the straight
line relationship. An analysis of variance test was used to
statistically determine, if the average R2 values for the different
models are significantly different. The results outlined in Table F.1
indicated, that collectively there was a difference somewhere in the
data of the three groups, but a group by group comparison using the
Student-Newman-Keuls test with a 5% significance level found the
zero order average R2 value was significantly different than the
first and second order average R2 values. There was no significant
difference found between the first and second order average values.
Based on the comparison of the average R2 values, the % C data for
the experimental piles suggests the decomposition process follows
either first or second order kinetics. The first order model is the
more likely case because other authors have indicated the
composting process and decomposition of plant residues generally
follow first order rate kinetics (Paul and Clark 1989; Haug 1993).
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The average % C first order reaction rate constant is
0.0070/day. The rate constants listed in Table 2.7 are generally a
few magnitudes higher than determined from the the % C data for the
experimental piles. For example, the k values for grass/leaves and
grass/cardboard mixtures using first order rate equation for the
rate of disappearance of compost mass, rang . from 0.165/day to
0.190/day for Marugg (1993). A possible e. ‘ai ation tfor these
results is the measured % C values of the compost includes not only
the amount of carbon in the organic residues and the intermediate
products, but also the carbon content of the microbes. The measured
% C is higher than actual % carbon of the substrate. As the
composting process proceeds, the substrate concentration is
decreasing and the biomass concentration increases to a certain
point in the process. In the latter stages, the biomass concentration
starts to decrease as the amount of available substrate decreases.
The calculated decomposition rate using % C is probably iower than
the actual rate. If the biomass carbon content was subtracted from
the total carbon, the actual decomposition rate could of been
calculated.

Table 4.14 summarizes the modelling resuits for the TOC of
compost water extracts.
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The zero order model has the lowest R2 value of 0.70 while the
average RZ2 value for the second order model was highest at 0.78.
The first order R2 value was slightly lower than the second order
model at a value of 0.77. An analysis of variance test was agai:
used to statistically determine, if the average R2 values for the
different models are significantly different. The results indicated
that collectively there was a difference somewhere in the data of
the three groups but a group by group comparison using the Student-
Newman-Keuls test with a 5% signifi- =nce level found there was no
significant difference between the average R2 values. Based on the
comparison of the average R2 values, the TOC data for the
experimental piles suggests the decomposition of the organic
materials follows either zero, first or second order kinetics. The
first order model is again the more likely case but a discussion of a
potential second order model will be reviewed in the section titled
Comparison to Theoretical Models.

The average TOC first order reaction rate constant is
0.0153/day. The rate constants listed in Table 2.7 are generally one
magnitude higher than determined from the the TOC data for the
experimental piles. The TOC data for this study includes the organic
carbon content of the biomass. This may explain the differences in
the magnitude of the rate constants. The measured TOC value is
higher than the actual TOC of just the substrate. If the biomass TOC
content was subtracted from the experimental measured value,.the
actual decomposition rate could of been determined.

In comparing the first order rate constants for the % C and TOC
parameters, the average pile TOC rate constant is over 10 times
higher than the average pile rate constant for % C. This higher rate
constant value is expected because the TOC parameter measures the
readily available water soluble organic carbon content. The
measured % C content includes the organic carbon content of all
constituents including the more resistant compounds cellulose,
hemicellulose and lignin. Paul and Clark (1989) outline the rate
constants for plant residues in soils under laboratory conditions.
They indicate for easily decomposable compounds -k = 0.2 compared
to -k = 0.08 for slowly decomposable constituents. The
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multicomponent empirical models proposed by Murayama et al.
(1990) and Van Veen et al. (1984) support the argument that
different fractions of plant residues decompose at different rates.
The reaction rate of the easily decomposable fraction is higher than
the more resistant f::iction of tira plant residue. The following
section compares the decomposition modelling results with the
theoretical physical mcdei proposed by Haug (1980).

4.2.2 Comparison to Theoretical Model

The modelling results for the parameters % C and TOC over
time indicated the the decomposition of the organic materials
followed either first or second order kinetics. Generally, the
decomposition of organic material is considered to foliow first
order kinetics Haug (1980), (Paul and Clark 1989). The following
section reviews the model proposed by Haug (1980) and discusses
the model in relation to experimental decomposition rates and
changes in compost substrate and biomass. The composting kinetic
model proposed by Haug (1980) is shown below.

-ds =k Ay X
dt Ky + X (25)

-ds/dt = rate of hydrolysis of solid substrate
k = maximum rate of hydrolysis occurring at high
microbial population.
Ay = Avaiiable surface area (substrate) per unit
volume
Kx = half velocity coefficient The microbial
concentration at 1/2 the maximum reaction rate.

Haug (1993) indicated that the solubilization of the solid
substrate through hydrolysis is probably the rate limiting
mechanism during composting. Based on his model, the rate of
hydrolysis is a function of the size of the microbial population X,
and the available substrate surface area per unit volume Ay. Haug
(1980) described two general cases of the model. Case 1 when the
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concentration of microbes is much less than Kyx (the half-rate
constant) the rate of hydrolysis of the solid substrate is a first
ordar reaction with respect to the microbial concentration. Case 2
when the concentration of microbes is much greater than the half
rate constant the change in solid substrate over time is a zero order
reaction with respect to microbial concentration.

Haug (1980) noted that different decomposition rates observed
for different substrate materials are probably due to difierences in
the value of kAy. For example, a more resistant substrate such as
wood fiber would have a lower value of kAy, Haug (1980) suggested
this may be interpreted as a lower number of av: ible enzyme
binding sites or a lower number of successiul enzyme reactions in a
more resistant substrate. The product kAy appears to be a measure
of substrate availability and the value changes throughout the
composting process. Haug (1993) indicated that during the early
stages of composting, the substrates with high kAy values (kAv1)
are decomposing resulting in an increase in microbial population. As
the composting process proceeds, the more resistant substrates
with low kAy values (kAy2) are encountered. The rate of hydrolysis
of the more complex substrates are the rate determining step of the
overall process. The more recalcitrant substrates decompose at
lower rates for a longer period of time (Haug 1993; Marugg et al.
1993). The changes in % C in solid samples and TOC in water
extracts over time provided evidence that the decomposition rate is
higher during the active phase and lower during the maturation phase
based on the change in slope of th nurves. Haug (1993) also
suggested the values of Kx are fixely a function of the type of
substrate and should increase as the number of active sites per unit
volume increases. ‘Sastd on this suggestion, the values of Kx would
also change as the compost substrate changes.

In addition to changes in <ubstrate, the concentration and the
types of microorganisms also cfutrige during the composting process.
During the early mesophilic stage, when the more easily available
substrates are consumed, the microbial population especially
bacteria increases exponentially (Biddlestone et al. 1987). As the
temperature increases above 400C the mesophilic organisms die off
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and the thermophilic organisms flourish. During the thermophilic
stage, the compost pile temperature continues to increase to above
600C (Biddlestone et al. 1987). Above 600C, microbial activity
decreases significantly as the fungi are deactivated, and spore-
forming bacteria and actinomycetes prevail. The microbial
concentration or biomass during the early stages of composting
(mainly bacteria) will be represented by the term Xi. After the peak
temperature period is reached, the compost mass enters a ¢2oling
stage marked by a decrease in compost »ile temperature and
represents a decrease in available substrate. During the cooling
stage, fungi and actinomycetes attack the more resistant
hemicellulose and cellulose fractions breaking them down to simple
sugars which may be used by variety of microorganisms (Biddlestone
et al. 1987). The biomass concentration in the maturation phase of
composting when fungi and actinomycetes dominate will be
represented by the term Xa.

In the later stages of composting a mixture of solid waste and
sewage sludge, de Bertoldi et al. (1983) observed a continuous
decrease in the number of celiulolytic bacteria to about 102 per
gram dry weight (50 days). The maximum cellulolytic bacteria count
was between 103 to 104 per gram dry weight, after about 25 days of
composting. de Bertoldi et al. (1983) indicated the number of
cellulolytic fungi increased to approximately 108 per gram dry
weight in the later stages of composting (50 days) The cellulolytic
fungi count was approximately 105 per gram dry weight at the start
of the composting process. The number of actinomycetes also
increased to between 106 to 107 per gram dry weight in the later
stages of the composting process from the initial.count of
approximately104 per gram dry weight (de Bertoldi et al. 1983). The
compost pile temperature continues to drop to ambient conditions
due to lower microbial activity and decomposition rate. Although
the concentrations of fungi and actinomycetes increased in the later
stages of composting, the overall biomass concentration is expected
to decrease, due to a reduction in available substrate. None of
referenced composting literature sources specifically noted the fact
the concentration of biomass decreased during the maturation phase.
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Table 4.15 summarizes the relative values for the various terms in
Haug's model for both the active and maturation phases of the
composting process.

Table 4.15 - Composting Model Conditions

Active Phase Maturation Phase
Term
K High Low
S High S Low S
Ay High Av1 High Ay2
Low Av1

X High X4 High X2

Low X2 Low X4
Model
Case
X<< Kx ds =k Av X ds =k Av X

dt Kx dt KX
X>>Ky ds =k Av ds =k Av

dt dt

Based on this discussion of Haug's model and its parameters, it
appears the rate of hydrolysis, Ay, biomass concentration and type,
Ky and the kinetic rate vary throughout the different stages of the
process. The two general model cases apply to both the active and
maturation stage. Haug's proposed mode! provides valuable insight
into the composting process, but it looks mainly at biomass
concentration and does not deal with the relationship between the
biomass concentration and the available substrate. The biomass
concentration X is a function of the available substrate through the
the yield coefficient Y. The yield coefficient is defined as the ratio
of mass of cells formed to the mass of substrate consumed (Metcalf
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and Eddy, Inc. 1991). Haug (1980) stated the term Ay is likely
related to the total number of enzyme absorption sites on the
substrate. Therefore, the available substrate concentration is a
sunction of the available surface area per volume (Ay). With respect
to substrate, the two general cases are reviewed below.

Case 1 when the concentration of microbes is much less than
Kx (the half-rate corstant) the rate of hydrolysis of the solid
substrate is a second order reaction with respect to Ay (related to
substrate concentration ) and X which is a function of the substrate
concentration through the vyield coeffficient. Case 2 when the
concentration of microbes is much greater than the half rate
constant the change in solid substrate over time is a first order
reaction with respect Ay,

In summary, the kinetic rates determined for the various
experimental compost piles indicated the overall decomposition rate
during the active phase may be either first or second order.with
respect to substrate concentration. A possible explanation for the
second order results is the rate of hydrolysis of the substrate may
depend upon Ay (related to substrate concentration) and microbial
concentration X which is a function of the available substrate
concentration through the vyield coefficient. A second possible
explanation is the measured % C and TOC values included the carbon
content of both substrate and the biomass.

Future research opportunities include determining values for
the various kinetic model variables and testing the kinetic model.

4.2.3 Comparison of Indlvidual Piles

The first order decomposition rates for the various piles are
generally quite similar and only a few piles are deemed to be
significantly ditferent. Multiple t tests were performed to
determine which pikes were significantly different based on the
first order decomposition rate constants (k). The statistical results
are summarized in Tables F.2 and F.3 in Appendix F. Table 4.16
outlines the piles than are significantly different or the % C data.
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Table 4.16 - Piles found to be Significantly Different - % C data

1st Order k vaiu s for % C data

Rank Pile No. Plle Designations Piles Significantly
by k value different
1(Highest) 8 Hi C:N, Hi M.C., Hi Por. Piles 5, L1, L3, L4
2 L2 Low C:N, Low M.C., Low Por, Piles L1, L3, L4
3 4 Hi C:N, Hi M.C., Low Por.

4 3 Med C:N, Hi M.C., Low Pc

5 R2 Med C:N, Hi M.C., Hi Por.

6 6 Hi C:N, Low N:.C., Hi Por.

7 7 Med C:N, Hi M.C., Hi Por.

8 1 Med C:N, Low M.C., Low Por.

9 R1 Med C:N, Hi M.C., Hi Por.

10 5 Med C:N, Low M.C., Hi Por. Pile 8

11 L4 Low C:N, Low M.C., Hi Por. Piles 8, L2
12 L3 Low C:N, Hi M.C., Hi Por. Piles 8, L2
13 L1 Low C:N, Hi M.C., Low Por. Piles 2, 8, L2
14 (Lowest) 2 Hi C:N, Low M.C., Low Por.  Pile L1

Piles 8 and L2 had the largest decomposition k values and were
found to be significantly different than the low C:N ratio piles L1,
L3, and L4. Pile 8 was also different than Pile 5. Pile 2 a high C:N
ratio, low moisture content pile had the lowest decomposition rate
and was found to be significantly different than pile Li. There
appears to be no consistent reasoning, based on the experimental
levels of the operating variables, to explain the r:nking order and
significant differences between the decomposition rates of the
piles. The decomposition rates for the high C:N ratio, high moisture
content piles 8 and 4 were expected to be high in comparison to the
other piles. However, Pile L2 a low C:N ratio, high moisture content
pile was not expected to have the second largest decomposition rate.
Pile L3 the other low C:N ratio, high moisture content pile was
ranked 12 overall. The decomposition rates tor the low C:N ratio
piles except for Pile L2 were generally low in the rankings. Table
4.17 outlines the piles that are significantly different for the TOC
data.
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Table 4.17 - Plles Significantly Different - TOC data

1st Order k values for TOC data

Rank Pile No. Plle Designations Piles Significantly
by k value ‘ different
1(Highest) 3 Med C:N, Hi M.C., Low Por. Pile L4
2 8 Hi C:N, Hi M.C., Hi Por. Pile L4
3 7 Med C:N, Hi M.C., Hi Por. Pile L4
4 2 Hi C:N, Low M.C., Low Por.

5 R1 Med C:N, Hi M.C., Hi Por.

6 L1 Low C:N, Hi M.C., Low Por.
7 L2 Low C:N, Low M.C., Low Por.
8 R2 Med C:N, Hi M.C., Hi Por.

9 4 Hi C:N, Hi M.C., Low Por.
10 5 Med C:N, Low M.C., Hi Por.
11 1 Med C:N, Low M.C., Low Por.
12 L3 Low C:N, Hi M.C., Hi Por.
13 6 Hi C:N, Low M.C., Hi Por.

14 (Lowest) L4 Low C:N, Low M.C., Hi Por.

Piles 3, 8 and 7 had the largest 1st order decomposition k
values and were found to be significantly different than L4 which
had the lowest value. Again there appears to be no consistert
reasoning, based on the experimental levels of the operating
variables, to explain the ranking order and significant differences
between the decomposition rates of the piles. The maturity
parameter C:Nw cannot be used to indicate which piles miatuied first
as none of the values were between the range of 5 to &. Tossibie
reasons for the differences observed between the exparimental anc
literature values are sample preparation techniques, testing errors,
possible sample contamination, and different organic materials.
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4.2.4 Summary and Explanations

In summary, the decomposition rates for the parameters % C
and TOC over time were found to follow either first or second order
kinetics. Based on ANOVA tests therz were no differences between
the average pile R2 values for the first and second order kinetic
models. Generally the decomposition of organic materiais is
considered to follow first order Kinetics. The first order
decomposition rate constants for both parameters were lower than
literature values.

A possible explanation for the second order results is the rate
of hydrolysis of the substrate may depend upon Ay and microbial
concentration X which is a function of the available substrate
concentration through the yield coefficient

Finally the first order decomposition rates for the various
piles were compared using an ANCVA. Although there were some
significant differences between some of the piles, there was no
consistent reasoning based on the experimental levels to explain the
results. The ranking of the piles by first order decomposition rate
constants, therefore, cannot be used to verify which operational
parameters influenced the rate of decomposition. Possible reasons
for these experimental results are: inadequate material mixing,
actual C:N ratio levels, sampling and testing errors and the
difficulties experienced in trying to control moisture content of the
piles.

4.3 Temperature and % Oxygen Results

Compost pile temperatures were measured to: 1. identify the
different stages of the composting process; 2. provide an indication
of process performance; 3. to evaluate the the effectiveness of
rebuilding the compost piles; 4. serve as a secondary indicator of
compost maturity. The following sections discuss the trends in
compost pile temperatures and % oxygen readings and the resuits of
the ARIMA (Autoregressive integrated moving average) analysis.
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4.3.1 Trends in Pile Temperature and % Oxygen Readings
The average pile temperature for the various piles generally
followed a decreasing trend throughout the first 65 days of the
process and then increased to over 600C after the piles are rebuilt
and covered with burlap and mature compost. The initial average
temperatures for the compost piles were approximately 65°9C. No
mesophilic stage was observed. Based on the fact the yard waste
was picked up from the different areas of the city on a weekly basis
it is highly possible the degradation process had already started
prior to the development of the windrows. The peak thermophilic
stage for most of the piles was approximately 16-20 days in length.
After this period, the average pile temperatures generally followed
a decreasing trend until the piles were rebuilt and covered. The
average pile temperatures prior 1o rebuilding ranged from 28.99C for
pile 1 to 54.30C for pile 7. Most of the piles had an average
temperature of approximately 30°C with mean ambient temperatures
in the 3 to 80C range. The cooling stage is generally characterized
as the period, when the compost piie temperature decreases to
ambient conditions due to lower microbial activity (Biddlestone et
al. 1987). The compost piles were rebuilt prior to the conclusicn of
the initial cooling stage. As indicated, after the compost piles were
rebuiit the average pile temperature increased to over 60°C and
stayed above 50°C for most of November 1992 when the mean
ambient temperatures were in the range of -2 to 20C. The pile
temperatures then gradually decreased to ambient t:mperatures
after approximately 180 days signalling the start of the maturation
stage. The average pile temperature serves as a secondary and
approximate indicator of maturity. Figures D.1 to D.16 show changes
in the average pile temperatures for the various piles. Table D.1 in
Appendix D summarizes the average monthly pile temperatures. The
average monthly temperatures for most of the piles were close in
value except for piles 3, 6 and 8 during the November 1992 to
January 1993 time frame. Control piles C1 and C2 generally had
higher average monthly temperatures in September and October of
1992 than most of the experimental piles. The most likely
explanation for these higher temperatures is the control piles were
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not as far along as the experimental piles in the composting process.
Conversely the average monthly temperatures for the control piles
were lower during December and January. The differences are
probably due to the installation of the passive aeration system,
rebuilding and covering of the experimental piles.

The % oxygen content of the various piles fluctuated for the
first 120-140 days and then levelled off at values close to ambient
conditions. Figures D.17 to D.32 show changes in the average %
oxygen readings for the various piles. The oxygen readings ranged
from values of 10 to 20.9%. which are much higher than the minimum
value of 5%. The method of measurement may have introduced
oxygen into the pile resulting in a higher readings. The next section
discusses the results of the time series ARIMA analyses for compost
pile temperature data.

4.3.2 Arima Analyses - Reasults

Arima (Autoregressive integrated moving average) analysis
was used to investigate the influence interventions such as turning,
watering, rebuilding and adding additional wood chips to the
experimental piles had on the average pile temperatures over the
composting period. The main purpose of these interventions were to
try to maintain the experimental levels of the operational variables
for the factorial experiments. tor example, the piles were watered
to try to increase the moisture content to the desired ievels.
Usually the piles were mechanically turned the same day to
homogenize the compost materials therefore more than one
intervention was carried on the same day or prior to the next
temperature reading. This experiment was not specifically designed
to evaluate the various interventions using Arima analysis therefore
the results must be fairly consistent in order to support any
conclusions. Installing the passive aeration system, rebuilding and
covering the experimental piles was the only intervention that was
not directly connected to maintaining the experimental levels.

Arima models are used to mathematically describe the random
disturbances in a time series. These models can involve the use of
three different processes namely autoregression, differencing
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(integration) ancd moving averages. Not all models involve the use of
all three processes. For example, the appropriate model for the
compost temperature time series was an Arima (1,0,0) model. The
usuz! momenciature defitiry; an Arima model is Arima (p,d,g). The p
defines the order of autoregression, d the degree of differencing and
q the order of mcving average. The Arima (1,0,0) model is a first
order autoregressive process and does not involve differencing and
moving average processes. In the autoregression process, each value
in a time series is a function of one or more preceding values. The
equation shown below defines the relationship for a first order
autoregressive process (SPSS for Windows Trends Manual 1993).

Valuet= disturbancet + ARl coefficient * Value t-1 (29)
ARl coefficient = autoregressive coefficient

The value of the ARl coefficient indicates how strongly the
value at time t is dependent on the preceding value (1993). ARI
coefficient values close to 1 as calculated in these analyses
irdicates there is a strong relationship between the series value at
time t and the preceding value. The model coefficients for the
various interactions are listed in Table 4.18. A negative value
indicates ihe pile temperature increased as a result of the
intervention. Based on 95% probability the coefficients highlighted
in bold were considered significant.
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Table 4.18 - ARIMA Analyses - Results
Variable- Average Pile temperatures

Pile AR1 Mixing Watering Rebuild Porosity
Pile 1 0.9695 0.785 -7.586 -14.850

Pile 2 0.9186 -1.861 -0.270 -9.990

Pile 3 0.9227 -1.323 3.322 -12.788

Pile 4 0.9459 -0.114 -3.718 -12.298

Pile 5 0.9127 -1.668 1.691 -9.986 -8.695
Pile 6 0.9635 0.789 -7.467 -14.751 -0.440
Pile 7 0.9801 2.661 -5.418 1.1562 9.669
Pile 8 0.9274 -0.652 -2.203 5.019 -5.430
Pile R1 0.9705 1.101 1.700 -13.2090 -10.705
Pile R2 0.9724 2.189 1.619 -6.551 1.494
Pile L1 0.9721 -3.304 -4.730 -5.802

Pile L2 0.9456 -4.818 0.447 0.114

Based on the model coefficient values the mixing, watering and
porosity adjustment interventions did not consistently influence the
average pile temperatures. For example, saven piles with negative
model coefficients indicated mixing increased the temperature. Five
piles with positive values suggested mixing decreased the average
pile temperature. Five piles had significant negative model
coefficients for the intervention pile rebuilding. These results
support the conclusion that the installation of a passive aeration
system, and the rebuilding and covering of the compost piles
resuited in higher compost temperatures. The average pile
temperature after the intervention was higher than the temperature
befcre the intervention.
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5.0 SUMMARY AND CONCLUSIONS

The objectives of this study were to 1) systematically
evaluate the influence of key operational parameters on the
decomposition rate of yard waste and 2) identify a practical
indicator of compost stability and maturity. A factorial experiment
was seiected to evaluate the influence of the operational variables,
because it is the most efficient method to estimate the effects of
two or more factors and the their interactions. The factorial
results using the % decrease in the TOC as the response variable
found none of the effects to be significant at the 5% significance
level. The 90% confidence iniervals, half normal plots and effect
rankings for the full composting period provided indications the 13,
(C:N ratio-Porosity) 23 (MC-Porosity) and the 123 (C:N ratio-MC-
Porosity) interactions marginally influenced the decomposition rate
of the organic materials. Generally, the results do not support the
hypotheses that the operating variables C:N ratio, moisture content
and porosity adjustment individually affected the decomposition
rate of the organic materials. Possible explanations for these
axperimental results are: 1) the response variables used in the study
were not able to measure the effects , 2) the effect of C:N ratio, M.C.
and porosity on degradation did not occur within the ranges tested or
3) the difficulties encountered in maintaining and operating a field
level experiment impacted the results. The most likely reasons are
the difficulties in maintaining and operating a field level
experiment.  For example, the difficulty experienced trying to
maintain the experimental moisture levels may have effected the
factorial results. It was not possible to maintain the moisture
content of the pile sections at the desired levels.

The purpose of monitoring the decomposition of the organic
materials for the various compost piles was to: 1) evaluate and
model the biological degradation of these materials over time and
provide a tool for optimization of the process, 2) determine the
magnitude and rate of decomposition of the various compost piles
and compare the results with expected behavior. The decomposition
rates for the parameters % C and TOC over time were found to foilow
either first or second order Kinetics with respect to substrate
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concentration. A possible explanation for the second order results
is the rate of hydrolysis of the substrate may depend upon Ay
(related to substrate concentration) and microbial concentration
which is a function of the available substrate concentration through
the yield coefficient. A second explanation is the % C and TOC data
included both the carbon content of substrate and biomass. The data
does not represent the change in just substrate carbon over time.
The first order decomposition rates for the various piles were
compared using multiple t tests. Although there were some
significant differences between some of the piles, there was no
consistent reasoning based on the experimental levels to explain the
results. The ranking of the piles by first order decomposition rate
constants, therefore, cannot be used to verify which operational
parameters influenced the decomposition rate.

An Arima analysis of the average pile temperature data
indicated the average pile temperature increased as a resuilt of
rebuilding, covering and installing a passive aeration system. The
average monthly temperatures for the control piles were lower
during December and January than the rebuilt experimental piles.
The results support the hypothesis that building up the compost
piles  will result in higher pile temperatures during the cooler
ambient conditions. The degradation of the organic materials;
therefore, is not greatly reduced by the cold ambient temperatures.
By retaining enough heat, higher compost temperatures are
maintained which promotes the continued optimal decomposition of
the organic materials.

The second objective of this study was to identify a practical
indicator of compost stability and maturity. The final C:Nw ratio
values for the experimental piles did not fail between the range of 6
to 6 indicated by others as the absolute indication of maturity. The
OUR parameter was dropped from the experimental plan, after
several attempts to scive the problem of leaks in the tubing were
not successful. The change in % C and TOC over time provided some
indication, when the active composting period had ended and the
maturation stage had started. At this point, there is a definite
change in the slope of the curve for the various piles. Finally, the
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average pile temperatures gradually decreased to ambient
temperatures after approximately 180 days signalling the start of
the maturation stage. In summary, no parameter used in this study
was identified as a absolute indicator of compost maturity.

Suggestions to improve future research efforts include
grinding up the straw prior to mixing, weighting the mass of each
organic material, and develcping more replicate piles. In addition,
the use of the D.O. oxygen meter to measure the OUR rates cf the
compost should be investigated and evaluated. |t is critical to
establish more than one reliable response variable to verify the
experimental resuits.

Future areas of research may include determining values for
the terms k, Ay, X and Ky for Haug's kinetic model and testing the
model with respect to substrate concentration.
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many attempts to identify and seal the leaks and run OUR tests
without success, the OUR parameter was dropped from the
experimental plan.

3.2.4 Laboratory Analyses - Water Extracts

Water compost extracts were obtained by mechanically
shaking oven dried compost samples with distilled water for 2 hours
(solid liquid ratio = 1/10). The extracts were centrifuged at 5,000g
for 20 minutes, and filtered through a Watsman No. 1 filter paper
(11 pm). The water extracts were developed using the method used
by Garcia et al. (1991b).

The water extracts were analyzed immediately for NHz and organic
nitrogen and were stored in teflon sealed glass bottles in a
refrigerated room at 49C until they were analyzed for carbon
content.

3.2.4.1 Total Organic Carbon (TOC) Content

The total carbon (TC) and total inorganic carbon (TIC) content
of the compost water extracts were determined by using a Dohrman
DC-80 Organic Carbon Analyzer. The water extracts were diluted 10
fold prior to injection Using a volumetric pipet, 1 ml of compost
water extract was transferred to a 10mi volumetric flask and
topped up with. distilled water. The total organic carbon (TOC)
content was calculated by subtracting the TIC value from TC value
for each water extract sample. At least three syringe injections per
extract were performed. Multiple extracts were developed and
analyzed for selected samples to provide an indication of variance.

The compost water extracts were prepared from ground, oven-
dried samples versus air dried samples. This sample preparation
method may have introduced some possible errors in the TOC results.
Drying- the samples at the higher temperature would result in
potential volatile organic and ammonia losses, and hence, affect the
water extract results. Jimenez and Garcia (1992b) found there was
only about a 1.2 to 1.8% more water soluble carbon in air dried and
ground samples than in fresh samples. The volatile organic and
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ammonia losses may not be significant at the 133°C temperature.
Tests would be required to assess the potential losses.

An additional source of error was the time required to fiiter
the compost water extracts. To obtain enough water extract for
analyses, the earlier grass-like samples required approximately 30
additional minutes of filtration time. The longer filtraticn times
introduced possible losses in TOC and ammonia.

The errors introduced in obtaining the initial compost samples
are perhaps larger in magnitude than the errors due to sample drying
and water exiract preparation.

3.2.4.2 Organic and Ammonia_ Nitrogen

The organic and ammonia nitrogen contents of the water
extricis were determined by the Kjeldahl method described in
Stan:'ani Methods for the Examination of Water and Wastewater
1989, 17th edition. Generally, duplicate aliquots of the water
extracts were analyzed for NHz and organic nitrogen content.
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4.0 RESULTS AND ANALYSIS

This section of the thesis reviews the results of the factorial
experiments, discusses the decomposition kinetics of the various
compost piles and the results of the ARIMA (Autoregressive
integrated moving average) analyses of pile temperature data.

4.1 Factorial Experiments

The purpose of the field factorial experiments were to
systematically evaluate the influence of key operational parameters
on the decompostion rate of yard waste in a windrow type operation.
The following sections describe the changes in operational and
response variables and the results of the factorial experiments.

4.1.1 Trends in Operational Variables

4.1.1.1 C:N ratio

The C:N ratio of the various piles generally followed a
decreasing trend throcughout the first 112 days of the process, the
active composting phase, and then remained fairly constant or varied
slightly during the remaining 113 days, the maturation phase, of the
process. Figures 4.1 to 4.8 show the C:N ratio versus composting
days for the low, medium and high C:N ratio pile sections, as well as
control piles C1 and C2 and the replicate piles R1 and R2.
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The C:N ratio values of the different piles generally fluctuated
more during the first 35 to 45 days of the process and usually
increased from the initial values during this period. Possible
reasons for the fluctuations in the C:N ratic values are inadequate
mixing, sampling errors, ammonia losses and the amount of straw
added to the piles. Figure 4.8 clearly shows the variability in the
C:N ratio data for piles with the same experimental design. Table
4.1 lists the initial and final C:N ratio values for the various piles.

Table 4.1 - Initial and Final Plle C:N Values

Plle No. Pile Designation initial Final
C:N ratio C:N ratio

1 Med C:N, Low M.C., Low Por. 17.12 9.72
2 Hi C:N, Low M.C., Low Por. 10.19 13.49
3 Med C:N, Hi M.C., Low Por. 13.12 11.19
4 Hi C:N, Hi M.C., Low Por. 20.08 9.99
5 Med C:N, Low M.C., Hi Por. 13.13 11.11
6 Hi C:N, Low M.C., Hi Por. 25.80 12.57
7 Med C:N, Hi M.C., Hi Por. 13.82 10.52
8 Hi C:N, Hi M.C., Hi Por. 21.60 8.46
R1 Med C:N, Hi M.C., Hi Por. 11.45 15.15
R2 Med C:N, Hi M.C., Hi Por. 12.20 0.68
L1 Low C:N, Hi M.C., Low Por. 11.93 10.386
L2 Low C:N, Low M.C., Low Por. 17.03 10.29
L3 Low C:N, Hi M.C., Hi Por. 17.33 10.30
L4 Low C:N, Low M.C., Hi Por. 19.83 10.87
C1 Control Pile 15.27 11.07
c2 Control Pile 12.09 10.12

The initial C:N ratio values fir piles sections L1 to L4 varied
from 12:1 to 19:1. The final C:N ratio values for piles L1 to L4 were
all approxirmately 10:1. The medium C:N ratio piles 3, 5 and 7 had
initial values of about 13:1 and final C:N ratio values of
approximately 11:1. Pile 1, the other medium C:N ratio pile section,
had a starting value of about 17:1 and a final value of 13.5:1. The
high C:N ratio piles 2, 4, 6 and 8 had initial C:N values from about
10:1 to 26:1 and final values varying from 8.5:1 to 13.5:1. The high
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C:N ratio piles generally had higher C:N ratio values than the medium
and low C:N ratio piles. The medium to low C:N ratio piles had
similar values mainly because the amount of barley straw initially
mixed with the respective pile sections did not increase the C:N
ratio as much as expected. The C:N ratio of the barley straw was
determined to be 55.7:1 by Norwest Labs, compared to literature
values between 129 to 150:1 for wheat straw. At the time of the
composting experiment, only barley straw was available. To increase
the C:N ratio of piles 2 and 8 {on day 17) and piles 4 and 6 (on day
18) two front end loader buckets of wheat straw were added to each
of these pile sections on August 17, 1992. On August 26, 1992 (days
26 and 27 respectively), an additional 3/4 of a bucket of wheat
straw was mixed into each of the high C:N ratio piles. One bucket of
barley straw was a!so added to piles 1 and 7 on composting day 18
and piles 3 and 7 on composting day 17 to increase the C:N ratio of
the those pile sections. The initial C:N ratios of the City of Edmonton
control piles C1 and C2 were 15.3 and 12.1, while the final values
were 11.1 and 10.1 respectively.

4.1.1.2 Moistur nten

The factorial experiment included testing the affect of two
different moisture content levels on the decomposition of the yard
waste. The experimental design called for certain pile sections to
be maintained at a moisture content of 60% and others at 40%. It
was not possible to maintain the moisture content of the pile
sections at the desired levels. As expected, the moisture content of
the piles sections generally decreased dramatically during the first
2 to 3 weeks of the process due to evaporative losses as a result of
the high temperatures. Water was added to the piles on five
occasions to increase the moisture content during the first 73 days
of the process. The moisture content generally followed a gradual
decreasing trend for the remainder of the composting period. As the
compost matured and the temperature of the piles cooled,
evaporative losses decreased. The moisture content of the various
piles are displayed in Figures 4.9 to 4.16. The vertical dashed lines
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in Figures 4.9 to 4.16 represent when the pile sections were
watered.

% M.C.
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Figure 4.9 M.C. vs Composting Days - Piles 2 and 6
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consistent with changes described in the literature.

The directional changes in moisture content of the piles were

Table 4.2 lists

the weighted average % moisture contents for the various piles. The
weighted average for each pile was calculated by the equation shown

Avg % M.C. = Days1*MC1+ Days2*MC2 + ... + Daysn*MCn (26)
Days1 4+ Days24 ...+ Daysn

MCn = % M.C measurements at different
intervals of the composting process.

Daysn = number of composting days between each

% M.C. measurement.

Table 4.2 - Weighted Average % Moisture Content of the Compost Piles

Pile
No.

DN H WD =

R1
R2

L1
L2
L3
L4

C1
C2

Pile Designation

Med C:N, Low M.C., Low Por.

Hi C:N, Low M.C., Low Por.
Med C:N, Hi M.C., Low Por.
Hi C:N, Hi M.C., Low Por.
Med C:N, Low M.C., Hi Por.
Hi C:N, Low M.C., Hi Por.
Med C:N, Hi M.C., Hi Por.
Hi C:N, Hi M.C., Hi Por.

Med C:N, Hi M.C., Hi Por.
Med C:N, Hi M.C., Hi Por.

Low C:N, i4i M.C., L.ow Por.

Low C:N, Low M.C., Low Por.

Low C:N, Hi M.C., Hi Por.
Low C:N, Low M.C., Hi Por.

Control Pile
Control Pile

Planned Weighted Avg Weighted Avg
Full Period Active Phase

Level

Avg High M.C.

Pile

Avg Low M.C.

Pile

40%
40%
60%
60%
40%
40%
60%
60%

60%
60%

60%
40%
60 %
40%

None
None

34.
27.
42
41
32
30.
40.
33.

40
41

39
a1
30
30

39.
43.

38.

31.

4%
0%

3%
0%
8%

7%
1%

19%

6%
T%

2%
3%
6%
T%

2%
8%

6 %

2%

40.5%
25.2%
41.1%
45.7%
38.4%
36.9%
46.5%
38.3%

48.4%
43.8%

49.9%
35.7%
42.5%
37.5%

42.6%
53.5%

44.5%

35.5%

Active Phase - up to and including samples taken on November 19-21, 1992.
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Although is was not possible to maintain the planned
experimental moisture content levels, the moisture content for the
60% rmoisture content piles were generaily higher than the 40%
moisture piles. The overall weighted average moisture content for
the 60% piles was 38.6% with a standard deviation of 3.86 for the
full composting period compared to 31.2% with a standard deviation
of 5.36 for the 40% moisture content piles. For the period up to and
including the November 19-21, 1992 samples, referred to as the
active stage, the overall weighted average moisture levels for both
the high and low moisture piles were higher than the values
calculated for the full composting period. The high moisture level
piles had an overall average weighted moisture content of 44.5% for
the active period with a standard deviation of 4.31. The overall
average weighted moisture level for the low moisture experimental
piles during the same period was 35.5% with a standard deviation of
2.49. These values reflect the fact the compost moisture contents of
the various piles were higher during the active stages of the
composting process, which is desired from an operational viewpoint.
The overall weighted average moisture contents for the high and low
M.C. piles were found to be significantly :¥ferent using the Student
t test at the 95% confidence levei. The calculated t values were
2.86 and 4.95 respectively for the full and active composting period
tests compared to t value from the table of 2.18.

in comparison, the overall weighted average moisture content
for the control piles C1 and C2 was 2.9% higher for the full
composting period and 3.6% higher for the active period than the
values calculated for the experimental 60% moisture content pile
sections. Piles 7, R1 and R2 having the same experimental treatment
design, had an overall weighted average moisture content of 40.8%
with a standard deviation of 0.82 for the full composting period.
The difficulty experienced trying to maintain the experimental
moisture levels may be due to the method of moisture addition, the
characteristics of the composting materials, sampling and testing
frequency and environmental factors. Environmental factors such as
the amount of precipitation and ambient air temperatures may
influence the moisture content. High ambient air temperatures will
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increase evaporation losses especially from the outer layers of the
compost piles. Although it is difficult to quantify the impact of the
precipitation, two observations were noted. Firstly, after a
significant rain only the top 25 to 50mm (approximately) of the
outer layer seemed to be wet. Secondly, when the snow cover melted
in late March and early April, the top 100 to 150mm of the outer
layer also seemed quite moist compared to the inner layers.

1113 P ity Adiustmen

The porosity values for the various piles generally decreased
throughout the process with the largest reduction observed in the
first 60 days for most piles. This is consistent with the fact the
rate of decomposition is higher during the first one or two months
of the composting process when the easier degradabie components
are being broken down. Wood chips were added to pile 5 on
composting day 70 and to piles 6 and 7 on composting day 71 to
increase the porosity of the compost piles. Additional wood chips
were also added to piles R1 and R2 on composting day 78 and to piles
8, L3 and L4 on composting day 77. The wood chip additions did not
consistently create a significant increase in porosity values.
Figures 4.17 to 4.20 display the porosity values versus composting
time for the adjusted and maintained porosity piles.
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Figure 4.17 Porosity vs Composting Days - Piles 6 and 8
HI C:N, Hi Por.
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Figure 4.18 Porosity vs Composting Days - Piles 5 and 7
Med C:N, Hi Por
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Figure 4.19 Porosity vs Composting Days - Piles L3 and L4
Low C:N, Hi Por.
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Figure 4.20 Porosity vs Composting Days - Piles 7, R1 and R2
Med C:N, Hi Por
Replicate Piles

Porosity values for piles 5, 6, 7, L4, R1, R2 and 8 generally
decreased or remained fairly level for the first porosity
measurements after the addition of more wood chips. The porosity
values for Piles 8 and R1 increased for measurements taken in
November and January. The porosity values for Pile 1, for example,
increased for the October and November samples even though no
additional wood chips were mixed into the pile section. Figure 4.21
shows the porosity measurements for Pile 1 vs composting days.
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Figure 4.21 Porosity vs Composting Days - Pile 1
Med C:N - Porosity Adjusted and Maintained

There is no conclusive evidence indicating the addition of wood
chips to certain experimental piles increased the porosity of these
piles based on visual observation of the plots. Table 4.3 displays the
first and final porosity measurements for the various experimental
piles.
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The mean porosity value for the initial tests for the
experimental piles was 0.72 with a standard deviation of 0.11. The
mean final porosity value for the pile sections was 0.52 with a
standard deviation of 0.06. The initial mean porosity value for the
initially adjusted (low porosity) piles was 0.73 compared to a value
of 0.70 for the porosity adjusted piles. The final mean porosity
value for the initially adjusted (low porosity) piles was 0.51
compared to a value of 0.52 for the porosity adjusted (high porosity)
piles. There was no statistical difference between the mean
porosity values for the high and low porosity piles for both the
initial and final porosity values using the t test. The control piles
C1 and C2 had an average porosity value of 0.73 for the initial test
with a standard deviation of 0.007. The mean final porosity value
and standard deviation for the control piles was 0.67 and 0.016. The
lower final mean porosity value determined for the experimental
piles provides an indication the organic materials in the
experimental piles had decomposed further than the yard waste in
the control piles.

The porosity values measured for the various piles are similar
to values observed by Fleming (1991) in the composting of mixtures
of green waste, leaves and wood wastes in Filorida. The initial mean
porosity for her four experimental windrows was 0.70 compared to
0.72 determined for the experimental piles. The final mean porosity
for her windrows was 0.30, which is lower than the final values
observed for our composting piles. The difference may be explained
by the type of organic materials, testing errors, degree of
stabilization, the amount of wood wastes in the windrows.
Fleming's two windrows containing approximately 50% wood wastes
had final porosity values of 0.336 and 0.356, which supports the
comment that the wood chips mixed into our experimental piles may
increase the final porosity values.
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4.1.2 Trends in Response Variables

The primary response variables used to measure the degree and
rate of degradation of the organic materials in these experiments
were the percent change in total carbon of solid samples and the
percent change in TOC of compost water extracts as well as the
more absolute indicator the ratio of Organic C/Organic N (C:Ny) of
water extracts. The measurements of OUR were not successful, due
to problems experienced during testing. No results are available for
this parameter. Secondary, but less reliable indicators of maturity
used in these studies, are average pile temperatures, percent
increases in dry bulk density. Tables 4.4 and 4.5 list the results of
the primary response variables as well as % increases in bulk
densities over the full and active composting periods.

Table 4.4 - Pile Response Variable Values
F1ll composting period

Response Variables

Plle Pile Designation % Decrease in % Decrease in % lIncrease
No. % C (SS) TOC (WE) in DBD
1 Med C:N, Low M.C., Low Por. 44.7 81.5 49.5
2 Hi C:N, Low M.C., Low Por. 42.7 84.8 55.8
3 Med C:N, Hi M.C., Low Por. 54.5 84.5 46.4
4 Hi C:N, Hi M.C., Low Por. 52.6 61.3 62.6
5 Med C:N, Low M.C., Hi Por. 49.5 80.1 71.3
6 Hi C:N, Low M.C., Hi Por. 56.6 68.2 63.4
7 Med C:N, Hi M.C., Hi Por. 56.1 78.3 47.6
8 Hi C:N, Hi M.C., Hi Por. 73.5 86.0 34.4
R1 Med C:N, Hi M.C., Hi Por. 17.8 80.9 49.9
R2 Med C:N, Hi M.C., Hi Por. 57 .1 80.8 48.2
L1 Low C:N, Hi M.C., Low Por. 37.9 83.8 68.3
L2 Low C:N, Low M.C., Low Por. 66.4 82.1 56.9
L3 Low C:N, Hi M.C,, Hi Por. 53.3 73.8 60.7
L4 Low CN, Low M.C., Hi Por. 63.5 68.0 59.9
C1 Control Pile 26.6 Not Tested 34.3
C2 Control Pile 51.6 Not Tested 38.5

WE= Compost water extracts
SS = Compost solid samples
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Table 4.5 - Pile Response Variable Values
Active composting period

Response Variable

Pile Pile Designation % Decrease in % Decrease in % Increase
No. % C (SS) TOC (WE) inDBD
1 Med C:N, Low M.C., Low Por. 48.3 80.2 39.6
2 Hi C:N, Low M.C., Low Por. 47 .4 81.2 56.7
3 Med C:N, Hi M.C., Low Por. 46.8 81.4 46.7
4 Hi C:N, Hi M.C., Low Por. 50.7 67.6 59.5
5 Med C:N, Low M.C., Hi Por. 45.9 76.3 70.3
6 Hi C:N, Low M.C., Hi Por. 57.0 65.5 53.2
7 Med C:N, Hi M.C., Hi Por. 51.4 81.7 41.0
8 Hi C:N, Hi M.C., Hi Por. 65.9 84.8 30.9
R1 Med C:N, Hi M.C., Hi Por. 37.0 76.5 45.8
R2 Med C:N, Hi M.C., Hi Por. 52.3 65.0 39.9
L1 LowC:N, Hi M.C., Low Por. 45.4 76.2 63.1
L2 LowC:N,LowMC, LowPor.  68.0 80.1 56.1
L3 Low C:N, Hi M.C,, Hi Por. 38.4 64.8 53.0
L4 LowC:N, Low M.C,, Hi Por. 48.9 53.1 55.4
C1 Control Pile 19.1 Not Tested 2.1
C2 Control Pile 36.4 Not Tested -2.4

WE= Ccinyost water extracts
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4.12.1 Total Carbon

As expected, the percent total carbon (% C) of the various piles
decreased throughout the composting period, with most of the
decrease observed during the first 50 to 80 days of the process
when the more available organic constituents are decomposed. The
percent change in the total carbon content of the experimental piles
varied from 17.8% for pile R1 to 66.4% for pile L2. The mean value
was 51.8% with a standard deviation of 12.9. Control piles C1 and
C2 observed a 26.6% and 51.6% decrease in % C. The large difference
between the values for the control piles may be due to sampling or
testing errors. Figures 4.22 to 4.29 display the percent carbon
content over the composting duration for the various pile sections.
The piles are organized according to their experimental C:N ratio and
moisture levels.
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Figure 4.22 % C vs Composting Days - Piles 2 and 6
Hi C:N, Low M.C.
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Figure 4.23 % C vs Composting Days - Plles 4 and 8

Hi C:N, Hi M.C.

100125 150175200225
Composting Days

Figure 4.24 % C vs Composting Days - Piles 1 and 5
Med C:N, Low M.C.
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Figure 4.25 % C vs Composting Days - Piles 3 and 7
" Med C:N, Hi M.C.
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Figure 4.26 % C vs Composting Days - Piles L2 and L4
Low C:N, Low M.C.
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Figure 4.29 % C vs Composting Days - Piles 7, R1 and R2
Med C:N, Hi M.C.
Replicates

The values for the % change in total carbon content for each
compost pile section are highly dependent on the reliability of the
initial and final determinations for % C. The average % volatile
solids values and their standard deviations are listed in Table A.* in
Appendix A. The % C values were determined by dividing the %
volatile solids values by 1.8 as indicated in section 3.2.3.3.

Multiple samples were also collected for piles 1 to 8 and R1
and R2 to test for spatial differences in the compost material
within the respective piles. The % volatile solids (% VS) parameter
was used to evaluate the spatial differences in the compost
material within a pile. Based on the multiple sample % VS results
outlined in Table A.2, the samples collected for pile 2 on September
26, 1992 and pile 7 on October 10, 1992 showed the largest
variation in % VS. The analysis of variance (ANOVA) method was
used to test the null hypothesis (Ho) that the mean % VS values at
the different locations within a pile are not different. The alternate
hypothesis (Ha) is that the mean % VS values at the different
locations within a pile are not the same. The results of the two
ANOVA tests summarized in Table A.3 indicated the null hypothesis
could not be rejected. Although statistically the mean % VS values
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at the different locations within the respective piles were not
considered different, there was a significant amount of variability
in the pile % VS values as indicated in Table A.2. For example, the
mean % VS value tor the multiple samples collected on September
26, 1992 for pile 2 was 34.81 + 7.94 with a standard error of 3.44.
The calculated confidence interval values for pile 2 on this sample
date represents a +22.80% of the pile mean vaiue. The 95%
confidence interval for most of the piles (as expressed as a
percentage of the pile mean % VS values) were > +10.00%. This
variability might be explained by the heterogeneity of the pile
material or errors introduced by the method of volatile solids
determination. To ensure samples were not contaminated from
materials of adjacent pile sections compost samples were randomly
selected from the middle third of each pile section.

Table 4.6 outlines the % carbon values for the initial and final
samples for the various compost pile sections.

Table 4.6 - Pile % Carbon values - Solid samples

% C % C
Pile No. Pile Designation Initial values Final values

1 Med C:N, Low M.C., Low Por. 36.2 20.0
3 Med C:N, Hi M.C., Low Por. 33.4 15.2
5 Med C:N, Low M.C., Hi Por. 31.9 16.1
7 Med C:N, Hi M.C., Hi Por. 40.6 17.8
R1 Med C:N, Hi M.C., Hi Por. 29.1 24.0
R2 Med C:N, Hi M.C., Hi Por. 35.0 15.0
2 Hi C:N, Low M.C., Low Por. 23.2 13.3
4 Hi C:N, Hi M.C., Low Por. 33.5 15.8
6 Hi C:N, Low M.C., Hi Por. 44.6 19.9
8 Hi C:N, Hi M.C., Hi Por. 33.5 8.9
L1 Low C:N, Hi M.C., Low Por. 26.5 16.5
L2 Low C:N, Low M.C., Low Por. 40.9 13.8
L3 Low C:N, ki M.C., Hi Por. 40.2 18.8
LA Low C:N, Low M.C., Hi Por. 39.0 18.1
c1 Control Pile 42 .1 30.9
c2 Control Pile 42 .1 20.4
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The initial mean % C values for the high, medium and low C:N
ratio piles were generally quite similar. The high C:N ratio piles 2,
4, 6 and 8 had a mean % C vaiue of 33.7 with a standard deviation of
8.7. Pile section 2 had an initial % C content of 23.2, the lowest
value of all the pile sections. The medium C:N ratio piles had a mean
o C value of 34.4 with a standard deviation of 3.9. The low C:N ratio
piles had the highest mean % C value of 36.7 with a standard
deviation of 6.8. The high and medium C:N ratio piles were expected
to have higher % C values due to the addition of straw. The mixing of
2 additional front end loader buckets of wheat straw to pile
sections 4 and 6 (day 18), 2 and 8 (day 19) on August 17, 1992 did
not seem to increase the % C values for the August 23, 1992
samples. The mean % C value for the high C:N ratio piles was 34.6
with a standard deviation of 1.5, compared to a mean and standard
deviation of 34.4 and 3.8 for the medium C:N ratio piles. The initial
% C results may be influenced by the heterogeneity of the mixed
materials, sampling and test methods, or the amount of straw added
to the piles.

The final % C contents also influence the % change in total
carbon values. For example, pile R1 had a relatively high final % C
content of 24.0%. compared to values of 17.8% and 15.0% for pile
sections 7 and R2 which had the same treatment design. The high
final % C content for pile R1 may be due to the possible
contamination of the compost sample with the compost cover
material. The burlap material used to separate the experimental
compost material from the compost cover decomposed in most piles
making it difficult to collect a true representative sample. This
high final % C content for pile R1 results in a very low value for the
% change in the total carbon.

The final % C contents for the control piles taken on day 221
varied considerably. The values for pile sections C1 and C2 were
were 30.9% and 20.4% respectively. The most likely explanation for
the large difference is sampling or testing errors. The % C content
for piles C1 and C2 were 29.1% and 29.6% for the samples taken on
day 163. The average pile temperatures for both C1 and C2 during
the period between day 163 and day 221 were below 100C. These
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low temperatures hindered the decomposition of the organic matter.
It is unlikely the change in carbon content for pile section C2
observed during the period between day 163 and day 221 can be
attributed to decomposition.

Given the results of the initial and final % C values, the %
decrease in carbon content for the pile sections is not considered a
reliable response indicator for this experiment. The % decrease in
TOC of water extracts is a more reliable response factor because it
better reflects the carbon available for microbial utilization.

4.1.2.2 Total Organi rbon (T - Com w

The TOC values for the various compost pile sections generally
followed a decreasing trend throughout the composting period, with
most of the decrease observed during the first 50 to 75 days of the
process when the more available organic constituents are
decomposed. The overall mean % change in TOC value was 73.9%
with a standard deviation of 9.6. The highest % change in TOC was
84.8% for high C:N ratio pile 8 and the lowest was 53.1% for low C:N
ratio pile section L4. Figures 4.30 to 4.36 display the TOC content
(water extracts) versus the composting period for the various pile
sections. The piles are organized according to their experimental
C:N ratio and moisture ievels.
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Figure 4.30 TOC vs Composting Days - Plles 2 and 6
Hi C:N, Low M.C.
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The TOC values of the different piles sections fluctuated more
during the first 36 days of the process and usually increased from
the initial values. Piles 2, 4, 5, 6, 7, R2 and L3, for example, had
higher TOC values on the samples taken on composting days 11 and
12, than determined from the initial samples. Riffaldi et al (1988)
found the water soluble components initially increased during the
first five days of composting a mixture of wastewater sludge from a
paper factory and chopped straw. They attributed the initial increase
to the increasing rate of decomposition by the microorganisms and
they suggested the hydrolysis and solubilization of the complex
substances initially predominated over mineralization and
immobilization processes. The water soluble components of the
compost water extract gradually decreased due to the microbial
activity.

The values for thi: % change TOC content for each compost pile
section are also highly dependent on the reliability of the initial and
final determinations for TOC. The standard deviation of the average
TOC value for multiple injections can be found in Appendix C.1.
Table 4.7 outlines the TOC values for the initial and final samples
for the various compost pile sections.
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Table 4.7 - Plle TOC values - Water Extracts

Plle Pile Designation initial TOC values Final TOC values
No. mg/liter mg/liter
1 Med C:N, Low M.C., Low 5499.5 1017.8
Por.
3 Med C:N, Hi M.C., Low Por. 4137.7 649.6
5 Med C:N, Low M.C., Hi Por. 3778.1 752.0
7 Med C:N, Hi M.C., Hi Por. 3940.6 857.2
R1 Med C:N, Hi M.C., Hi Por. 3731.3 753.2
R2 Med C:N, Hi M.C., Hi Por. 2412.4 756.6
2 Hi C:N, Low M.C., Low Por. 2644.2 402.1
4 Hi C:N, Hi M.C., Low Por. 2053.7 793.9
6 Hi C:N, Low M.C., Hi Por. 3137.0 997.0
8 Hi C:N, Hi M.C., Hi Por. 3124.7 438.4
L1 Low C:N, Hi M.C., Low Por. 3536.3 571.4
L2 Low C:N, Low M.C,, Low 3608.8 646.1
Por.
L3 Low C:N, Hi M.C., Hi Por. 3602.1 944.4
L4 Low C:N, Low M.C., Hi Por. 3735.9 11985.0

C1 Control Pile
C2 Control Pile

The high C:N ratio piles 2, 4, 6 and 8 have a mean TOC value of
2739.9 with a standard deviation of 511.8. The medium C:N ratio
piles have the highest mean TOC value of 3916.6 with a standard
deviation of 987.0. The low C:N ratio piles have a mean TOC value of
3620.8 with a standard deviation of 83.4. As expected, the high C:N
ratio piles had lower TOC values because straw has a lower relative
proportion of water-soluble organic matter. Theoreticaily, the low
C:N ratio piles should have had the highest initial TOC values
because grass has a high relative proportion of water soluble
organic matter. The differences in the mean vaiues for the low and
medium C:N ratio pile sections may be the result of heterogeneity of
the compost material, sampling and or testing methods and
procedures.

The % change in TOC values provide a relative indication of the
level of maturity of the various piles and serves as a response
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ariable in factorial design calculations to evaluate the influence of

the key onerational parameters on the decompostion rate. A more
abigdibte indicator of maturity is the organic carbon to organic
ritroyen ratio of water extracts. The follov.'ng section discusses
the orga:ic carbon to organic nitrogen results ‘or the various pile
sect’ 3.,

4.41.2.3 C:Ny ratio - Water Extracts

The oerganic carbon/organic nitrogen (C:Ny) values for the
various pils sections fluctuated widely throughout the composting
period glthouyn pile sections 2, 3, 4, 7, and L1 generally followed a
decreasing trend. Garcia et al. (1991b) found the water soluble
carbon/organic nitrogen ratio decreased considerably during the
process for various mixtures of organic wastes consisting of
aerobic sewage sludge, city refuse, grape debris and peat residue.
Figures 4.37 to 4.43 show the C:Ny values versus the composting
period for the various pile sections. The pile sections are organized
according to their expernmenta! C:N ratio and moisture levels.

C:Nw ratio
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Composting Days

Figure 4.37 C:Nw vs Composting Days - Plles 2 and 6

Hi C:N, Low M.C.
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The final C:Ny ratio values for compost is considered an
absolute indicator of compost maturity. Several authors have
indicated a final C:Ny, ratio value between the 5 and 6 is as an
absolute indicator of mature compost (Chanyasak and Kubota 1981;
Chanyasak et al. 1982; Hirai et al. 1983; Riffaldi et al. 1988; Garcia
et al. 1991). Table 4.8 outlines the initial and final C:Ny values for
the experimental piles, The initial C:Ny values are from the August
11th and 16th, 1992 samples. There was not enough compost
material remaining from the first samples to develop compost water
extracts.

Table 4.8 - Pile initial and Final C:N,, ratios - Water

Extracts

Pile No. Pile Designation Initial Final
C:Nw C:Nw

1 Med C:N, Low M.C., Low Por. 10.60 8.44

3 Med C:N, Hi M.C., Low Por. 15.57 6.60

5 Med C:N, Low M.C., Hi Por. 9.39 9.03

7 Med C:N, Hi M.C., Hi Por. 10.12 8.59

R1 Med C:N, Hi M.C., Hi Por. 10.36 9.01
R2 Med C:N, Hi M.C., Hi Por. 8.21 9.13

2 Hi C:N, Low M.C., Low Por. 9.97 7.50

4 Hi C:N, Hi M.C., Low Por. 9.00 8.80

6 Hi C:N, Low M.C., Hi Por. 9.77 9.88

8 Hi C:N, Hi M.C., Hi Por. 11.09 9.23

L1 Low C:N, Hi M.C., Low Por. 7.75 6.25
L2 Low C:N, Low M.C., Low Por. 8.86 9.24
L3 Low C:N, Hi M.C., Hi Por. 8.84 8.33
L4 Low C:N, Low M.C., Hi Por. 8.13 6.13

Initial values for piles L2 and L4 (92-08-16 sample)
Initial values for all other piles (92-08-11 sample)
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The sole purpose for determining the final C:Ny ratio values
was to identify which piles matured first. None of the final C:Ny
ratio values were between 5 and 6, the range indicated for mature
compost. The overall mean final C:Ny value for the experimental pile
sections was 8.51 with a standard deviation of 1.0. The overall
average initial (August 11, 1992 samples) C:Ny value for the
experimental piles was 9.83 with a standard deviation of 1.92. The
final C:Nyw values were generally lower than the initial values. Pile
section 3 had the lowest final value of 6.6, although piles L2 and 6
had values of 6.1 and 5.7 on days 60 and 34. The final C:Ny for pile
sections L2 and 6 were 9.2 and 9.9. The C:Ny ratios do not provide an
absolute indication of which pile sections matured first.

The experimental and literature C:Ny ratios differences may be
due to the type of organic materials composted. The literature
studies involving water extracts from air dried compost samples
tested mature composts from a variety of organic mixtures but not
grass and grass and straw composts. Grebus (1992) tested water
extracts from fresh mature yard waste compost samples and found
the C:Ny ratios to be higher than the literature values of between 5
and 6. The results obtained in this study may be representative of
the true organic carbon to organic nitrogen ratios of mature grass
and :;rass and straw composts. The most likely explanation for the
diffzrences in literature and experimental results are sample
preparation and testing errors. For example, the final C:Ny values
for pile sections 6 and L2 were much higher than the minimum
values observed on days 34 and 60, respectively. The next secticn
outlines the results of a secondary measure of organic degradation,
the % increase in the compost dry bulk density.

4.1.2.4 Dry_Bulk Density
As expected, the dry bulk density (DBD) of the various piles

increased throughout the composting period, with most of the
increase observed during the first 112 days, the active phase of the
process and then remained fairly constant or increased slightly
during the remaining 113 days or maturation phase. Low C:N ratio
pile L1 had the highest % increase in DBD of 68.3%, while the lowest
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increase of 34.4% was observed for pile section 8. The mean %
increase in DBD for the experimental pile sections was 55.3 with a
standard deviation of 9.9 (from August 23, 1992 sample). This
compares favorably to the mean value of 59.4% with a standard
deviation of 8.0 observed by Fleming (1991) in the composting of
mixtures of green waste, leaves and wood wastes in Florida. Control
piles C1 and C2 had a lower mean % increase in dry bulk density of
36.4% with a standard deviation of 3.0 potentially indicating the
organic materials did not degrade as much as the experimental piles.
Multiple sample bulk density measurements were taken for piles 4
and 6 on October 16, 1992 to determine variability in bulk density
raeasurements. Four wet bulk density measurements were taken for
each pile. The average wet bulk density value for pile 4 was 434.0
Kg/m3 with a standard deviation of 35.37. Pile 6 had an average wet
bulk density value of 654.8 Kg/m3 with a standard deviation of
36.29. Figures 4.44 to 4.51 display the DBD versus the composting
period for the various pile sections. The pile sections are organized
according to their experimental C:N ratio and moisture levels.
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Figure 4.44 DBD vs Composting Days - Plles 2 and 6
Hi C:N, Low M.C.
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Figure 4.51 DBD vs Composting Days - Plles 7, R1 and R2
Med C:N, Hi M.C.

Replicate Piles

Pile sections 4, 5, 6, 7, 8, L3 and L4, R1 and R2, which had
wood chips added to adjust porosity, generally have lower values of
dry bulk density than the piles with the same experimental moisture
and C:N levels. Wood chips were added to pile 5, on day 70 and piles
6, 7, on day 71 and to piles 8, L3 and L4 on day 77 and Piles R1 and
R2 on day 78. The wood chips are less dense thazn the existing
compost mixtures so the lower dry bulk density values for the
porosity adjusted piles are expected. Table 4.10 outlines the dry
bulk density values for the August 23, 1992 samples and the final
samples for the various compost pile sections.
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Table 4.9 - Pile Dry Bulk Density values (DBD)

DBD DBD
Plle Pile Designation Kg/m3 Kg/m3
92-08-23 93-03-13
1 Med C:N, Low M.C., Low Por. 237.7 470.7
3 Med C:N, Hi M.C., Low Por. 270.5 504.4
5 Med C:N, Low M.C., Hi Por. 148.3 517.1
7 Med C:N, Hi M.C., Hi Por. 245.3 467.7
R1 Med C:N, Hi M.C., Hi Por. 225.8 451.0
R2 Med C:N, Hi M.C., Hi Por. 256.6 495.0
2 Hi C:N, Low M.C., Low Por. 232.83 526.1
4 Hi C:N, Hi M.C., Low Por. 184.9 493.9
6 Hi C:N, Low M.C., Hi Por. 162.3 443.0
8 Hi C:N, Hi M.C., Hi Por. 326.6 496.2
L1 Low C:N, Hi M.C., Low Por. 202.8 640.6
L2 Low C:N, Low M.C., Low Por. 222.8 516.9
L3 Low C:N, Hi M.C., Hi Por. 219.7 559.4
La Low C:N, Low M.C., Hi Por. 207.9 51R.3
C1 Control Pile 221.2 336.9
c2 Control Pile 226.0 367.8

The dry bulk density values for the high C:N ratio piles on
August 23, 1992 varied from 162.3 Kg/m3 for pile 6 to a high value
of 326.6 Kg/m3 for pile section 8. The mean value was 226.5 Kg/m3
with a standard deviation of 72.8. The medium C:N ratio piles have a
mean DBD value on August 23, 1992 of 230.7 Kg/m3 with a standard
deviation of 43.2. The low C:N ratio piles have a mean value of 213.3
Kg/m3 with a standard deviation of 9.5. The large variation in DBD
values observed for the high C:N ratio piles on August 23, 1992 may
be explained by the heterogeneity of the mixtures of straw and
grass.

The mean final DBD for the high C:N piles was 489.8 Kg/m3
with a standard deviation of 34.5. The medium C:N ratio piles had a
similar final value of 484.3 Kg/m3 with a standard deviation of
25.2. The highest mean final DBD of 558.8 Kg/m3 with a standard
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deviation of 58.0 was observed for the low C:N ratio piles. The dry
bulk densities were comparable to values observed by Fleming
(1991). In her study, the initial and final mean DBD were 259.6
Kg/m3 and 639.4 Kg/m3 with standard deviations of 87.3 and 56.8.

The % increase in DBD provides a relative indication of the
level of maturity of the various piles and serves as a response
variable in factorial design calculations to evaluate the influence
of the key operational parameters on the decomposition rate.
Although it is not considered a primary indicator of compost
maturity, it may be useful in the confirmation of the results of more
recognized maturity parameters.

4.1.3 Factorial Design Results

Because the experimental moisture levels were not able to be
maintained the design matrix was adjusted to reflect the actual
moisture levels measured in the different compost piles. The
adjusted factorial design matrices are referred to as botched
factorials. The +1 and -1 levels for the moisture content variable
are replaced by values representing the actual pile moisture content
as a percentage of the planned experimental levels. For example, the
weighted average moisture content for pile 2 for the full composting
period was 27.0% which is 0.68 of the planned experimental level of
40%. Instead of +1 and -1 levels +0.68 is used in the design matrix.
The factorial design was analysed using the % decrease in TOC and
the % increase in dry bulk density for both the active and full
composting periods as the response variables. The results for the
active composting period reflect the importance of the operational
variables during the period when most of the decomposition of
organic materials takes place. As stated earlier the % decrease in
TOC is considered the most reliable response variable. The %
increase in dry bulk density is a secondary and less reliable
response variable. The following section summarizes the results of
the factorial experiment for both response variables.
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4.1.3.1 E ial Experiment - Resul

The results of the factorial design, using % decrease in TOC as
the response variable, indicate none of the main effects and their
interactions were found to significantly effect the decomposition of
the organic materials. Based on the calculated 95% confidence
intervals of the regression coefficient B values, none of the factors
are significantly different from zero. All the B values have both
positive and negative confidence interval values, indicating zero is a
possible value. The B values measure the effect of a unit change in
the variable on the mean response (Montgomery 1984). The main
effects and their interactions represent a change from -1 to +1, a
change of 2 units. To calculate the main effects and their
interactions, the 3 values are doubled. The resuits of the factorial
experiment are shown in Table E.1 in Appendix E. Table 4.10
summarizes th2 significant factors for both response variables
based on the 95% and 90% confidence intervals, as well as the
results from the half normal plots.

Table 4.10 - Factorial Experiment - Significant Effects

Significant Effects and Interactions

Response % Decrease in TOC % Increase in Dry Bulk Density
Variable
Period 95% 90% Half Normal 95% 90% Half Normal
Cl Ci Plot Ci Ci Plot
Full None 13 13 23 23 3
23 123 123
123
Active None None 2 23 23 3
12 13
13 23

The confidence interval results are considered more reliable
because the results of the half normal plot are dependent upon how
the straight line is drawn through the points. Although the 95 %
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confidence interval results, using % decrease in TOC as the response
variable, indicate no factor is significant, results from the 90 %
confidence interval calculations and the half normal plots for both
response variables provide some indication that some factors
marginally influenced the decomposition process. In addition,
ranking the effects from the highest to lowest value after
normalization also provides a measure of relative importance. The
higher the normalized value the larger the etfect on the
decomposition rate. The effects are normalized by dividing the
value of the effect by the standard error at the 5% significance
level.

For the full composting period, the 90% confidence interval
calculations of the B values for the response variable % decrease in
TOC, suggest the interactions 13 (C:N ratio-Porosity), 23 (MC-
Porosity) and 123 (C:N ratio-MC-Porosity) marginally influenced the
decomposition of the organic materials. The results of the half
normal plot also indicate the 13 and 123 interactions are
significant. The factorial design results, using % increase in dry
bulk density as the response variabie, found the 23 interaction (MC-
Porosity) tc be significant. Table 4.11 summarizes the rankings of
the effects for both response variable factorials for the iull
composting period.

Table 4.11 - Ranking of Effects - Full Period

% Decrease in TOC % Increase in Dry Bulk Density
Effects Value Value/S.E. Effects Value Value/S.E.
23 -9.14 -4.60 23 -13.77 -5.58
123 -12.16 -4.56 1 -8.82 -3.36
13 -8.2 -3.90 12 -10.70 -3.22
3 3.24 2.02 2 -6.57 -2.66
12 4.46 1.68 123 -8.70 -2.62
1 0.99 0.46 13 -5.11 -1.96
2 -0.27 -0.14 3 -1.27 -0.64
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Interactions 23 and 123 and 13 have the highest values of the
normalized effects for the % decrease in TOC factorial. The 23
interaction has the highest value of the normalized effects for the
dry bulk density factorial. The negative value for the 23 effect for
the DBD factorial indicates, this effect has a neaative influence on
the increase in dry bulk density. A negative value for an effect for
the TOC factoriali indicates the effect increases the percent
decrease in TOC. Based on the overall results of the 90% confidence
intervals, haif normal plots and rankings, there are indications that
the 13, 23 and 123 interactions marginally influenced the
decomposition of the organic materials. The factorial resuits from
the TOC response variable are considered more reliable than the dry
bulk density results; therefore the conclusions are mainly based on
the TOC factorial results.

For the active period, none of the factors were found to
influence the decomposition of the organic materials, based on the
90% confidence interval calculations of the B values for the
response variable % decrease in TOC. The half normal plot indicated
the main effect 2 (MC) and the interactions 12 (C:N ratio-MC) and 13
(C:N ratio-Porosity) were significant. The dry bulk density factorial
confidence interval results indicated the 23 interaction was
significant. Table 4.12 summarizes the rankings of the effects for
both response variable factorials for the active composting period.

Table 4.12 - Ranking of Effects - Active Period

% Decrease in TOC % Increase in Dry Bulk Density

Effects Value Value/S.E. Effects Value Value/S.E.
3 7.78 3.68 23 -15.01 -4.94
13 -10.08 -3.64 1 -7.92 -2.46
23 -8.99 -3.44 2 -6.23 -2.06
1 -6.80 -2.46 13 -6.02 -1.86
123 -5.80 -1.66 12 -7.02 -1.72
2 -1.69 -0.64 3 -3.99 -1.62
12 0.92 0.26 123 -6.3 -1.54
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The main effect 3 (Porosity) and interactions 13 and 23 have the
highest values of the normalized effects for the % decrease in TOC
factorial. The 23 interaction has the highest value of the
normalized effects for the dry bulk density factorial. Main effects 1
(C:N ratio) and 2 (MC) have the second and third highest values.
Overall the factorial results for the active period do not
consistently indicate any of the factors influence the decomposition
of the organic materials. The following section discusses the
factorial results of the 90% confidence intervals, half normal plots
and rankings for the full composting period.

4.1.3.2 Factorial Results Discussion

None of the operational factors were found to significantly
effect the decomposition of the organic materials based on the
calculated 95% confidence intervals of the B's for the % decrease in
TOC factorial. The 90% confidence intervals, half normal plots and
effect rankings for the full composting period provided indications
the 13, 23 and 123 interactions marginally influenced the
decomposition of the organic materials. The following paragraphs
discuss the theoretical importance of these interactions and
outlines possible explanations for the factorial resuits,

The factorial results suggest the operational factors are
interelated which is consisiant with theory. The 23 interaction
(MC-Porosity) which had the highest normalized effect value is
considered to have the largest affect on the response variable If the
moisture content is too high, the the void space available for air
will be reduced. This will result in a lower supply of oxygen which
will reduce the rate of biological activity. When the the moisture
content is low and the void space available for air is high, the rate
of biological activity is also reduced. The flow of air through the
void space results in moisture losses and potential cooling of the
compost mass. A balance between adequate moisture content and
porosity is important for optimizing the decomposition process.

The second and third highest normalized effects based on the
TOC factorial results for the full period are the interaction 123 (C:N
ratio-MC-Porosity} and 13 (C:N ratio- Porosity). These resuits
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suggest a relationship exists between the moisture content,
porosity and the C:N ratio of the materials. A potential explanation
may be the variable C:N ratio actually represents the physical nature
of the material. The void space in the compost pile is related to the
physical nature of the compost materials and not the C:N ratio.
Fibrous or bulky materials such as straw and wood chips are able to
maintain adequate porosity compared to grass clippings. Golueke
(1977) indicated the maximum permissible percent moisture is also
a function of the physical nature of the materials. For example,
fibrous or bulky materials such as straw and wood chips can absorb
relatively large amounts of water and still maintain adequate
porosity (Haug 1980).

Finally the lowest normalized effects based on the TOC
factorial results for the full period are the main effects 2(MC) and
1(C:N ratio). This may suggest that these factors alone do not
influence the decomposition of the organic materials. The
normalized effect value for the main effect 3(Porosity) was ranked
4th for the full period ana first for the active period for the TOC
factorial results. Based on tr 2 actual measured porosity values for
piles 5, 6, 7, L4, R1, Rz »~, 8 the porosity generally decreased or
remained fairly level for the first porosity measurements after the
addition of more wood chips. Possible reasons for the inconsistent
results could include errors introduced in measurement, sampling or
testing, improper mixing of wood chips, compost cover
contamination of the samples or the volume of wood chips added did
not significantly alter the porosity of the piles. The most likely
explanation are errors introduced in the determination of the
porosity measurements. Since there appears to ke no standard
method of determining compost porosity, the accuracy of the method
used in this study can not be determined.
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4.1.3.3 Summary and Explanations

In summary, the factorial results based on the calculated 95%
confidence intervals of the B's for the % decrease in TOC factorial
found none of the factors influenced the decomposition rate of the
organic materials. The 90% confidence intervals, half normal plots
and eftect rankings for the full composting period provided
indications the 13 (C:N ratio-Porosity ), 23 (MC-Porosity) and 123
(C:N ratio-MC-Porosity) marginally influenced the decomposition of
the organic materials. The results do not support the hypotheses
that the operating variables C:N ratio, moisture content and porosity
adjustment individually effect the decomposition rate of the organic
materials. Possible explanations for these experimental results are:
1) the response variables used in the study were not able to measure
the effects, 2) the effect of C:N ratio, M.C. and porosity on
degradation did not occur within the ranges tested or 3) the
difficulties encountered in maintaining and operating a field level
experiment impacted the results. The most likely reasons are the
difficulties in maintaining and operating a field level experiment.

For example, the difficulty experienced trying to maintain the
experimental moisture levels may have effected the factorial
results. It was not possible to maintain the moisture content of the
pile sections at the desired levels. For the full composting period
the average weighted mean pile moisture content for the high MC
piles was 38.6% compared to the experimental level of 60%. For the
40% MC piles, the average weighted mean pile moisiure content was
31.2% for the full composting period. The moisture differences may
not have been significant enough to create a real difierencs in the
experimental conditions. Although the -1 and +1 levels for tive MC
variable in the factorial design matrix were adjusted to reilssf the
calculated values of the pile average weighted moisture contents,
these values may not provide a good representation of the actual
moisture conditions.

In addition, the amount of straw added to the experimental
piles may not have been sufficienti enough to create a significant
difference in the C:N ratio of the piles. The experimental C:N ratio
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levels were based on the number of front end loader buckets instead
of the mass of the different organic materials.

4.2 Decomposition

The purpose of monitoring the decomposition of the organic
materials for the various compost piles was to: 1. evaluate and
model the biological degradation of these materials over time and
provide a tool for optimization of the process; 2. determine the
magnitude and rate of decomposition of the various compost
piles.and compare the results with expected behavior. The following
sections summarize the decomposition behavior of the experimental
compost piles and compares the results to a physical model proposed
by Haug (1980).

4.2.1 Decomposition Modelling

Determining the overall reaction rate for the active
composting period for the various experimental piles may be useful
in identifying differences and process optimization opportunities.
Generally the decomposition rate of organic residues especially in
soils is considered to follow first order rate kinetics (Paul and
Clark 1989). In this study, the parameters % total carbon (% C) in
solid compost samples and TOC of compost water extracts were
used as measures of the degradation of the organic materials. The
measured % C values reported in this study includes the carbon
content of substrate as well as biomass. The actual substrate % C is
usually determined by subtracting the carbon content of the biomass.

The Kkinetic rates for the decomposition of the organic
materials can be calculated by determining the slope of the line for
the different plots of substrate parameters versus time. Instead of
plotting the data, linear regression techniques using the least-
squares method were used to determine the slope and R2 value of the
fitted line. The R2 value is the square of the Pearson product
moment correlation coefficient. The slope of the fitted line of
substrate concentration versus time determined the zero order
kinetic rate. For first order kinetics, the slope of the In of % C and
In of TOC versus time determined the reaction rate constants. The
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slope of the fitted line of 1/% C and 1/TOC versus time determined
the second order kinetic rates. Table 4.13 on the following page
summarizes the modelling results for % C of compost solid samples.
The zero order model has the lowest R2 value of 0.68 while the
average R2 value for the second order model was highest at 0.76.
The first order R2 value was slightly lower than the second order
model at a value of 0.74. The calculated R2 value is a measure of
how well the plotted plots fit the straight line relationship. The
closer the R2 value is to 1.0 the better the data fits the straight
line relationship. An analysis of variance test was used to
statistically determine, if the average R2 values for the different
models are significantly different. The results outlined in Table F.1
indicated, that collectively there was a difference somewhere in the
data of the three groups, but a group by group comparison using the
Student-Newman-Keuls test with a 5% significance level found the
zero order average RZ2 value was significantly different than the
first and second order average R2 values. There was no significant
difference found between the first and second order average values.
Based on the comparison of the average R2 values, the % C data for
the experimental piles suggests the decomposition process follows
either first or second order kinetics. The first order model is the
more likely case because other authors have indicated the
composting process and decomposition of plant residues generally
follow first order rate kinetics (Paul and Clark 1989; Haug 1993).
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The average % C first order reaction rate constant is
0.0070/day. The rate constants listed in Table 2.7 are generally a
few magnitudes higher than determined from the the % C data for the
experimental piles. For example, the k values for grass/leaves and
grass/cardboard mixtures using first order rate equation for the
rate of disappearance of compost mass, ranged from 0.165/day to
0.190/day for Marugg (1993). A possible explanation for these
results is the measured % C values of the comnost includes not only
the amount of carbon in the organic resic¢ <s and the intermediate
products, but also the carbon content of the . ¢t pes. The measured
% C is higher than actual % carbon of the substrate. As the
composting process proceeds, the substrate concentration is
decreasing and the biomass concentration increases to a certain
point in the process. In the latter stages, the biomass concentration
starts to decrease as the amount of available substrate decreases.
The calculated decomposition rate using % C is probably lower than
the actual rate. If the biomass carbon content was subtracted from
the total carbon, the actual decomposition rate could of been
calculated.

Table 4.14 summarizes the modelling results for the TOC of
compost water extracts.
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The zero order model has the lowest R2 value of 0.70 while the
average R2 value for the second order model was highest at 0.78.
The first order R2 value was slightly lower than the second order
model at a value of 0.77. An analysis of variance test was again
used to statistically determine, if the average R2 values for the
different models are significantly different. The results indirated
that collectively there was a difference somewhere in the data of
the three groups but a group by group comparison using the Student-
Newman-Keuls test with a 5% significance level found there was no
significant difference between the average R2 values. Based on the
comparison of the average R2 values, the TOC data for the
experimental piles suggests the decomposition of the organic
materials follows either zero, first or second order kinetics. The
first order model is again the more likely case but a discussion of a
potential second order model will be reviewed in the section titled
Comparison to Theoretical Models.

The average TOC first order reaction rate constant is
0.0153/day. The rate constants listed in Table 2.7 are generally one
magnitude higher than determined from the the TOC data for the
experimental piles. The TOC data for this study includes the organic
carbon content of the biomass. This may explain the differences in
the magnitude of the rate constants. The measured TOC value is
higher than the actual TOC of just the substrate. If the biomass TOC
content was subtracted from the experimental measured value,.the
actual decomposition rate could of been determined.

In comparing the first order rate constants for the % C and TQC
parameters, the average pile TOC rate constant is over 10 times
higher than the average pile rate constant for % C. This higher rate
constant value is expected because the TOC parameter measures the
readily available water soluble organic carbon content. The
measured % C content includes the organic carbon content of all
constituents including the more resistant compounds cellulose,
hemicellulose and lignin. Paul and Clark (1989) outline the rate
constants for plant residues in soils under laboratory conditions.
They indicate for easily decomposable compounds -k = 0.2 compared
to -k = 0.08 for slowly decomposable constituents. The
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muiticomponent empirica: models proposed by Murayama et al.
(1990) and Van Veern et al. (1984) support the argument that
different fractions of plant residues decompose at different rates.
The reaction rate of the easily decomposable fraction is higher than
the more resistant fraction of the plant residue. The following
section compares the decomposition modelling results with the
theoretical physica! model proposed by Haug (1980).

4.2.2 Comparison to Theoretical Model

The modelling results for the parameters % C and TOC over
time indicated the the decomposition of the organic materials
followed either first or second order kinetics. Generally, the
decomposition of organic material is considered to follow first
order kinetics Haug (1980), (Paul and Clark 1989). The following
section reviews the model proposed by Haug (1980) and discusses
the model in relation to experimental decomposition rates and
changes in compost substrate and biomass. The composting kinetic
model propcsed by Haug (1980) is shown below.

-ds =kAy X
dt Kx + X (25)

-ds/dt = rate of hydrolysis of solid substrate
k = maximum rate of hydrolysis occurring at high
microbial population.
Ay = Available surface area (substrate) per unit
volume
Kx = half velocity coefficient The microbial
concentration at 1/2 the maximum reaction rate.

Haug (1993) indicated that the solubilization of the solid
substrate through hydrolysis is probably the rate limiting
mechanism during composting. Based on his model, the rate of
hydrolysis is a function of the size of the microbial population X,
and the available substrate surface area per unit volume Avy. Haug
(1980) described two general cases of the model. Case 1 when the
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concentration of microbes is much less than Ky (the half-rate
constant) the rate of hydrolysis of the solid substrate is a first
order reaction with respect to the microbial concentration. Case 2
when the concentration of microbes is much greater than the haif
rate constant the change in solid substrate over time is a zero order
reaction with respect to microbial concentration.

Haug (1980) noted that different decomposition rates observed
for different substrate materials are probably due to differences in
the value of kAy. For example, a more resistant substrate such as
wood fiber would have a lower value of kAy, Haug (1980) suggested
this may be interpreted as a lower number of available enzyme
binding sites or a lower number of successful enzyme reactions in a
more resistant substrate. The product kAy appear. .0 be a measure
of substrate availability and the value changes throughout the
composting process. Haug (1993) indicated that during the early
stages of composting, the substrates with high kAy values (kAyi)
are decomposing resulting in an increase in microbial population. As
the composting process proceeds, the more resistant substrates
with low kAy vaiues (kAy2) are encountered. The rate of hydrolysis
of the more complex substrates are the rate determining step of the
overall process. The more recalcitrant substrates decompose at
lower rates for a longer period of time (Haug 1993, Marugg et al.
1993). The changes in % C in solid samples and TOC in water
extracts over time provided evidence that the decomposition rate is
higher during the active phase and lower during the maturation phase
based on the change in slope of the curves. Haug (1993) also
suggested the values of Kx are likely a function of the type of
substrate and should increase as i@ number of active sites per unit
volume increases. Based on thi: suggestion, the values of Kx would
also change as the compost substrate changes.

In addition i? changes in substrate, the concentration and the
types of microorganisms also change during the composting process.
During the early mesophilic %tage, when the more easily available
substrates are consumec, the microbial population especially
bacteria increases exponentially (Biddlestone et al. 1987). As the
temperature increases above 40°C the mesophilic organisms die off
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and the thermophilic organisms flourish. During the thermophilic
stage, the compost pile temperature continues to increase to above
600C (Biddlestone et al. 1987). Above 60°9C, microbial activity
decreases significantly as the fungi are deactivated, and spore-
forming bacteria and actinomycetes prevail. The microbial
concentration or biomass during the early stages of composting
(mainly bacteria) will be represented by the term X1. After the peak
temperature period is reached, the compost mass enters a cooling
stage marked by a decrease in compost pile temperature and
represents a decrease in available substrate. During the cooling
stage, fungi and actinomycetes attack the more resistant
hemicellulose and cellulose fractions breaking them down to simple
sugars which may be used by variety of microorganisms (Biddlestone
et al. 1987). The biomass concentration in the maturation phase of
composting when fungi and actinomycetes dominate will be
represented by the term X2.

in the later stages of composting a mixture of solid waste and
sewage sludge, de Bertoldi et al. (1983) observed a continuous
decrease in the number of celluloiytic bacteria to about 102 per
gram dry weight (50 days). The maximum cellulolytic bacteria count
was between 103 to 104 per gram dry weight, after about 25 days of
composting. de Bertoldi et al. (1983) indicated the number of
cellulolytic fungi increased to approximately 108 per gram dry
weight in the later stages of composting (50 days) The cellulolytic
fungi count was approximately 10% per gram dry weight at the start
of the composting process. The number of actinomycetes also
increased to between 106 to 107per gram dry weight in the later
stages of the composting process from the initial.count of
approximately104 per gram dry weight (de Bertoldi et al. 1983). The
compost pile temperature continues to drop to ambient conditions
due to lower microbial activity and decomposition rate. Although
the concentrations of fungi and actinomycetes increased in the later
stages of composting, the overall biomass concentration is expected
to decrease, due to a reduction in available substrate. None of
referenced composting literature sources specifically noted the fact
the concentration of biomass decreased during the maturation phase.
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Table 4.15 summarizes the relative values for the various terms in
Haug's model for both the active and maturation phases of the
composting process.

Table 4.15 - Composting Model Conditions

Active Phase Maturation Phase
Term
k High Low
S High S Low S
Ay High Av1 High Ay2
Low Ay1

X High X1 High X2

Low X2 Low X1
Model
Case
X<< Kx ds =k Av X ds =k Av X

dt Kx dt KX
X>>Kx ds =k Av ds =k Av

dt dt

Based on this discussion of Haug's model and its parameters, it
appears the rate of hydrolysis, Ay, biomass concentration and type,
Kx and the kinetic rate vary throughout the different stages of the
process. The two general model cases apply to both the active and
maturation stage. Haug's proposed model provides valuable insight
into the composting process, but it looks mainly at biomass
concentration and does not deal with the relationship between the
biomass concentration and the available substrate. The biomass
concentration X is a function of the available substrate through the
the yield coefficient Y. The yield coefficient is defined as the ratio
of mass of cells formed to the mass of substrate consumed (Metcalf
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and Eddy, Inc. 1991). Haug (1980) stated the term Ay is likely
related to the total number of enzyme absorption sites on the
substrate. Therefore, the available substrate concentration is a
function of the available surface area per volume (Ay). With respect
to substrate, the two general cases are reviewed below.

Case 1 when the concentration of microbes is much less than
Kx (the half-rate constant) the rate of hydrolysis of the solid
substrate is a second order reaction with respect to Ay (related to
substrate concentration ) and X which is a function of the substrate
concentration through the vyield coeffficient. Case 2 when the
concentration of microbes is much greater than the half rate
constant the change in solid substrate over time is a first order
reaction with respect Ay,

In summary, the kinetic rates determined for the various
experimental compost piles indicated the overall decomposition rate
during the active phase may be either first or second order.with
respect to substrate concentration. A possible explanation for the
second order results is the rate of hydrolysis of the substrate may
depend upon Ay (related to substrate concentration) and microbial
concentration X which is a function of the available substrate
concentration through the yield coefficient. A second possible
explanation is the measured % C and TOC values included the carbon
content of both substrate and the biomass.

Future research opportunities include determining values for
the various kinetic model variables and testing the kinetic model.

4.2.3 Comparison of Individual Piles

The first order decdomposition rates for the various piles are
generally quite similac and only a few piles are deemed to be
significantly different. Multiple t tests were performed to
determine which piles were significantly different based on the
first order decomsosition rate constants (k). The statistical results
are summarized in Tables F.2 and F.3 in Appendix F. Table 4.16
outlines the piles that are significantly different for the % C data.
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Table 4.16 - Piles found to be Significantly Different - % C data

1st Order ° values for % C data

Rank Pile No. Pile Designations Piles Significantly
by k value difterent
1(Highest) 8 Hi C:N, Hi M.C., Hi Pocr. Piles 5, L1, L3, L4
2 L2 Low C:N, Low M.C., Low Por. Piles L1, L3, L4
3 4 Hi C:N, Hi M.C,, Low Por.

4 3 Med C:N, Hi M.C,, Low T'~r,

5 R2 Med C:N, HIM.C.,H ¢

6 6 HiC:N, LowM.C, , H

7 7 Med C:N, Hi M.C,, Hi Fu..

8 1 Med C:N, Low M.C., Low Por.

9 R1 Med C:N, Hi M.C., Hi Por.

10 5 Med C:N, Low M.C., Hi Por. Pile 8

11 L4 Low C:N, Low M.C., Hi Por. Piles 8, L2
12 L3 Low C:N, Hi M.C., Hi Por. Piles 8, L2
13 L1 Low C:N, Hi M.C., Low Por. Piles 2, 8, L2
14 (Lowest) 2 Hi C:N, Low M.C., Low Por. Pile L1

Piles 8 and L2 had the largest decomposition k values and were
found to be significantly different than the low C:N ratio piles L1,
L3, and L4. Pile 8 was also different than Pile 5. Pile 2 a high C:N
ratio, low moisture content pile had the lowest decomposition rate
and was found to be significantly different than pile Li. There
appears to be no consistent reasoning, based on the experimental
levels of the operating variables, to explain the ranking order and
significant differences between the decompcasition rates of the
piles. The decomposition rates for the high C:N ratio, high mcisture
content piles 8 and 4 were expected to be high in comparison to the
other piles. However, Pile L2 a low C:N ratio, high mnisture content
pile was not expected to have the second largest decomposition rate.
Pile L3 the other low C:N ratio, high moisture content pile was
ranked 12 overall. The decomposition rates for the low C:N ratio
piles except for Pile L2 were generally low in the rankings. Table
4.17 outlines the piles that are significantly different for the TOC
data.
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Table 4.17 - Piles Significantly Different - TOC data

1st Order k values for TOC data

Rank Pile No. Plle Designations Piles Significantly
by k value v different
1(Highest) 3 Med C:N, Hi M.C., Low Por. Pile L4
2 8 Hi C:N, Hi M.C., Hi Por. Pile L4
3 7 Med C:N, Hi M.C., Hi Por. Pile L4
4 2 Hi C:N, Low M.C., Low Por.
5 R1 Med C:N, Hi M.C., Hi Por.
6 L1 Low C:N, Hi M.C., Low Por.
7 L2 Low C:N, Low M.C,, Low Por.
8 R2 Med C:N, Hi M.C., Hi Por.
9 4 Hi C:N, Hi M.C., Low Por.
10 5 Med C:N, Low M.C., Hi Por.
11 1 Med C:N, Low M.C., Low Por.
12 L3 Low C:N, Hi M.C., Hi Por.
13 6 Hi C:N, Low M.C., Hi Por.

14 (Lowest) L4 Low C:N, Low M.C,, Hi Por.

Piles 3, 8 and 7 had the largest 1st order decomposition k
values and were found to be significantly different than L4 which
had the lowest value. Again there appears to be no consistent
reasoning, based on the experimental levels of the operating
variables, to explain the ranking order and significant differences
between the decomposition rates of the piles. The maturity
parameter C:Nw cannot be used to indicate which piles matured first
as none of the vaiues were between the range of & o 6 Possible
reasons for the differences observed between the experimental and
literature values are sample preparation techniques, testing errors,
possible sample contamination, and different organic materials.
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4.2.4 Summary and Explanations

In summary, the decomposition rates for the parameters % C
and TOC over time were found to follow either first or second order
kinetics. Based on ANOVA tests there were no differences between
the average pile R2 values for the first and second order kinetic
models. Generally the decomposition of organic materials is
considered to follow first order kinetics. The first order
decompesition rate constants for both parameters were lower than
literature values.

A possible explanation for the second order results is the rate
of hydrolysis of the substrate may depend upon Ay and microbial
concentration X which is a function of the available substrate
concentration through the yield coefficient

Finally the first order decomposition rates for the various
piles were compared using an ANCVYA. Although there were some
significant differences between some of the piles, there was no
consistent reasoning based on the experimental levels to explain the
results. The ranking of the piles by first order decomposition rate
constants, therefore, cannot be used to verity which operationai
parameters influenced the rate of decomposition. Possible reasons
for these experimental results are: inadequate material mixing,
actual C:N ratio levels, sampling and testing errors and the
difficulties experienced in trying to control moisture content of the
piles.

4.3 Temperature and % Oxygen Results

Compost pile temperatures were measured to: 1. identify the
different stages of the composting process; 2. provide an indication
of process performance; 3. to evaluate the the effectiveness of
rebuilding the compost piles; 4. serve as a secondary indicator of
compost maturity. The following sections discuss the trends in
compost pile temperatures and % oxygen readings and the results of
the ARIMA (Autoregressive integrated moving average) analysis.
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4.3.1 Trends in Pile Temperature and % Oxygen Readings
The average pile temperature for the various piles generally
followed a decrcasing trend throughout the first 65 days of the
process and then increased to over 600C after the piles are rebuilt
and covered with burlap and mature compost. The initial average
temperatures for the compost piles were approximately 65°C. No
mesophilic stage was observed. Based on the fact the yard waste
was picked up from the different areas of the city on a weekly basis
it is highly possible the degradation process had already started
prior to the development of the windrows. The peak thermophilic
stage for most of the piles was approximately 16-20 days in length.
After this period, the average pile temperatures generally followed
a decreasing trend until the piles were rebuilt and covered. The
average pile temperatures prior to rebuilding ranged from 28.99C for
pile 1 to 54.30C for pile 7. Most of the piles had an average
temperature of approximately 30°C with mean ambient temperatures
in the 3 to 8°C range. The cooling stage is generally characterized
as the period, when the compost piie temperature decreases to
ambient conditions due to lower microbial activity (Biddlestone et
al. 1987). The compost piles were rebuilt prior to the conclusicn of
the initial cooling stage. As indicated, after the compost piles were
rebuilt the average pile temperature increased to over 60°C and
stayed above 50°C for most of November 1992 when the mean
ambient temperatures were in the range of -2 to 2°C. The pile
temperatures then gradually decreased to ambient temperatures
after approximately 180 days signalling the start of the maturation
stage. The average pile teinperature serves as a secondary and
approximate indicator of maturity. Figures D.1 to D.16 show changes
in the average pile temperatures for the various piles. *able D.1 in
Appendix D summarizes the average monthly pile temperatures. The
average monthly temperatures for most of the piles were close in
value except for piles 3, 6 and 8 during the November 1992 to
January 1993 time frame. Control piles C1 and C2 generally had
higher average monthly temperatures in September and October of
1992 than most of the experimental piles. The most likely
explanation for these higher temperatures is the control piles were

149



not as far along as the experimental piies in the composting process.
Conversely the average monthly temperatures for the controi piles
were lower during December and January. The ditferences are
probably due to the installation of the passive aeration system,
rebuilding and covering of the experimental piles.

The % oxygen content of the various piles fluctuated for the
first 130-140 days and then levelied off at values close to ambient
conditions. Figures D.17 to D.32 show changes in the average %
oxygen readings for the various piles. The oxygen readings ranged
from values of 10 to 20.9%. which are much higher than the minimum
value of 5%. The method of measurement may have introduced
oxygen into the pile resulting in a higher readings. The next section
discusses the results of the time series ARIMA analyses fer compost
pile temperature data.

4.3.2 Arima Analyses - Results

Arima (Autoregressive integrated moving average) analysis
was used to investigate the influence interventions such as turning,
watering, rebuilding and adding additional wood chips to the
experimental piles had on ths average pile temperatures over the
composting period. The main purpose of these interventions were to
try to maintain the experimental levels of the operational variables
for the factorial experiments. For example, the piles were watered
to try to increase the moisture content to the desired levels.
Usually the piles were mechanically turned the same day to
homogenize the compost materials therefore more than one
intervention was carried on the same day or prior to the next
temperature reading. This experiment was not specifically designed
to evaluate the various interventions using Arima analysis therefore
the results must be fairly consistent in order to support any
conclusions. Installing the passive aeration system, rebuilding and
covering the experimental piles was the only intervention that was
not directly connected to maintaining the experimental levels.

Arima models are used to mathematically describe the random
disturbances in a time series. These models can involve the use of
three different processes namely autoregression, differencing
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(integration) and moving averages. Not all models involve the use of
all three processes. For example, the appropriate model for the
compost temperature time series was an Arima (1,0,0) model. The
usual nomenclature defining an Arima model is Arima (p,d,q). The p
defines the order of autoregression, d the degree of differencing and
q the order of moving average. The Arima (1,0,0) model is a first
order autoregressive 7. cess and does not involve differencing and
moving average processes. Iin the autoregression procsss, each value
in a time seiies is a junction of one or more preceding values. The
equation shiown below defines the relationship for a first order
autoregressive process (SPSS for Windows Trends Manual 1993).

Valuet= disturbancet + AR! coefficient * Value t-1 (29)
ARI| coefficient = autoregressive coefficient

The value of the ARI coefficient indicates how strongly the
value at time t is dependent on the preceding value (1993). ARI
coefficient values close to 1 as calculated in these analyses
indicates there is a strong relationship between the series value at
time t and the prec.ding value. The model coefficients for the
various interactions are listed in Table 4.18. A negative value
indicates the pile temperature increased as a result of the
intervention. Based on 95% probability the coefficients highlighted
in bold were considered significant.
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Table 4.18 - ARIMA Analyses - Results
Variable- Average Pile temperatures

Pite AR1 Mixing Watering Rebuiid Porosity
Pile 1 0.9695 0.785 -7.586 -14.850

Pile 2 0.9136 -1.861 -0.270 -9.990

Pile 3 0.9227 -1.323 3.322 -12.788

Pile 4 0.9459 -0.114 -3.718 -12.298

Pile 5 0.9127 -1.668 1.691 -9.986 -8.696
Pile 6 0.9635 0.789 -7.467 -14.751 -0.440
Pile 7 0.9801 2.661 -5.418 1.152 9.669
Pile 8 0.9274 -0.652 -2.203 5.019 -5.430
Pile R1 0.9705 1.101 1.700 -13.200 -10.705
Pile R2 0.9724 2.189 1.619 -6.551 1.494
Pile L1 0.9721 -3.304 -4.730 -5.802

Pile L2 0.9456 -4.818 0.447 6.114

Based on the model coefficient values the mixing, watering and
porosity adjustment interventions did not consistently influence the
average pile temperatures. For example, seven piles with negative
model coefficients indicated mixing increased the temperature. Five
piles with positive values suggested mixing decreased the average
pile temperature. Five piles had significant negative model
coefficients for the intervention pile rebuilding. These results
support the conclusion that the installation of a passive aeration
system, and the rebuilding and covering of the compost piles
resuited in higher compost temperatures. The average pile
temperature after the intervention was higher than the temperature
before the intervention.
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5.0 SUMMARY AND CONCLUSIONS

The objectives of this study were to 1) systematically
evaluate the influence of key operational parameters on the
decomposition rate of yard waste and 2) identify a practical
indicator of compost stability and maturity. A factorial experiment
was selected to evaluate the influence of the operational variables,
because it is the most efficient method to estimate the effects of
two or more factors and the their interactions. The factorial
results using the % decrease in the TOC as the response variable
found none of the effects to be significant at the 5% significance
level. The 90% confidence intervals, half normal plots and effect
rankings for the full composting period provided indications the 1i3.
(C:N ratio-Porosity) 23 (MC-Porosity) and the 123 (C:N ratio-MC-
Porosity) interactions marginally influenced the decomposition rate
of the organic materials. Generally, the results do not suppor the
hypotheses that the operating variables C:N ratio, moisture content
and porosity adjustment individually affected the decomposition
rate of the organic materials. Possible explanations for these
experimental results are: 1) the response variables used in the study
were not able to measure the effects , 2) the effect of C:N ratio, M.C.
and porosity on degradation did not occur within the ranges tested or
3) the difficulties encountered in maintaining and operating a field
level experiment impacted the results. The most likely reasons are
the difficulties in maintaining and operating a field level
experiment. For example, the difficulty experienced trying to
maintain the experimental moisture levels may have effacted the
factorial results. It was not possible to maintain the moisture
content of the pile sections at the desired levels.

The purpose of monitoring the decomposition of the organic
materials for the various compost piles was to: 1) evaluate and
model the biological degradation of these materials over time and
provide a tool for optimization of the process, 2) determine the
magnitude and rate of decomposition of the various compost piles
and compare the results with expected behavior. The decomposition
rates for the parameters % C and TOC over time were found to follow
either first or second order kinetics with respect to substrate
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concentration. A possible explanation for the second order results
is the rate of hydrolysis of the substrate may depend upon Ay
(related to substrate concentration) and microbial concentration
which is a function of the available substrate concentration through
the yield coefficient. A second explanation is the % C and TOC data
included both the carbon content of substrate and biomass. The data
does not represent the change in just substrate carbon over time.
The first order decomposition rates for the various piles were
compared using multiple t tests. Although there were some
significant differences between some of the piles, there was no
consistent reasoning based on the experimental levels to explain the
results. The ranking of the piles by first order decomposition rate
constants, therefore, cannot be used to verify which operational
parameters influenced the decomposition rate.

An Arima analysis of the average pile temperature data
indicated the average pile temperature increased as a result of
rebuilding, covering and installing a passive aeration system. The
ceverage monthly temperatures for the control piles were lower
during December and January than the rebuilt experimental piles.
The results support the hypothesis that building up the compost
piles will result in higher pile temperatures during the cooler
ambient conditions. The degradation of the organic materials;
therefore, is not greatly reduced by the cold ambient temperatures.
By retaining enough heat, higher compost temperatures are
maintained which promotes the continued optima! decomposition of
the organic materials.

The second objective of this study was to identify a practical
indicator of compost stability and maturity. The final C:Nw ratio
values for the experimental piles did not fall between the range of 5
to 6 indicated by others as the absolute indication of maturity. The
OUR parameter was dropped from the experimental plan, after
several attempts to solve the problem of leaks in the tubing were
not successful. The change in % C and TOC over time provided some
indication, when the active composting period had ended and the
maturation stage had started. At this point, there is a definite
change in the slope of the curve for the various piles. Finally, the
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average pile temperatures gradually decreased to ambient
temperatures after approximately 180 days signalling the start of
the maturation stage. In summary, no parameter used in this study
was identified as a absolute indicator of compost maturity.

Suggestions to improve future research efforts include
grinding up the straw prior to mixing, weighting the mass of each
organic material, and developing more replicate piles. In addition,
the use of the D.O. oxygen meter to measure the OUR rates of the
compost should be investigated and evaluated. it is critical to
establish more than one reliable response variable to verify the
experimental results.

Future areas of research may include determining vaiues for
the terms k, A,, X and Kx for Haug's kinetic model and testing the
model with respect to substrate concentration.

155



6.0 REFERENCES

Alexander, M. 1961. Introduction to Soil Microbiology. New York, J‘ohn
Wiley and Sons.

Atlas, R.M. and R. Bartha. 1987. Microbial Ecology: Fundamentals and
Applications. Menlo Park, California, The Benjamin/ Cummings
Publishing Company, Inc.

APHA-AWWA-WPCF. 1989.- Standard Methods for the Examination of
Water and Wastewater. 17th edition. Washington, DC: American
Public Health Association.

Bellamy, K.L., L. Varangu, E. Mead, D.K. Smith, and R.G. Buggeln. 1992.
Yard waste composting: a synopsis. The Composting Council of
Canada 2nd Annual Meeting : From Waste to Resource Composting in a
Sustainable Society, Ottawa, Ontario, The Composting Council of
Canada.

Biddlestone, A.J., K.R. Gray, and C.A. Day. 1987. Composting and straw
decomposition. In: Environmental Biotechnology. C.F. Forster and
D.A.J. Wase, Eds. Ellis Horwood Limited, Chichester,England.

Box, G.E.P., W.G. Hunter, and J.S. Hunter. 1978. Statistics for
Experimenters : An Introduction to Design, Data Analysis, and Model
Building. New York, John Wiley & Sons, Inc.

Brock, T.D. and M.T. Madigan. 1991. Biology of Microorganisms.
Englewood Cliffs, Prentice Hall.

Campbell, S. 1990. Let It Rot: The Gardener's Guide to Composting.
Pownal, Vermont, Storey Communications, inc.

Chanyasak, V., T. Yoshida and H. Kubota. 1980. Chemical components in
gel chromatographic fractionation of water extract from sewage
sludge compost. Journal Ferment. Technology. 58(6): 533-539.

Chanyasak, V. and H. Kubota. 1981. Carbon/organic nitrogen ratio in

water extracts as measure of composting degradation. Journal
Ferment. Technology. 59(3): 215-219.

156



Chanyasak, V., M. Hirai and H. Kubota. 1982. Changes of chemical
components and nitrogen transformation in water extracts during
composting of garbage. Journal of Ferment. Technology. 60(5): 439-
446.

Chanyasak, C., A. Katayama, M. Hirai, S. Mori and H. Kubota. 1983.
Etfects of compost maturity on growth of komatsuna in neubauer's
pot. Soil Science and Plant Nutrition. 29(3): 251-259.

Chen, Y. and Y. Inbar. 1992. Chemical and spectroscopica: analyses of
organic matter transformations during composting in relation to
compost maturity. In: Science and Engineering of Composting. H.A.J.
Hoitink and H.M. Keener, Eds. Renaissance Publications, Worthington,
OH.

Cheshire, M.V., G.P. Sparling and R.H.E. Inkson. 1979. The
decomposition of straw in soil. ln: Straw Decay and lts Effect on
Disposal and Utilization. Chichester, John Wiley & Sons. 337.

Colin, F. 1977. Mise au point d'une méthode de détermination de I'ATP
dans les composts. In: Actes du ler Symposium sur la Recherche en
Matiere de Sol et Déchets Solides. Ministéere de la Cuiture et de I
Environnement et du Cadre de Vie. Institut de Recherches
Hydrologiques, Nancy.

Composition, Subcommittee on Feed Composition. 1982. United
States-Canadian Tables of Feed Composition. Washington, National
Academy Press.

de Bertoldi, M., U. Citernesi and M. Griselli. 1981. Microbial
populations in compost process. [n: Composting: Theory and Practice
for City, Industry and Farm. The Staff of Compost Science and
Utilization, Eds. JG Press, Inc. Emmaus, P.A., 26-33.

de Bertoldi, M., G.Vallini and A. Pera. 1983. The biology of composting:
a review. Waste Management & Research. (1): 157-176.

Department of Animal Science. Kjeldahl Nitrogen Procedure.
University of Alberta.

Edmonton, 1991. The Master Composter/ Recycler Manual. Waste
Management Branch. City of Edmonton.

157



Finger, S.M., R.T. Hatch and T.M. Regan. 1976. Aerobic microbial
growth in semisolid matrices: heat and mass transfer limitations.
Bioteciiriology and Bioengineering. XVill: 1193-1218.

Finstein, M.S. and F.C. Miller. 1984. Principles of composting leading
to maximum decomposition rate, odor control, and cost
effectiviviess. In: Composting of Agricultural and Other Wastes, J.K.R.
Gasser Ed. Elsevier Applied Science Publishers, London and New York.

Finstein, i.3., F.C. Miller and P.F. Strom. 1986. Monitoring and
evaluating composting process performance. Journal WPCF. 58(4):
272-289.

Fleming, P.G. 1991. An Analysis of the Parameters Affecting the
Stabilization Rate of Yard Waste Compost. M.Sc. Thesis, College of
Engineering, University of Central ilorida.

Frost, D.l.,, B.L. Toth and H.A.J. Hoitink. 1992. Quality control indicator:
compost stability. Biocycle. 33(11): 62-66.

Garcia, C., T. Hernandez and F. Costa. 1991. Changes in carbon
fractions during composting and caturation of organic wastes.
Environmental Management. 15(3): 433-439.

Garcia, C., T. Hernandez and F. Costa. 1991. Study on water extract of
sewage sludge composts. Soil Science and Plant Nutrition. 37(3):
399-408.

Golueke, C.G. 1972. Composting: A Study of the Composting Process
and its Principles. Emmaus, PA., Rodale Press.

Golueke, C.G. 1977. Biological Reclamation of Solis Wastes. Emmaus,
PA., Rodale Press.

Golueke, C.G. and L.F. Diaz. 1987. Composting and the limiting factor
principle..” Biocycle. 28(4): 22-25.

Golueke, C.G. and L.F. Diaz 1990. Understanding the basics of
composting. Biocycle. 31(4): 56-59.

Golueke, C.G., Ed. 1991. Understanding the process. The Biocycle Guide
to the Art & Science of Composting. Emmaus, Pennsylvania, The JG
Press, Inc.

158



Hamelers, H.V.M. 1992. A theoretical model of composting kinetics.
In._Science and Engineering of Composting. H.A.J. Hoitink and H.M.
Keener, Eds. Renaissance Publications, Worthington, OH.

Hammouda, G.H.H. and W.A. Adams. 1987. The decomposition,
humicfication and fate of nitrogen during the composting of some
plant residues. In: Compost: Production, Quality and Use. M. de
Bertoldi, M.P. Ferranti and P. L'Hermite, Eds. Elsevier Applied Science,
London & New York.

Hankin, L., R.P. Poincelot and S.L. Anagnostakis. 1976. Microorganisms
from composting leaves: ability to produce extracellular degradative
enzymes. Microbial Ecology. 2: 296-308.

Hansen, R.C., H.M. Keener, C. Marugg, W.A. Dick and H.A.J. Hoitink. 1992.
Composting of poultry manure. In: Science and Engineering of
Composting. H.A.J. Hoitink and H.M. Keener, Eds. Renaissance
Publications, Worthington, OH.

Harada, Y. and A. Inoko. 1980a. The measurement of the cation-
exchange capacity of compost for the e¢:timation of the degree
maturity. Soil Sci. Plant Nutr. 26(1): 127-1¢ 5.

Harada, Y. and A. Inoko. 1980b. Relationshi.. between cation-exchange
and degree of maturity of city refuse compc:ts. Soil Sci. Plant Nutr.
26(3): 353-362.

Haug, R.T. 1980. Compost Engineering: Priciples and Practice.
Lancaster, Technomic Publishing Company, Inc.

Haug, R. 1986. Composting process design criteria : part Il -
detention time. Biocycle. 27(9): 36-39.

Haug, R.T. and W.F. Elisworth. 1991. Measuring compost substrate
degradability. The Biocycle Guide to the Art & Science of Composting.
Emmaus, PA., The JG Press, Inc. 188-194.

Haug, R.T. 1993. The Practical Handbook of Composting Engineering.
Boca Raton, Lewis Publishers.

Hirai, M.F., V. Chanyasak and H. Kubota. 1983. A standard measurement
for compost maturity. Biocycle. 24: 54-56.

159



Inbar, Y. and Y. Chen. 1¢%2. Properties for establishing standards for
the utilization of composts in container media. In; Science and
Engineering of Composting. H.A.J. Hoitink and H.M. Keener, Eds.
Renaissance Publications, Worthington, OH.

Inbar, Y., Y. Chen and Y. Hadar. 1990a. Humic substances formed during
the composting of organic matter. Soil Sci. Am. J. 54: 1316-1323.

Inbar, Y., Y. Chen, Y. Hadar and H.A.J. Hointink. 1990b. New approaches
to compost maturity. Biocycle. 31(12): 64-69.

Jacas, J., J. Marza, P. Florensa and M. Soliva. 1987. Cation exchange
capacity variation during the composting of different materials. In:
Compost: Production, Quality and Use. M. de Bertoldi, M.P. Ferranti and
P. L'Hermite, Eds. Elsevier Applied Science, London & New York.

Jimenez, E.l. and V.P. Garcia. 1989. Evaluation of city refuse compost
maturity: a review. Biological Wastes. (27): 115-142.

Jimenez, E.l. and V.P. Garcia. 1991. Composting of domestic refuse
and sewage sludge - |. evolution of temperature, pH, ¢/n ratio and
cation-exchange capacity. Resources, Conservation and Recycling.
6(6): 45-60.

Jimenez, E.l. and V.P. Garcia. 1992a. Composting of domestic refuse
and sewage sludge - Il. evolution of carbon and some humification
indexes. Resources, Conservation and Recycling. 6: 243-257.

Jimenez, E.l. and V.P. Garcia. 1992b. Determination of maturity
indices from city refuse composts. Agriculture, Ecosystems and
Environment. 38: 331-343.

Katayama, A., K.C. Kerr, M. Hirai, M. Shoda and H. Kubota. 1987.
Stabilization process of sewage sludge compost in soil. [n: Compost:
Production, Quality and Use. M. de Berzidi, M.P. Ferranti and P.
L'Hermite, Eds. Elsevier Applied Science, London & New York.

160



Keener, H.M., C. Marugg, R.C. Hansen and H.A.J. Hoitink. 1992.
Optimizing the efficiency of the composting process. In: Science and
Engineering of Composting. H.A.J. Hoitink and H.M. Keener, Eds.
Renaissance Publications, Worthington, OH.

Kubota, H. and K. Nakasaki. 1991. Accelerated thermophilic
composting of garbage. Biocycle. 32(6): 66-68.

Levi-Minzi, R., R. Riffaldi and A. Saviozzi. 1986. Organic matter and
nutrients in fresh and mature farmyard manure. Agricultural Wastes.
16: 225-236.

Lynch, J.M. 1979. Straw residues as substrates for growth and
product formation by soil micro-organisms. In: Straw Decay and its
Effect on Disposal and Utilization. Dr. E. Grossbard, Ed. John Wley &
Sons, Chichester.

Lynch, J.M. 1987. Lignoceluloysis. In: Compost: Production, Quality and
Use. M. de Bertoldi, M.P. Ferranti and P. L'Hermite, Eds. Elsevier
Applied Science, London & New York.

Lynch, J.M. 1992. Substrate availability in the production of
composts. In: Science and Engineering of Composting. H.A.J. Hoitink
and H.M. Keener, Eds. Renaissance Publications, Worthington, OH.

Marugg, C., M. Grebus, R.C. Hansen, H.M. Keener and H.A.J. Hoitink. 1893.
A kinetic model of the yard waste composting process. Compost
Science and Utilization. 1(1): 38-51.

Mathur, S. P. 1991. Composting processes. In: Bioconversion of Waste
Materials to Industrial Products. A.M. Martin, Ed. Elsevier Applied
Science, London & New York.

Mathur, S. P., G. Owen, H. Dinel and M. Schnitzer. 1992. Determination
of Compost Biomaturity: | Literature Review.(Draft Copy). Centre for
Land and Biological Resources Research, Agriculture Canada.

Mathur, S. P. 1992, Agriculture Canada's passively aerated windrow
system of composting farm, food and industrial wastes. The
Composting Council of Canada 2nd Annual Meeting: From Waste to
Resource Composting in a Sustainable Society. Ottawa, Ontario, The
Composting Council of Canada.

161



Matthur, R.S., S.P. Magu, K.V. Sadasivam and A.C. Gaur. 1986.
Accelerated compost and improved yields. Biocycle. 27(2): 42-44.

Metcalf and Eddy, 1991. Wastewater Engineering: Treatment, Disposal
and Reuse. New York, McGraw-Hill Publishing Company.

Montgomery, D.C. 1984. Design and Analysis of Experiiaents. New
York, John Wiley & Sons.

More, J.C. and J. Sana.1987. Criteria of quality of city refuse composi
based on the stability of its organic matter. In: Compost: Production,
Quality and Use. M. de Bertoldi, M.P. Ferranti and P. L'Hermite, Eds.
Elsevier Applied Science, London & New York.

Morel, J.L., F. Colin, J.C. Germon, P. Godin and C. Juste. 1984. Methods
for the evaluation of the maturity of municipal refuse compost. |n:
Composting of Agricultural and Other Wastes, J.K.R. Gasser Ed.
Elsevier Applied Science Publishers, London and New York.

Murayama, S., Y. Asakawa and Y. Ohno. 1990. Chemical properties of
subsurface peats -~r~d their decomposition kinetics under field

conditions. Sc:i & ..z Plant Nutrition. 36(1): 129-140.
Nakasaki, K., J. “=i¢ T. Akiyama and H. Kubota. 1987. A new
composting m--'-° and assessment of optimurn operation for

effective drying of composting material. J. Ferment. Technol. 65(4):
441-447.

Obermeir, T. and E. Riccius. 1992. The european experience - lessons
to be learned. The Composting Council of Canada 2nd Annual Meeting:
From Waste to Resource Composting in a Sustainable Society.
Ottawa, Ontario, The Composting Council of Canada.

Page, A.L., Ed. 1982. Methods of Soil Analysis. Part 2. Chemical and
Microbioiogical Properties, 2nd ed., Agronomy 9. Madiscn, Wisconson.
American Society Of Agronomy

Paul, E.A. and F.E. Clark. 1989. Soil Micrcbiology and Biochemistry.
San Diego., Academic Press Inc.

162



Penninck, R. and O. Verdonck. 1987. A few additional parameters for a
better determination of the compost quality. In: Compost: Production,
Quality and Use. M. de Bertoldi, M.P. Ferranti and P. L'Hermite, Eds.
Elsevier Applied Science, London & New York.

Reinhart, D.R., P. Fleming, S.J. Keely, C. Kohl and D.R. Vogt. 1991. Yard
waste composting demonstration program in central Florida. In:
Proceedings of the Seventh International Conference on Solid Waste
Management and Secondary Materials. The Journal of Resource
Management and Technology, Philadelphia, PA.

Riffaldi, R., R. Levi-Minzi, A. Pera and M. de Bertoldi. 1986. Evaluation
of compost maturity by means of chemical and microbial analyses.
Waste Management & Research. 4: 387-396.

Risaldi, R., A. Saviozzi and R. Levi-Minzi. 1988. Water extracts of
fresh and mature farmyard manure. Biological Wastes. 23: 65-72.

Rynk, R., Ed. 1992. On-Farm Composting Handbook. Ithaca, Noriheast
Regional Agricultural Engineering Service, Cooperative Extension.

Saviozzi, A., R. Riffaldi and R. Levi-Minzi. 1987. Compost maturity by
water extract analyses. In: Compost: Production, Quality and Use. M.
de Bertoldi, M.P. Ferranti and P. L'Hermite, Eds. Elsevier Applied
Science, London & New York.

Saviozzi, A., R. Levi-Minzi and R. Riffaldi. 1988. Maturity evaluation
of organic waste. Biocycle. 29(3): 54-56.

Sawyer, C.N. and P.L. McCarty. 1978. Chemistry for Environmental
Engineering. New York, McGraw-Hill Publishing Company.

Schulze, K.L. 1962. Continuous thermophilic composting. Compost
Science. 3(1): 22-35.

Shell, B.J. 1955. The mechanism of oxygen transfer through a compost
matarial. PhD Thesis, Depariment of Civil and Sanitary Engineering,
Michigan State University.

Snell, J.R. 1957. Some engineering aspects of high-rate composting.

J. Sanitary Engineerirg Division, Proc. American Society of Civil
Engineers, Paper 1178: 1-35.

163



SPSS for Windows: Trends, Release 6.0. 1993. Chicago, SPSS Inc.

Sugahara, K. and A. Inoko. 1981. Composition analysis of humus and
characterization of humic acid obtained from city refuse compost.
Soil Sci. Plant Nutr. 27(2): 213-224.

Thambirajah, J.J. 1991. Composting of agricultural wastes: factors
that determine the success or failure of the process. Proceedings of
the Seventh International Confercnce on Solid Waste Management and
Secondary Materials., Philadelphia, PA, The Journal of Resource
Management and Technology.

Tortora, G.J., B.R. Funke and C.L. Case. 1992. Microbiology: An
Introductiun. Redwood City, The Benjamin/ Cummings Publishing
Company, Inc.

Van Veen, J.A., J.N. Ladd and M.J. Frissel. 1984. Modelling C & N
turnover through the microbial biomass in soil. Plant Soil 76, 256-
274.

Voet, D. and J.D. Voeat. 1990. Biochemistry. New York, John Wiley &
Sons.

Whang, D.S. and Meenaghan. 1981. Kinetic model of composting
process. In; Composting: Theory and Practice for City, Industry and
Farm. The Staff of Compost Science/Land Utilization, Eds. The JG
Press, Inc. Emmaus, P.A..

Whitlow, R. 1990. Basic Soil Mechanics. New York, John Wiley and
Sons inc.

Willson, G.B. and D. Dalmat. 1986. Measuring compost maturity.
Biocycle. 27(8): 34-37.

Witter, E. and J.M. Lopez-Real. 1987. Monitoring and composting
process using parameters of compost stability. [n: Compost:
Production, Quality and Use. M. de Bertoldi, M.P. Ferranti and P.
L'Hermite, Eds. Elsevier Applied Science, London & New York.

Witter, E. and J. Lopez-Real. 1988. Nitrogen losses during the
composting of sewage sludge, and the effectiveness of clay sail,
zeolite and compost in absorbing the volatilized ammonia. Biological
Wastes. 23: 279-294.

164



Zimmerman, R.A. and D. Richard. 1991. Oxygen utilization as an
indicator of municipal solid waste compost stability. Proceedings of
the Seventh International Conference on Solid Waste Management and
Secondary Materials., Philadelphia, PA, The Journal of Resource
Management and Technology.

Zucconi, F., M. Forte, M. Monaco and M. de Bertoldi. 1981. Biological
evaluation of compost maturity. Biocycle 22(4): 27-29.

Zucconi, F. and M. de Bertoldi. 1987. Compos! specifications for the
production and characterization of compost from municipal solid
waste. In: Compost: Production, Quality and Use. M. de Bertoldi, M.P.
Ferranti and P. L'Hermite, Eds. Eisevier Applied Science, London &
New York.

165



7.0 _ APPENDICES

166



Appendix A - Solid Sample Parameter Data

167



ve'61
¥6°91
62'91L
6L°¥v¢C

09°0¢
88'0¢
L8'0e
LL°0¢

gv°'9¢
LE'9¢
€E°0E
€l'ce

I %
Bay

18 ve
Sp'0 6v 0
80’9 2€'6¢
Y0'El €9 ¥

60°LE
L8°'C 65°LE
€6'¢ Lb'LE
gL'z 029€

99° LY
6LV LY'LY
€L'e 09'¢S
6V'S 16°0P

SA %
S Bay

86'¢c
89°0¢
¥9°'0E
89'te
el ie

18°'¢
2c'9v
Le' 8y
co'ey
8E'L¥

60°6

vz ev bBay ejlid

ce'sh
og'ee
L LS

ON %

6V EL
16'6

90°'¢ct

6G° 41

G9°L1L

£6°02

s 20'Gl
Ay ejid v0°s2
y 4 95°0¢

A 62°LL

X 92-60-26 610t

s
6ay elid

>N

X 02-0t-¢c¢
S

4

A 65 91
X 82-60-¢6 ZL'Li

ajeQ ojjes

66°0
8¢’
107}
€0°L
oLt
82’}
29}
Lyl
g9t
14° 0
8c'¢c

90°¢
bLt
S8°1
L0°¢
0¢'2
66°1
eS|
6G°¢
26’1t
g8’
cl'e

uonisog ojdwes N:2BAY N %

ejeq oidwes sidninw

te'et
go'cl
te'el
[4 "
ve'6l
§8'9¢
6€ v
¢l 9¢
88°EE
19°9¢
ve'ee

€0°0¢
[A N T
vL'81
09°0¢
8v'9¢
v0'€c
60tV
4 3
88'EE
LL08
Ze'9¢g

%
Bay

L8°0
¢6'0
¢€'0
ev’o
le'ol
06°9
6v'ct
¥S'L
95|
6E°LE

Lv°0
€C0
16°0
vc'e
€L°9
90°'¢€
8E€'cd
Sv'e
06°6!
9L'S
60°S

S

gjeq Jejowesed ojdwes pljog -i'Y eiqel

96°
€8’
66’
Sy
18
4>
1-3
60"
66°
06"
14:2

S0’
14
gL
60’
99’
Ly
LS’
Sy’
0G’
6€’
o¢’

£e
ce
ie
L2
veE
8y
(44
59
o2
FA4
(34

9t
9
11>
VA
VA
Ly
LL
LS
S5
G9

SA %
Bay

6¢
06’
88’
14
89°
8¢’
14:2
L6’
896
96’
£9°

(PN
44
L6’
cc’
ve
24
S0
Le
9S’
ve
143

cl

ge
vE
2e
o€
6¢

8¢
€l
81
61

8¢

:13
6€
9¢
Sb
1937

oe
6¢
84
9t
65

IN%

vee
P9t
LElL
L6
LS
vy
S¢
19K
91
1

S22

G691l

ctli
ce
8S
St
vE
ve
Ll
ct

skeg

£1-€0-E6
cl-10-£6
6L-11-26
G0-11-¢6
9¢-60-¢6
£1-60-26
$0-60-26
£2-80-2C6
91-80-¢6
t11-80-26
20-80-26

¢ 9lid

£€1-€£0-€6
cl-10-€6
61-11-¢6
02-01-¢6
9¢-60-C6
£€1-60-26
¢0-60-¢2¢6
£2-80-26
91-80-¢6
11-80-¢6
20-80-26

eyeqg
ojdwes

i oid

[o0)
©

-~



v9’
80°
ge’
‘64
‘91

cl
vi

6L
61
137
88"

(s

66"
6v’
ve'
1402

S9°
68"
S0’
6V

8i
61
0¢

‘e

S¢
0é

1e
g€e
1 44
g1

81
1 X
9t
81

J %
Bay

cv’e
(AR}
9’9

S

S9S'EE
ve ve
Ly'9¢
ch've
S0'6¢

¢g’'6¢t
12227
G5°Sb
86°.¢E

98°'8¢
6c'ch
€8t
9v'ct

9G'te
IS'8¢€
06'82
62°€E€

SA %
bay

PSSt
gL' 0§
8.'8Y
98°}S
86 CS
88'8¢v

[AVR4
8E'CS
G1'0S
16°CS
80°¥S

bL' 1
69ty
9L vy
AN 34
08'vb

Gb'e
60°8v
08°'0S
£0°9%
Sy'LY

ON %

ejeg eojdwes

s
Bay ejid
y4
->
A
X

S
Bay ejid
2
A

X

S
Bay ejid

z
A
X
S
bay eiid
z
A

X

G1-01-¢6

9¢-60-¢6

g1-0i-¢6

82-60-¢6

ejeq

66°6
8’0l
00°L1
to'ct
os'cl
g€¢'9l
c6' Vi
98°'/1
¢6°Ll
05'8l
L.°0¢
80'0¢

61L°L1
vo'st
vE'6
9¢'91
8G'E}
s8'91
Lg'ee
c0'L2
90'81i
£G6°L¢
cL'el

onel

6671
6’1
0S°}
09t
oLl
gv’
58’
€6’
L0’
Lb
Ly
L9’

(NN N ™~ v~

9¢’
v6’
16"
g€’
LE’
VL
18
9¢€°
66"
eVl
§G'¢

— oy =) v

uolllsoq4 eojdwes N:JBAY N %

eldniniy

g8’
el
LS
‘61

61

6L
89’
09’
143
WA
80°
98’
24

L

le
L
08’
66"
S9°
€L’
96°
98’
l6°
0S’
eV’

St
9l
91

1c
197
Le
ve

ov
194 4

4

St
vl
FAS
Ic
8l
g8e
187
9¢
SE
6¢€
13

3 %
fay

§2'0
viL'o
6L}
1L'S
eV L
€8V
6c'¢clt
[4: x4
€L°9
0561}
cL'y
BE'61

17 Y]
€20
¥6°0
S0'9
8L’V
9L'b
LL'e
¥S'9
06°0
LL'6
690t

S

£5°8¢
$0°'6¢
LL°6C
GG'EE
¢c'6¢t
€9°cv
89°6¢
90°19
6.°99
bi'¢l
96°8L
12°09

gE'Le
ov's¢c
vo'ce
98'8¢
9G°tE
LL7LS
£6°GL
S€'99
Gl v9
oLz
L1109

SA %
Pay

0E'6¢
LS vy
¢E'6¢
S1°0G
8€°¢S
LL 6V
62'8S
06" vE
86°6C
98'¢¥
80°S¢E
5686

tv'ev
cL'EY
£9°6P
6ecy
6 2

60°'2¢
99°
9¢'1Ls
gLie
c0'81
LS'6¥

ON %

sc¢
S9t
cit
Ll
8§
S¥
vE
ve
L1
A
L
14

tee
99l
33
6L
6G
vy
SE
9¢
9t
L

sheq

£L-€£0-t€
¢L-10-€6
61L-11-¢6
G1-01-26
9¢-60-¢6
£1L-60-26
20-60-¢6
£¢-80-¢6
91-80-C6
11-80-26
90-80-¢6
£0-80-¢6

v elid

€E1-€0-26
bi-10-¢6
61-11-26
81-01-¢6
8¢-60-26
EL-ED0-26
yu-60-¢6
9¢-80-¢6
91-80-26
L1-80-26
¢C-80-¢6

aleq
a|dwesg

€ 9ld

169



98°'9¢
6L°€EC
L Ve
0e'0¢€
Lc'6¢e

0e'6¢c
gL't
L0°'6¢
83'.¢

vLve
¢6 ve
oL ve
6.¢c

9¢'0¢
G981
4881
se'td

2%
Bay

SL'E
g8c'8i
0S'G
I8'¢

Sv'é
se'vy
00t

Le°Y
964
¥8'4

S

125024
vLLPb
2s'vy
140 4"
LSC€S

€L°2S
$0°9S
€e'Ccs
28'6v

Sv'ev
98'vb
Ly vy
cO' ¥

LY 98
8s'ce
L6°EE
Sg'IL¥

SA %
Bay

68°v
py'st
69°EY
20°LE
SS9V
[4° 2 4°)

eL'e
oc'ty
ce vy
v6°6€
£S'6¢€

gL ti
YA A
86 8Y
98°'6V
90°0¢€

88'¢
le'vy
se'eb
60°EY
09°LP

2N %

6ay ejid
Z
A
X

s
Bay elld

> N

X

S
Bay ejld

y

A

X

9¢-60-¢6

8L-01-C6

82¢-60-¢6

a1eq

A NAS
¢g 0l
66°CL
SG'9l
8S'v1
g8'Gh
vL°91
si'8t
99°61
vL'1e
SE€'0¢
08°Ge

LLTLE
L9701t
v8'0t
$0°'Gi
L2701
6261}
oe’6l
€y°0c
09'81
vo'gt
eEL'el

onel

86"
§8°
6L°
L9’
10°
29’
08’
S8’
WL
AN
148
€L’

St
0s’
6G’
09’
88’
69°
oV’
69’
16
S9°
ey’

NN Y™™ O™ -

N ™ ™ ™ v =7 v 7

uotytsod eojdwes N:J BAY N %

ejeq ojdweg eidiiniy

98’6t tv9'l
l9°6L L9t
c9'6L 69V
g98°'9¢ G9'6
oe'62 6¢tF
g9°'Ge §%'0
02’0 89§
¢G'EE L6'E
8g'ce ¢6'9
peLy LS.
€S'EY 001
9G'vy Ll'@
2’8l 080
009t 0€0
9¢'LL €9°¢
viL've SL'b
9¢2'0¢c 89'S
89°¢e 8£'0
t0°'Z2 6¢€'9
29've 99'8
8G°'GE ¢Z8'¢
6€°9¢ 6.°Gl
¢6'Le 91791
3 %

Bay S

vl GE
1% 28°1
9g°'5¢
14314
€L°2S
gl '9¢v
9€'¥S
€E' 0L
¥y’ 09
v0°'58
S€'8L
02°08

¢0'6¢
08'8¢
90° €
Sh'ey
Ly 9¢E
c8'8§
l9'ev
R A)
S0'¥e
0G°L¥
9V LS

SA %
bay

Lg'le
£9°€c
cv'62
14 48°14
1 TA 3 4
€ES'eY
c0'Et
Li'62
9¥'6¢
A QR4
L9°6E
0L'Sv

((FAVAS
14 A7
S0'¢ce
L6°CY
e vy
(AN
9v'sv
174 A 8}
6.°9¢€
ge 6¢
£E9°86

N %

gce

S9i

et
LL
8¢
Sy
vE
ve
L}
¢t

vee
991
il
6L
6S
1A
SE
gc
91t
L

sheQ

€1-€0-€6
ci-10-t6
6L-11-26
Gl-01-26
$¢-60-¢6
£1-60-26
eV-60-¢6
€2-80-¢6
91-80-¢6
11-80-¢6
90-80-¢6
£€0-80-2¢6

9 ojid

€4-€0-E6
VI-10-€6
6L-11-26
gL-04-26
82-60-C6
€1-60-26
¥0-60-26
€2-80-26
91-80-26
11-80-26
c0-80-26

aeqd
a|dwes

S 9ild

170



6€°'02
gv'lc
0o'te
vi'8t

00°61}
14: 4
S8°0¢
oe'el

9¢'0¢
vo'Le
Ly'81
I ¥4
vGLL

€6°61
8Lt
89'¢c
oe'6t

I %
Say

ve'8
€9°G
ct'L

19°9
6L°L
10°4

eb'e

6v'9

68|
6v'€cC

91°'9¢
0S'vE
9¢' 0¥
£L°EE

09'¢¢
080V
v0'Ee
v6°€e

vs'ce
88°L€
Sc'te
8¢'8¢
LL°0¢

L8°S¢E
go'¢ce
c8 0¥
vi ve

SA %
Say

£€0°€E
86 0v
10°8€E
98 0¥
LO°VY

99'¢€
132027
ce'8y
80 bt
€C' LY

¢cc't
2e'¥vsS
£€9°1S
06°¢S
v¥8'89
£0°¥S

9L’y
L0°¢S
lE'2S
£0°9§
LL LY

N %

ejeq ejdwes

Bay ond
z
A
X

S
Bay ejid

> > 5N

S
Bay elid

z
A
X

8c-60-¢6

92-60-¢6

eyeq

9’8
9G5°01
85S¢l
6c'8l
9691
GG'0¢
y0'91
£€9'¢c
€0've
0G's¢
09°Le

AN
ge'cl
€S'El
16°€El
Sv'tL
vo'Ll
66'v1
§i°0¢
¥G'Gt
65°Gt
c0'L}
c6'El

oljel

S0°1
6c’'t
16°0
L101
et}
ve'l
ot1'¢
gL't
9g’ |
yeE' L
SG°}

uoiisod ojdwes N2 BAY N %

ejduinpy

88°8
€9°€1
[A2%2
6€°0¢
0061
vy Se
£9°€E
ve 6¢
99'¢t
90've
Sy'ee

I8°21
2¢e’0¢
1.6
9¢°0¢
€6°61
16°9¢
vv'6¢C
ve've
ve'ee
L8°¢cE
€e°'S¢E
9G°0¢v

3%
Bay

ge'v:
Sv'¢
vo'e
L¥°9
cv's
Ly
5¢'L
28’9
GE'6
90V
8€°61

29’0
£8°0
eS¢
cg'ec!t
Ley
8t°¢
L8V
LE'C
l2'8
LL°6
ev'ce
187t

S

86°G1
91°ve
95°'0¢
9i'9¢
09'ce
08°'SY
€609
9L°¢9
8.°8S
0g’L9
L2’ 09

90°'¢¢t
oV’ g€
8y G€
vs'ee
L8°GE
Sl LY
66°¢S
€919
¥8°'6S
L1°6S
09°E9
t0'EL

SA %
fay

L9°ve
eL°LE
vv'se
86°0Y
sy vy
gl ob
ve'le
L0°6¢
Sc'6¢c
9.°6¢
¥9°8§G

88°G¢
9lL'ev
89 LY
[4508 4°]
L0°¢S
15150 44
v6'6P
ve've
v6'LE
6S'GPy
ve'9s
£8°G6S

N %

vece
vot
L1l
61
65
1A 4
S¢E
1%
91
[
4

G¢c
S9i
chi

sheq

EL-€0-t6
ct-10-€6
6L-L1-26
81L-01-2¢6
8¢-60-¢6
£1-60-¢6
¥0-60-26
£€2-80-¢6
91-80-¢6
L4-80-26
20-85-26

8 °lid

£€1-€0-€6
cL-10-€6
61-+i-¢6
S1-01-26
9¢-60-¢6
€1-60-26
¢0-60-¢6
€¢-80-¢6
91-80-¢6
L1-80-26
90-80-¢6
20-80-¢6

aleq
ojdwes

L ®lid

171



6e°'02
eL'8l
G6°L1L
8b've

oe've
69°S¢
lE'EC
06'ce

3%
Bay

cL'E
9E’ |
E0'E

S

69°9¢€
0/.°EE
ce'ce
L0°vY

vi'ev
vec 9t
S6° LV
lo'ey

SA %
bay

408
oe'ly
60°LY
88’
26’'es

eL'y
e5'6v
c0'¢csS
Sv'es
LO' VY

OIN %

s
bay old

Zz
A
X

n

Bay ejid

s
A
X

02-01-2¢6

02-04-¢6

ejeqg

89°6
0c'6
lE'6
8e'L1
98'8
Sc'el
€191
€611
6e'cl
80'v1
oL'vi
oc'ecl

St'Gt
SEOL
11’6
LL LY
92°6¢
6c’t1i
v0°61
Ly’ 91
6L°Cl
66°€El
cL'vl
SvLL

oljed

GS’
98’
08’
L
L8
ve’
veL
24
68"
ot
148
L8

89"
LL
c0’
LE’
08’
LY
L7
ey’
96’
8L’
9§’
14°2

NANOANN™ N ™7™ v v

NANNN~NO ™ N ™

uoiisod ejdwes N:OBAV N %

ejeq eojdwes ejdniniy

£0°S}
| R AVA
¢l 9t
6€°0¢
€591
99'6¢
oL'se
8.'8¢
08°G¢E
s9'ety
oLo€
v0'S¢€

96°€¢
9e'8l
9€°81
oe've
sv'te
c8'ee
LI'tE
£8°6¢€
el'ce
£8'8E
v9°ie
€1°6¢

J %
Bay

810
g1'0
ye'C
GL°S
9L°¢
ch0
oVl
10°6¢2
6L¢
6€°Gl
§5°9¢
99t

¥6'0
9G6'0
6v'Y
L9°¢C
£5°€E
8z}
08t
8L°6
se'cl
le'e
eEv'S
Ge'9

S

S0°.¢
6.°0€
60°0€
69°9¢t
SL'6¢
6€E°ES
BG'0S
18°LS
ev'v9
15°8L
81'¥S
LC°ES

el'ey
S0'EeE
vO'EE
vL'EY
9c'ctd
88’2y
146G
6912
68°8S
68°69
9L°L9
vv'es

SA %
BAy

60°L¥
£0'8E
96°LE
oE' LY
cL vt
P1°0S
8.°6€
18'S?P
v9'Ls
90°GE
LV’ ES
L¥'8S

68°€ed
60°EY
9G'ty
cs'6d
6.°8S
GL°0S
LE'BY
i8'sy
c9'EP
vi oy
82°9¢
129

N %

§¢d

L9l

chi
c8
09
Sb
LE
ve
Z1
cl

S¢e
G99t
4%
c8
09
St
L€
ve
L1
el

shAeq

€1-€80-t6
pL-10-€6
61-11-26
02-0L-¢6
82-60-¢6
€1-60-26
G0-60-26
€2-80-2¢6
21-80-26
11-80-26
90-80-¢6
20-80-¢6
ZH ol
€1-€0-€6
2L-10-E6
6L-11-C6
02-01-¢6
82-60-¢6
£€1-60-26
G0-60-26
£2-80-26
91-80-¢6
L1-80-26
90-80-26
¢0-80-¢6

aleqg
es|dutes

14 eild

172



I %
Bay

62°0F ¥E’L
€6°01L 12’}
56’8 €S54
ge'LL LE'}
G9'6 8V}
ge'vl 8Lt
g0 S9!
26’61 €6°}
60'cl 614
L9'2l ES'C
£0'LL O¥'@
9€'0F 6G'})
160t Sv'I
¢e'6 S5}
Ly'eEL 8v'1
96’6 96'}
g8y'sL €8'}
ve'tt 99°L
cevlk 961
vsoL L671
9e’LlL 0¢'¢
£€6'LL ¢2'¢
SA % ejeq ojjel
S Bay OW % uollisod ojdwes N3 BAy N %

ejeg ojdwes ojduinpy

SL'E}
ve'el
60°€E!l
ev'Si
6c'vi
0§°'6¢
cv'EE
[4° N1
sv'ec
0i'ce
160V

6v° 91
c8'Gl
Ly vl
6661
(A1
ve'8c
98'€e
it'8e
6.°0¢
L6°¥v2
¢6'9¢

3 %
BAy

9G6°0
05°0
89°¢€
90’
8¢'t
991
LGS}
9€’t
vé'v
cv'ie
6E°6

$0°0
9€°0
iv'e
Syt
6.°€
ov'i
2e’'s
oo'et
ve'v
ye'8l
0G0

S

9L°ve
v8'ec
9G'€¢c
LL°2L2
cL’Se
06'GY
S51°09
vE'69
(XANA
LL°LS
yo'ElL

L9°6¢
8V el
S0'9¢
£g G
LY'SE
1O 1S
G6'¢cYy
09°'0§
eV LE
Y6 vy
vL LY

SA %
Bay

tv'le
G6'G¢
08'LE
90'vE
L2 8E
80°9¢€
£1°G}
oe'ey
66°6¢€
L6°E9
£G°6S

6G° L1
0 0y
8¢'Sv
69°¢S
[ 2]
86°€S
9 vS
A AL
16 6€
18y
gE'64G

N %

Gec

L9t

vii
c8
09
Sv
LE
8¢
Li

-~ w
o N
- QN

-

~omirwon
L K I Tl

[Sp 2

sheq

£€1L-€0-€6
vi-10-E6
le-11-¢6
02-01-¢6
8¢2-60-26
£4-60-¢6
G0-60-¢6
£2-80-¢6
91-80-2¢6
90-80-¢6
¢0-80-¢6

27 °eiid

£€L-€0-€95
P1-10-tE
kg-ti-2g¢
Qe-¢i-25
8E-60-%26
€1-450-26
G0-60-¢€
L¢-80-26
91-80-¢6
90-80-2¢6
20-890-¢6

ajeq
ajdwesg

17 °lid

(8]
-

-



DAY

S

SA %

ejed

L8°01
¥6° 01}
92’6
ce'tl
SS'0}
98’44
19702
6€°91
(A4
£€8°614

0e'0!
6v°01
96°€l
9v'ct
ve'cl
00°G!
£€9°¢t
8591
19°0t
L6'9}
L8t
1A

oljel

L971
14
SiL'¢e
€6°1
€671
6G'¢
69°t
17
go'c
L6°1

MTNWN < AMNON

AN~
M ©
N v~

BAy  OW % uolisod e|dwes N:O Bay N %

ejeq ojdwes ojdiiny

£1°81
60°0¢
£6°61
6€°LC
LE0C
99'0¢
98°'v€
£6°vE
64°62
66°8¢€

gl'8l
c9'91
8L'be
81°G¢
86'81
19°8¢
60°L¢C
60°GE
9€'pE
119 2 4
26'tt
oc' oY

Q%
Bay

66°0

6G°0

LY'E

14

g9'¢e
te'ct
L8°L

L9°}

86°L

16°L

S

voce
91°9¢€
88°G¢E
6¢°6¥
L9°9¢
61°SS
G.°¢9
1829
£9°Es
61L°0L

9L'¢e
¢6°6¢
09'vv
1432 4
L1'vE
0G6°1S
LL°8Y
91°€9
v8'L9
el vl
90'19
se'cl

SA %
Bay

8c'i¢
Ge'9¢
Ib'8¢2
ov'LE
Py LE
96°'6¥
8L'LE
96°Ed
09°Ed
9v'LS

0¢ 0t
05'8¢
€6 vE
6v'ed
LL6Y
cv'ey
€L vS
06°6¥
ov'LY
g8'8¢
69°0%
cl'9v

N %

vee
991
1 %
18
69
1A%
9¢
Le
91t
[

vee
991
ell
18
65
vy
9¢€
lLée
91
Ll

©

sheg

€1-€0-E6
bL-10-€6
L2-11-¢6
0¢-01-26
82-60-¢6
£4-60-26
G0-60-¢6
L2-80-¢6
91-80-26
20-80-¢6

1 eld

€E1L-€0-E6
vi-10-E6
12-11-2¢6
02-01-26
8¢-60-¢6
€1-80-¢c6
G0-60-¢6
L2-80-¢6
91-80-2¢6
14-80-¢6
90-80-¢6
c0-80-¢6

a)eq
ajduies

€1 °lld

174



2%
Bay

]

SA %

eleq

AN
Ly 0}
so'el
9G6°6
ogct
8g'clh
0E'0l
Ge'si
606°'cl

FAURY
€86
6€E°LL
¢e'6
eLHE
6E°ElL
Sg'tl
6L°2!)
L2'Gi

oljel

WG U e QNN

OUWANDMNWODOD

P\(D'Q'N(OGDO‘)O’I\

maNNNNANNNA

NN AN NN N N

BAY OJW % uollisod ejdwes N:2BAY N %

ejeg ojdwes etdninw

8€°0¢
¥9'6¢
9.'9¢
6v'9¢
Ly'cE
9V'¢e
68'8¢
A1
BO'cvy

06°0€
60°6¢
S0've
£E 9¢
LL°0E
vv'62
ge'ce
£€3°€e
go'¢cv

I %
bay

¢St
/c'0
99°¢
ceEV
g9's8
68'Y
03’8
Gv'e
LS9

¥S'0
91°0
0.°9
10°y
ge’¢
ge'l
gL'El
S.'9¢

S

69°9¢€
9¢'€S
9t'8t
69°LY
vy 8S
€y 85
00'¢2s
LE'E9
bL'SL

19°6S
9€°¢S
6c’19
BELY
12°9S
66°cS
S0°8S
68°09
YL SL

SA %
bay

60'¢¢
19°LY
$9°6§
8C'vS
08'8Y
€.°0SG
0G°9§
9v'cS
9v'¢S

8¢'tt
v.'EE
FANAY
1 FARA

S9°LY
£8°0S

£8'EY
£9°€ES
Lc'8Y

lee

€91

801
8L
09
194
e
gl

8

lce

€91

801t
8.
09
84
i€
‘et

sheqg

EL-€0-€6
yi-10-€6
6L-L1-¢6
0c-0l-¢c6
¢0-01-26
£1-60-¢6
€0-60-¢6
J1-80-¢6
11-80-C6

¢ eld

£L-€0-€6
vw.wommm
64-11-26
02-0t-¢6
¢0-0i-Cc6
£1-60-36
€0-60-¢6
91-80-¢6
11-80-¢6

sjeQ
ejduwesg

10 aiid

175



sv'cl

902l
69V
8L'2t
68°61¢
¢0'se
gl'e
l9°¢!
9¢'9
GE'L
86 L1
0g'ol
gs'vi
8611
L6701
og'ce
€L°9
L80!}
¥
anjep
uealy 40 %
19 % S6

ebeiaory

10

F
% 56

c6’
68’
9l’
18
0L
v’
6L
eb’
8E°
68"
g9’
8v’
c0’
65’
vy’
80°
ve'e

- M r~rA N ™ rrrr AN~ NNO ™

ueapy Jo
3s

(22BN o))

cl

[>2 e e I o> Jio, B e ]
A
83}
o
R d

u S

sonsnels splos oliie|oq % ojdwes aidniniy - 2’V 3iqel

39°%¢
Led
'8¢
‘et
€

¥

¢c’'6¢
98'8¢€
ig've
I8'bE
60°L€E
99°'LY

SA
o, ueep

02-01-26
0¢-04-¢6
gL-01-2¢6
8c-60-¢6
SL-01-26
9¢-60-¢6
S1-01-¢6
92-60-¢6
g8L-01-26
8¢-60-26
G1L-01-26
92-60-¢6
8L-01-¢6
82-60-¢6
92-60-26
02-01-26
9¢-60-c6

aleqg
ejdwesg

N
ast

—wwmmvvmmwwr\r\mmE

sjld
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Table A.3 - ANOVA - Mean % Volatile Solids Values

Pil~ 2

sample date
sample locations

source of
variation

within location
between locations

total about the
grand average

Pile 7

sample date
sample locations

source of
variation

within locations
between locations

total about the
grand average

92-09-26
XY, Z

sum of degrees of mean ratio

squares freedom square s 2/sg2?
SRr=414.49 6 sR2=69.80 2.10
S =290.42 2 sL2=145.21
Sp=704.91 8

92-10-15

XYYz

sum of degrees of mean ratio
squares freedom square sp2/sp?
Sr=1207.01 8 sRp2=1%0.8,” 0.885
S1=400.70 3 s 2=133.57
Sp=1607.71

177

Fa.s
(0.005)

5.14

cannot
reject Hy

Fi,g
(0.005)

4.07

cannot
reject Hy



Appendix B - Density and Porosity Data
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Table E.1 - Compost Densities and Porosity Data

Pile 1

Sample

Date

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile 2

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile 3

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile 4

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
$3-01-14
93-03-13

Days

24
45
60
85
112
167
225

23
44
59
84
111
166
224

23
44
59
84
111
166
224

24
45
60
85
112
167
225

Wet Dry
Bulk Bulk
Density Density
Kg/m3 Kg/m3
307 238
419 283
529 369
519 355
539 393
599 429
559 471
269 232
449 347
549 420
549 438
659 536
698 518
649 526
409 270
524 397
639 417
718 500
728 507
708 493
723 504
249 185
429 285
549 360
599 399
669 456
659 456
639 494

179

Sample

Date

92-08-23
92-09-13
92-09-26
92-10-20
92-11-19
93-01-12
93-03-13

92-08-23
92-09-13
92-09-26
82-11-05
92-11-19
93-01-12
93-03-13

92-08-23
92-09-13
92-09-28
92-10-18
92-11-19
93-01-14
93-03-13

92-08-23
92-098-13
92-09-26
92-10-15
92-11-19
93-01-12
93-03-13

Avg

Pc
Kg/m3

885.5
1247.5
943.9
1000.2
1184.5
1022.3
1030.1

737.2

778.0

955.5
1028.4
1221.9
1211.4
1053.3

984 .4
1042.9
1124.9
1074.8
1295.0
1263.6
1197.4

805.8
1078.4
1234.9
1052.6
1221.2
1172.5
1060.1

S

110.6
46.0
2.40
15.7
66.4
26.3
10.0

N® o
Cowow®2n

N b i b
wo =0

——h
[ purer e N
NO 5PN
W Nt
SLN®NL s

56.0
117.0
97.3
60.2
15.5
103.0
41.5

Porosity

0.732
0.773
.609
.645
.668
.580
.543

[ =M=l

.685
.554
.561
.574
.561
.573
.501

OO0 OO0O0

725
.620
.629
.535
.608
.610
.679

0O000O00O0

771
.736
.708
.621
.626
0.611
0.534

o000 Oo



Pile §

Sample

Date

92-08-2"7
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile 6

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile 7

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile 8

92-08-23
92-09-13
92-09-28
92-10-2°2
€. 11-19
93-01-14
93-03-13

Da.s

23
44
59
84
111
166
224

24
45
60
85
112
167
225

24
45
60
85
112
167
225

23
44
59
84
111
166
224

Wet Dry
Bulk Bulk
Density Density
Kg/m3 Kg/m3
225 148
369 284
509 353
469 328
659 499
693 504
609 517
210 162
249 196
329 232
439 302
449 347
524 424
564 443
329 245
479 332
679 446
549 356
589 416
609 426
589 468
434 326
469 335
649 445
629 446
639 471
639 485
619 406

180

Sample

Date

92-08-23
92-09-13
92-09-28
92-10-15
92-11-19
93-01-44
93-03-13

92-08-23
92-09-13
92-09-26
92-10-15
92-11-19
93-01-12
93-03-13

92-08-23
92-09-13
92-09-26
92-10-15
92-11-19
93-01-12
93-03-13

92-08-23
92-09-13
92-09-28
92-10-18
g2-11-19
93-01-12
93-03-13

Avg

Pc
Kg/m3

1063.9
946.1
976.7

1017.3

1206.6
902.1
953.6

677.9
805.3
884.2
971.3
1079.2
913.5
1010.1

991.4
1075.3
1115.4

922.2
1038.9
1122.4
1035.3

518.8
1111.3
1008.2

917.6
1239.5
1233.6
1078.4

S

174.7
23.3
20.6
26.4
6.5
103.1
10.4

26.3
5.6
136.9
93.4
69.1
36.1
22.4

32.5
45.1
65.0
62.4
212.4
16.6
70.3

Porosity

.861
.700
.639
.678
587
.441
.458

e NeoNoNeoNo NN

.761
757
.738
.688
.679
.536
.561

o000 CO0O0O

.753
.691
.600
.614
.600
.620
.548

OO0 OO0

.372
.699
.559
514
.620
.607
0.540

[eloNeNoNo e



Pile Ri1
Sample

Date

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile R2

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile L1

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile L2

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Days

24
45
60
85
112
167
225

24
45
60
85
112
167
225

24
45
60
85
112
167
2256

24
45
60
85
112
167
225

Wet Dry
Bulk Bulk
Density Density
Kg/m3 Kg/m3
329 226
544 361
649 408
569 380
599 417
629 439
559 451
374 257
554 369
609 421
559 379
589 427
659 477
698 405
309 203
479 311
619 401
728 477
798 549
808 577
753 641
319 223
359 264
529 382
659 491
669 507
649 518
659 517

181

Sampie

Date

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-12
93-03-13

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

92-08%-27
92-09-13
92-09-28
$¥-10-20
G&-11-21
g5-0%.74
9%-u. 13

92-08-27
§2-09-13
92-06-28
92-10-20
92-11-21
93-01-14
93-03-13

Avg

Pc
Kg/m3

761.55
1006.78
1108.48

836.45
1097.72
1280.86
1069.25

862.00
1039.28
1050.36

956.96
1368.04

986.08
1069.31

830.87
1102.16
1139.35
1209.07
1154.14
1168.88
1018.26

772.12
873.00
1197.36
974.34
1166.13
1140.82
1166.72

S

39.5
4.7
26.1
105.2
41.9
350.9
11.9

© %0
©OopNo

.

132.0
i27.2
87.4

N N R )

N HWON = -
L WHEPNO

270.4

152.7
20.4
2.4
221.9
66.5
51.6
170.0

Porosity

.703
.642
.632
.545
.620
.657
.578

CO0O0O0 00

.702
.645
.600
.604
.688
.516
.537

OO0 O0O0

.756
718
.648
.605
524
.506
371

oo RoN=N=NeN=]

711
.698
.681
.496
.561
0.549
0.553

OO0 000



Pile L3

Sample

Date

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile L4

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile C1

92-08-23
92-09-13
92-09-28
92-10-20
92-11-19
93-01-14
93-03-13

Pile C2

92-08-23
92-09-13
92-09-28
92-10-20
g2-11-19
93-01-14
93-03-13

Days

23
44
59
84
111
166
224

23
44
59
84
111
166
224

20
41
56
78
108
163
221

20
41
56
78
108
163
221

Wet Dry
Bulk Bulk
Density Density
Kg/m3 Kg/m3
329 220
499 348
688 460
596 417
629 467
748 540
728 559
299 208
337 225
439 319
479 349
599 466
619 490
629 518
329 221
384 255
399 282
389 294
39¢% 280
469 338
449 337
339 226
399 265
379 255
359 233
299 221
459 311
449 368

182

Sample

Cate

g2-08-27
92-09-13
92-09-28
92-16-20
92-11-21
93-01-14
93-03-13

92-08-27
92-09-13
g2-09-28
92-10-20
§2-11-21
93-01-14
93-03-13

92-049-03
92-09-13
92-10-02
02-10-20
g2-11-19
93-01-14
93-03-13

92-09-03
92-09-13
92-10-07?
92-10-20
92-11-19
93-01-14
93-03-13

Avg

Pc
Kg/m3

844.9
1089.8
1107 .1
1117.2
1147.1
1058.8
1036.9

777.3
1114.7
1262.8
1066.1
1053.6

891.2
1029.9

844 .1
1056.5
1050.8
1027.7
8967.7
1040.2
973.9

832.2

976.1
1052.2
1026.3
1148.0

911.4
1140.3

S

30.0
14.2
10.3
50.1
104.6
16.5
49.6

126.3
94.6
17.2
33.5

112.2

.9

Porosity

0.740
.681
.585
.627
.593
.480
.460

oW eNoNelole

.732
.799
747
.673
.558
.451
.497

[N eNeNeNo NNl

.738
.759
.732
.714
.710
.675
.654

OO0 0 OO0

.728
.729
.758
773
.808
.659
.677

OO0 0000 O0O



Appendix C - Water Extract Parameter Data
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Tabie C.1
Pile 1

Date

92-08-02
92-08-11
92-08-23
92-09-02
92-09-13
92-09-26
92-10-18
92-11-19
93-01-12
93-03-13

Pile 2
92-08-03
92-02-11
92-08-23
92-09-04
92-09-13
92-09-26
92-11-05
g2-11-19
93-01-12
93-03-13

Pile 3
92-08-02
92-08-11
92-08-23
92-09-05
92-09-13
92-09-28
92-10-18
92-11-19
92-01-14
92-03-13

Pile 4
92-08-03
92-08-11
92-08-23
92-09-02
92-09-13
92-09-26
92-10-15
92-11-19
93-01-12

- Water Extract Parameter Data

Days

12
24
34
45
58
82
112
165
225

11
23
35
44
57
97
111
164
224

11
23
35
44
59
79
111
166
224

12
24
34
45
58
77
112
165

Avg TOC nii S
mg/l

5499.49 3 8.54
3913.53 2 12.02
2656.30 3 6.66
1271.76 3 9.54
2137.49 3 2.83
1957.72 3 10.69
1245.23 2 2.12
1091.20 6 15.74
1016.90 3 1.15
1017.79 3 12.28
2644.18 3 4.51
2919.19 5 1005.0
1783.35 6 16.34
2301.76 6 131.86
1447.59 6 475.52
846.05 3 4.15
5§27.11 8 53.05
496.70 2 3.04
649.81 3 8.21
402.07 2 1.45
4179.30 3 27.88
4137.69 3 3.54
3815.24 3 12.00
2749.44 3 8.14
1880.56 3 19.92
881.42 3 4.07
794.69 4 111.72
776.34 3 6.47
728.50 3 1.64
649.61 12 13.10
2053.70 1
2786.55 2 4.95
2483.87 3 7.23
2019.64 5 7.29
1154.15 5 9.82
845.49 3 3.83
703.60 8 41.82
666.37 3 5.25
830.41 3 3.00

184

Avg NH3 Avg Org
N

mg/l

38.
33.
10.
35.
24.

29
64
14
20
54

6.87
5.75
8.79

22.

33.
63.

27
23
22
22
28
16

22

17
37
57
47
27
15

97

73
36

.88
.93
.66
.91
.68
.62
25,

17

.28

.19
.38
.25
.35
.57
.15

6.98
16.3

13.

57
20
34
20

£3

.86
.92
72
.06

9.86
4.92
2.65

-0.

04

mg/l

369.
.82
112.
217.
.78
145.
113.

310

210

110

120.

270.
292.
.42
213.
103.

164

10

76
70

73
55
20
6

67

78

55
61

74.61
44 .35
38.27
72.98
53.63

265.
468.
244,
195.

74
42
27
56

84.46
76.63
85.45
77.41
98.54

309.64
238.06

231

.27

87.28
81.65
81.15
64.33
76.51

HNONONDNDWWW GONOHEDBNNON = AR ST IOCEAN R I

HPOHARNONWW-~

.16
.99
.79
.69
.04
.64
.12
.23
.33

S~ O0O0O0ONO—~+WO

.79
.00
.20
.51
.13
.30
.80

OCUNON =0

61.82
70.87
51.39
35.28
1.99
11.40
44.21
39.12
11.79

59.21
16.80
1.99
0.00
19.3¢9
10.70
2.21

TOC/
Org N

10.60
8.55
11.28
9.82
9.29
8.54
9.61
9.23
8.44

9.77
9.97
10.85
10.78
13.97
11.34
11.89
12.98
8.90
7.50

16.57
8.13
11.26
9.62
10.44
10.37
9.09
9.41
6.59

9.00
10.43
8.73
13.22
10.36
8.67
10.36
10.85



93-03-13

Pile 5

Date

92-08-02
92-08-11
92-08-23
92-09-04
92-09-13
92-09-28
92-10-18
92-11-19
93-01-14
93-03-13

Pile 6
92-08-03
92-08- 11
92-08-22
92-09-02
92-09-13
92-09-26
92-10-15
92-11-19
93-01-12
93-03-13

Pile 7
92-08-02
92-08-11
92-08-23
92-09-02
92-09-13
2-09-26
92-10-15
92-11-19
93-01-12
93-03-13

Pile 8
92-08-02
92-08-11
92-08-23
92-09-04
92-09-13
92-09-28
92-10-18
92-11-19
93-01-12
93-03-134

225

Days

11
23
35
44
59
79
111
166
224

12
24
34
45
58
77
112
165
225

12
24
34
45
58
77
112
165
225

11
23
35
44
59
79
111
164
224

793.91 3

Avg TOC ni

mag/l

3778.14
3913.80
3411.28
1238.86
1846.39
1518.45
1056.51

896.36

847.07

751.98

oOowWoPLWNONWWW

3136.96
4097.1%
2893.69
1117.93
1648.26
2260.53
1125.69
1082.62
1168.86
996.74

DWWHNWWWWNW

3940.59
4255.97
3644.48
1898.47
1458.33
847.67
898.13
719.62
900.89
857.24

OWONWWNWNW

3124.70 3
1655.06 3
2746.05 3
2852.98 2
1142.96 2
534.09 3
587.90 5
474.05 3
507.53 3
438.63 6

5.50

S

50.34
25.11
17.62
2.12
0.71
9.85
55.94
81.37
2.35
11.02

9.07
3.54
0.58
21.52
5.20
3.61
18.49
8.39
6.35
32.73

18.04
5.66
14.98
12.02
5.13
4.48
98.99
68.38
2.08
18.28

10.82
4.24
5.03

21.92
6.36
4.88

48.38
4.43
5.38
1.81

185

9.99

Avg NH3 Avg Org
N

magl/l

8.45
82.21
9.29
26.89
12.39
3.57
2.65
4.17
20.50

43.36
21.54
18.86
13.56
37.45
10.25
2.73
9.05
15.66

16.89
17.46
26.64
5.77
5.21
0.56
4.00
6.42
27.71

30.97
33.78
110.65
6.90
10.14
6.09
6.37
12.83
9.52

89.97

mg/li

416.68
316.59
109.38
197.08
157.38
125.28
87.17
94.15
83.23

419.49
313.92
195.11
165.13
210.59
93.70
99.47
102.41
100.89

420.62
410.35
167.59
167.24
83.48
95.24
65.32
90.09
99.78

149.22
164.00
336.72
103.61
47.58
56.68
38.63
68.50
47.52

6 11.39 8.82

N=NWNNNDN = HWHBWHEN—=LN— MAOMNDWND = NN -

NANNDWNNDN = =

—

.39

.99
.28
.75
.57
.80

O U O =

-

.99

.36
.88
.32
.89
.51
.64

AL ON@®

1.20
0.20
12.48
0.16

0.32

2.39
0.00
1.18
2.65
2.39
3.07
0.64

TOC/
Org N

9.39
10.78
11.33
9.37
9.65
8.43
10.28
9.00
.03

9.77
9.22
5.73
10.63
10.73
12.01
10.88
11.41
9.88

10.12
8.88
11.33
8.72
10.16
9.43
11.02
10.00
8.59

11.09
16.74
8.47
11.03
11.23
10.37
12.27
7.41
9.23



Pile Rt

Date Days Avg TOC ni S Avg NH3 Avg Org n S TOC/
N
mg/l mg/l mg/l Org N

92-08-02 3 3724.30 3 13.22 -
92-08-11 12 3382.30 3 19.36 40.54 326.59 i 10.36
92-08-23 24 3705.60 3 9.60 47.30 411.05 1 9.C1
92-09-05 37 1712.80 3 2.89 49.84 189.20 2 0.40 9.05
92-09-13 45 2725.40 3 8.08 21.54 317.58 2 16.72 3.58
92-09-28 60 1189.00 2 2.12 13.65 134.44 2 10.95 8.84
92-10-20 82 797.30 3 36.41 11.58 99.24 ~ 6.97 8.u3
92-11-19 112 843.70 3 5.63 9.71 84.27% 0.30 10.901
93-01-12 165 893.80 3 4.77 15.07 87.¢" 1.00 10.16
93-03-13 225 716.29 3 7.69 20.84 83.. ¢.77 8.56
Pile R2
92-08-02 3 2412.40 3 10.22
92-08-11 12 4670.20 3 5.65 22.52 568.71 1 8.21
92-08-23 24 2996.40 3 8.12 55.89 269.44 2 1.20 11.12
92-09-05 37 1683.20 3 15.28 46.74 187.22 1 8.99
92-09-13 45 2761.20 3 6.43 24.35 331.24 2 11.35 8.34
92-09-26 60 834.30 3 4.10 19.29 83.06 2 5.98 10.04
92-10-20 82 482.50 3 1.84 8.45 36.46 2 0.20 13.23
92-11-19 112 845.40 3 1.62 12.67 104.03 2 0.20 8.13
93-.01-12 165 897.90 3 5.55 8.73 86.29 2 0.20 10.41
93-03-13 225 756.60 3 9.36 23.79 g2.84 4 8.51 9.13
Pile L1
92-08-02 3 3536.28 3 6.35
92-08-11 12 2760.05 3 17.44 34.21 356.01 2 12.14 7.75
92-08-18 17 3447.48 3 7.78 73.48 373.04 1 9.24
92-08-27 28 3054.08 3 29.82 33.37 297.73 2 1.00 10.26
92-09-05 37 1107.41 3 8.62 16.61 99.67 1 11.11
92-09-15 45 1878.20 3 3.51 34.35 146.68 2 0.00 12.80
92-09-28 60 1239.09 3 6.24 7.04 i01.35 2 0.00 12.23
92-10-20 82 688.37 3 3.34 2.84 67.57 2 3.89 10.19
92-11-21 114 703.64 3 1.30 30.41 125.99 2 0.99 5.58
93-01-14 167 710.88 3 3.65 11.41 89.04 2 0.49 7.98
93-03-13 225 571.39 3 7.90 20.13 91.36 3 0.20 6.25
Pile L2
92-08-02 3 3£08.84 2 1.41
92-08-16 17 2855.74 2 38.18 62.37 292.80 2 0.00 6.77
92-08-27 28 314429 2 29.61 10.56 354.88 2 0.20 8.86
92-09-05 37 1825.29 2 1.41 28.15 166.67 1 10.95
92-09-13 45 1968.80 3 9.85 35.05 201.51 2 0.30 09.77
92-09-28 60 745.19 3 3.59 30.13 122.47 2 1,99 6.08
92-10-20 82 695.80 3 8.49 9.86 57.86 2 0.20 12.03
92-11-21 114 857.51 3 1.25 34.98 96.85 2 1.€0 8.85
92-01-14 167 569.68 3 7.90 19.78 61.80 2 0.20 9.22
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93-03-13

Pile L3

Date

92-08-02
92-08-11
92-08-16
92-08-27
92-09-05
92-09-13
92-09-28
92-10-20
92-11-21
92-01-14
93-03-13

Pile L4
92-08-02
92-08-16
g2-08-27
92-09-05
92-09-13
92-09-28
92-10-20
92-11-21
92-01-14
93-083-13

225

Days

11
16
27
36
44
59
81
113
166
224

16
27
36
44
59
81
113
166
224

646.14 3

Avg TOC ni
mg/l
3602.14
4154.76
3193.99
3264.74
2591.72
2579.81
1034.46
1491.50
1266.63
794.65
944 .36

WWWOWWWWwWWMN

3735.89
35636.17
3483.75
4197.92
1851.87
1939.16
2061.95
1752.69
1691.12
1195.03

WWHENWWWWWN

6.57

S

19.09
5.886
30.62
11.02
10.10
3.21
2.08
180.35
1.00
2.80
3.19

9.90
8.50
32.15
22.22
3.79
7.81
1.41
20.66
1.156
4.73
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21.68

69.96

Avg NH3 Avg Org
N

mg/l

91.22
34.07
24.11
41.53
43.64
9.43
6.33
33.43
10.98
18.79

34.07
45.33
7.18
184.76
140.07
43.22
8.45
61.19
39.00
33.93

mg/l

470.17
309.98
359.53
275.49
247.83
119.66
130.64
163.72
95.72
113.32

447.93
434.98
378.81
368.82
448.35
227.06
168.45
215.47
152.46
130.92

MR NNDND D S

PO VR ANANSIGC I VI I

2.59

S

0.40
6.77

9.24

TOC/
Org N
8.84

10.30
9.08

10.55 9.41

0.50
0.40

10.41
8.64

12.34 11.42

0.40
0.00
0.20

0.40

0.20
1.99
0.20
0.20

8.24
8.30
8.33

8.34
8.13
9.20
11.38
4.13
8.54

26.43 12.24
12.28 8.13

3.39

10.44
9.13



Appendix D - Temperature and Oxygen Data and Plots
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Tabie D.1 - Pile Temperature and Oxygen Data

Pile

Date

92-08-01
92-08-03
92-08-05
92-08-07
92-08-10
92-08-11
92-08-12
92-08-13
92-08-14
92-08-15
892-08-16
92-08-17
92-08-20
92-08-22
92-08-25
92-08-27
92-08-29
92-08-31
92-09-03
892-08-05
92-09-07
92-09-13
92-09-17
92-09-20
92-09-23
92-09-28
92-10-05
92-10-11

92-10-12
92-10-13
92-10-156
92-10-16
92-10-18
92-10-22
92-10-26
92-11-01

92-11-04
92-11-07
g92-11-11

92-11-15
92-11-19
92-11-22
92-11-23
92-12-02

Days Avg Pile Avg Pile

Temp

% Oxygen

14.2
15.4

17.5
14.4
16.6

16.7
14.5
17.5

20.
20.

o »

12.
18.
18.
19.

H O OH

18.2

16.1

15.0
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Pile 2

Date

92-08-02
92-08-04
92-08-05
92-08-06
92-08-07
92-08-10
92-08-11
92-08-12
92-08-13
92-08-14
92-08-15
92-08-16
92-08-17
92-08-20
92-08-22
92-08-25
92-08-27
92-08-29
92-08-31
92-09-05
92-09-07
92-09-13
92-09-17
92-09-19
92-09-20
92-09-23
92-09-28
92-10-05
92-10-11
92-10-12
92-10-13
92-10-156
92-10-16
92-10-18
92-10-22
92-10-26
92-11-01
92-11-04
92-11-07
92-11-11
92-11-15
92-11-19
92-11.22
92-11-23

Days Avg Pile Avg Pile

Temp
o0c
64 .1
67.1
68.5
62.0
65.7
62.9
60.2
56.8
62.8
66.6
68.1
64.1
52.6
58.7
50.1
45.2
43.7
37.8
30.3
48.4
57.2
311
25.0
52.6
32.3
55.5
54.0
47.5
31.0
28.5
29.5
36.8
36.0
35.1
30.8
32.4
54.0
60.2
53.6
54 .1
58.5

0

% Oxygen

14.0
18.2

19.4
19.1

19.3
20.

-

20.
20.

Q —

16.
16.
14.
20.

N NN

12.9

13.7



g2-12-09
92-12-17
92-12-23
93-01-03
93-01-10
93-01-17
93-01-21
93-01-28
93-02-03
g3-02-11

93-02-18
93-02-25
93-03-10
93-03-18
93-04-06
93-04-20
93-05-11

Pile 3

Date

92-08-02
92-08-04
92-08-05
92-08-07
g2-08-10
92-08-11
92-08-12
92-08-13
92-08-14
92-08-15
92-08-16
92-08-17
92-08-20
92-08-22
92-08-25
92-08-27
92-08-29
92-08-31
92-09-05
92-09-09
92-09-13
92-09-17
92-09-19
92-09-20
92-09-23

131
139
146
156
163
170
174
181
187
195
202
209
222
230
249
263
284

-— ek = N)WDW D

DAL WONONOD Lmwonvwoo
oL OOP®XO oo UIOW

b
&

- -
[(« IR
oW

MAODNOMMDRNNDNONDNDDDNN
D000 O0OO0O0O0OOO00OO0
WOOW®DWONONNOO®DPS

NN
[N =]
D~

Days Avg Pile Avg Pile

Temp

0c

64.
63.
69.
59.
55.
63.
55.
65.
66.
68.
68.
65.
64.
62.
57.
50.
37.
34.
64.
62.
59.
48.
51.
27.
47.

3
5
7

0
4
4
7
9
9
7
8
4
3
6
0
9
7
2
8
3
8
0
5
3

0

% Oxygen

92-12-02
92-12-09
92-12-17
92-12-23
93-01-03
93-01-10
93-01-17
93-01-21
93-01-28
93-02-03
93-02-11
92-02-18
92-02-25
93-03-10
93-03-18
93-03-30
93-04-06
93-04-20
93-05-11

Pile 4

Date

92-08-01
92-08-03
92-08-05
92-08-07
92-08-10
92-08-11
92-08-12
92-08-13
92-08-14
92-08-15
92-08-16
92-08-17
92-.08-20
92-08-22
92-08-25
92-08-29
92-08-31
92-09-05
92-09-07
92-09-13
92-09-17
Y2-09-19
92-09-20
92-09-23
92-09-28

123
130
138
144
155
162
169
173
180
186
194
201
208
221
229
241
248
262
283

NWWS S
HWoo

0 0

—h
VRN WONMUBWONUV® ;o wmovo

O~NONO-=2NN®WO o

b
E=3

n

13.4
16.2
18.
20.
20.
20
20.
20
20.
20.
20.
20.
20.
20
20.
20.

POOODNODOND O WO

20.9
20.7

Days Avg Pile Avg Pile

Temp

0c

63

68.
67.
62.
63.
66.
54.
64.
67.
69.
64.
67.
56.
56.
56.

53

45.
63.
57.
49.
50.
59.
29.
48.

50

.0

0
6
7
7
6
2
1
7
2
1
9
3
3
8
.2
0
5
9
0
5
0
5
5

.8

% Oxygen

16.5

17.5
17.0
17.2



92-09-28
92-10-05
92-10-11
22-10-12
92-10-13
92-10-15
92-10-16
92-10-18
92-10-22
92-10-26
92-11-01
92-11-04
92-11-07
92-11-11
92-11-15
92-11-19
§2-11-22
92-11-23
92-12-02
92-12-09
92-12-17
92-12-23
93-01-03
93-01-10
93-01-17
93-01-21
93-01-28
93-02-03
93-02-11
93-02-18
923-02-25
93-03-10
93-03-18
93-03-30
93-04-06
93-04-20
93-05-11

Pile 5

Date

92-08-02
92-08-04
92-08-05
92-08-06

5@
66
72
73
74
76
77
79
84
87
93
96
99
103
107
111
114
115
123
130
138
144
155
162
169
173
180
186
194
201
208
221
229
241
248
262
283

51.9

ARARA
no N
TP NEN

Ahmmmmmmmmmmmmwamm
o,

)
PpopmmnmooonooUonn®moNO &N

NN
o

-t b
NOROBRNONLg

wo . Y.
mmomommom

— i

i6.2

16.
16.
16.
19.
20.
20
20.
20
20.
20
20.
20.
20.
20.
20.
20.
20.

e NENDRONOOODODONO®

20.
20.4

©w

Days Avg Pile Avg Pile

am LN

Temp
0¢
64.1
67.1
68.5
62.0

% Oxygen
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92-10-05
92-10-11
92-10-12
92-10-13
92-10-15
92-10-16
92-10-18
92-10-22
92-10-26
92-11-01
92-11-04
92-11-07
92-11-11
92-11-15
92-11-19
92-11-22
92-11-23
92-12-02
92-12-09
92-12-17
92-12-23
93-01-03
93-01-10
93-01-17
93-01-21
93-01-28
93-02-03
93-02-11
93-02-18
93-02-25
93-03-10
93-03-18
93-03-30
93-04-06
93-04-20
93-05-11

Pile 6

Date

92-08-01
92-08-03
92-08-05
92-08-07

67
73
74
75
77
78
80
84
88
94
97
100
104
108
112
115
116
124
131
139
146
156
163
170
174
181
197
195
202
209
222
230
242
249
263
284

oo~

47.0
33.0
31.0
29.5
24.0
23.9
26.
29.
29

54.
61.
60.
56.
56.
53.
47

PN N W W WS
TN g SR NN '
PPV MO NOOOOWDWOD®DD

e
6,
o

Temp
0c
67.5
63.2
67.6
61.6

11.7
17.9

17.0

16.1

16.
17.
19.
20.
20.
20.
20.
20
20.
20
20.
20.
20
20.
20
20.

VO ODODONNO©®D®END NN

20.9
20.3

Days Avg Pile Avg Pile

% Oxygen



92-08-07
92-08-10
92-08-11
92-08-12
92-08-13
92.08-14
92-08-15
92-08-16
92-08-17
92-08-20
92-08-22
92-08-25
92-08-27
92-08-29
92-08-31

92-09-05
92-09-07
92-09-13
92-09-17
92-09-19
92-09-20
92-09-23
92-09-28
92-10-05
92-10-11

92-10-12
92-10-13
92-10-15

92-10-16

92-10-18
92-10-22
92-10-26

92-11-01

92-11-04
92-11-07
g2-11-11

92-11-15
92-11-19
g2-11-22
92-11-23
92-12-02
92-12-09
92-12-17
92-12-23
93-01-03
93-01-10
93-01-17
93-01-21

93-01-28
93-02-03
93-02-11

93-02-18
93-02-25

10
11
12
13
14
15
16
17
20
22
25
27
29
31
36
38
44
43
50
51
54
59
66
72
73
74
76
77
79
84
87
93
96
99
103
107
111
114
115
123
130
138
144
1585
162
169
173
180
186
194
201
208

15.
17.
18.
19.

19.

17.
18.
18.
19.
20.

20

20.
20.
20,
20.
20.
20.
20.

-—whs

COWODDUWHRDOOD -+ ©

92-08-10
92-08-11
92-08-12
92-08-13
92-08-14
92-08-15
92-08-16
92-08-17
92-08-20
92-08-22
92-08-25
92-08-27
92-08-29
92-08-31
92-09-03
92-09-05
92-09-07
92-09-13
92-09-17
92-09-20
92-09-23
92-09-28
92-10-05
92-10-11
92-10-12
92-10-13
92-10-15
92-10-16
92-106-18
92-10-22
92-10-26
92-11-01
92-11-04
92-11-07
92-11-11
92-11-15
92-11-19
92-11-22
92-11-23
92-12-02
92-12-09
92-12-17
92-12-23
93-01-03
93-01-10
93-01-17
93-01-21
93-01-28
93-02-03
93-02-11
93-02-18
93-02-25
93-03-10

11
12
13
14
15
16
17
18
21
23
26
28
30
32
35
37
39
45
49
52
55
60
67
73
74
75
77
78
80
84
88
g4
97
100
104
108
112
115
116
124
131
139
146
156
163
170
174
181
187
195
202
209
222

(4]
oo
N

12.

oMb OWOO AN ®®W=N®

WO ROO AT NT

cnmooOMOWOpooobmOommO s rO®
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19
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20.
20.
20.
20.
20
20.
20.
20.
20.
20.

o - O

CoONOOOONAONO OV



93-03-10
93-03-18
93-03-30
93-04-06
93-04-20
93-05-11

Pile 7

Date

92-07-31
92-08-01
92-08-03
92-08-05
92-08-07
92-08-10
92-08-11
92-08-12
32-08-13
92-08-14
92-08-15
92-08-16
92-08-17
92-08-20
92-08-22
92-08-25
92-08-27
92-08-29
92-08-31
92-09-06
92-09-13
92-09-17
92-09-19
92-09-20
92-09-23
92-09-28
92-10-05
92-10-11
92-10-12
92-10-13
92-10-15
92-10-16
92-10-18
g2-10-22
92-10-26
92-11-01
92-11-04
92-11-07
92-11-11

221
229
241
248
262
283

NoON R
PPN W& W

-
o -

Days Avg Pile Avg Pile

Temp
0c
67.
63.
62.
68.
65.
61.
67.
58.
66.
69.
70.
66.
63.
61.3
49.4
48.0
49.8
52.9
40.9
56.9
56.0
60.8
59.2
8
5
5
0
0
5
e
5
2
8

NWOOMULW—-0O0~NOLOoOWM

56.
62.
52.
47.
53.
50.
45.
50.

% Oxygen

17.5

20.1
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93-03-18
93-03-30
93-04-06
93-04-20
93-05-11

Pile 8

Date

92-08-02
92-08-04
92-08-05
92-08-07
92-08-10
92-08-11
92-08-12
92-08-13
92-08-14
92-08-15
92-08-16
92-08-17
92-08-20
92-08-22
92-08-25
92-08-27
92-08-29
92-08-31
92-09-05
92-09-09
92-09-13
92-09-17
92-09-19
92-09-20
92-09-23
92-09-28
92-10-05
92-10-11
92-10-12
92-10-13
92-10-15
92-10-16
92-10-18
92-10-22
92-10-26
92-11-01
92-11-04
92-11-07
92-11-11

230
242
249
263
284

N -
- @®N®
om0 W

Days Avg Pile Avg Pile

b b
SoNwan

13
14
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16
17
20
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27
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40
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48
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51
54
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66
72
73
74
76
77
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83
87
93
96
99
103

Temp
0c
62.8
66.8
70.3
53.5
64.8
65.8
62.3
67.4
63.0
70.0
63.0
62.7
55.5
66.9
56.3
61.0
54.6
40.0
46.2
53.5
67.4
46.2
46.2
30.3
53.9
46.0
44.0
42.5
43.0
29.5
26.0
28.2
41.2
47.8
55.9
54.0
55.6
60.9
62.4

% Oxygen

19.6



92-11-15
92-11-19
92-11-22
92-11-23
92-12-02
92-12-09
92-12-17
92-12-23
93-21-03
93-01-10
93-01-17
93-01-21
93-01-28
93-02-03
93-02-11

93-02-18
93-02-25
93-03-10
93-03-18
93-03-30
93-04-06
93-04-20
93-05-11

Pile R1

Date

92-08-01
92-08-03
92-08-05
92-08-07
92-08-10
92-08-11
92-08-12
92-08-13
92-08-14
92-08-15
92-08-16
92-08-17
92-08-20
92-08-22
92-08-25
92-08-29
92-08-31
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131
139
146
156
163
170
174
181
187
195
202
209
222
230
242
249
263
284

0 o
th ©

© W
N ¢ o< ( w &
Moo S pgpgoowvmmuooO

b b

BOPNONONLI O >N S

N O

15.
17.
19.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.

\I(OLO!O\I\I\ILOGJCDO)G)U\G)QO

20.
20.

w o

Days Avg Pile Avg Pile

Temp

0c

64.
67.
70.
72.
68.
68.
64.
67.

69

71.
68.
67.
60.
69.
63.
61.
63.
60.
65.
63.
56.
61.

N PO AONNOWNROWWNOO WO

5

% Oxygen

13.7

15.0

194

92-11-15
92-11-19
92-11-22
92-11-23
92-12-02
92-12-09
92-12-17
92-12-23
93-01-03
93-01-10
93-01-17
93-01-21
93-01-28
93-02-03
93-02-11
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92-08-07
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92-08-15
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92-09-19
92-09-20
92-09-23
92-09-28
92-10-05
92-10-11
92-10-12
92-10-13
92-10-15
92-10-16
92-10-18
92-10-22
92-10-26
92-11-01

92-11-04
92-11-07
92-11-11

92-11-15
92.11-19
92-11-22
92-11-23
92-12-02
92-12-09
92-12-17
92-12-23
93-01-03
93-01-10
93-01-17
93-01-21

93-01-28
93-02-03
93-02-11

93-02-18
93-02-25
93-03-10
93-03-18
93-03-30
93-04-06
93-04-20
93-05-11
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92-11-01
92-11-04
92-11-07
92-11-11
92-11-15
92-11-19
92-11-22
92-11-23
92-12-02
92-12-09
92-12-17
92-12-23
§3-01-03
93-01-10
93-01-17
93-01-21
93-01-28
93-02-03
93-02-11
93-02-18
93-02-25
93-03-10
93-03-18

12
13
14
15
16
17
i8
21
23
26
28
30
32
37
39
45
49
51
52
55
60
67
73
74
75
76
78
80
84
88
94
97
100
104
108
112
115
116
124
131
139
146
156
163
170
174
181
187
1985
202
209
222
230

PP WOONRIROANONNANDOON

© oo

PN DO PV MDA NWONOOBON U

PANNOa®Y

156.6

16.8
15.7
16.8

19.
17.

©w ©

14.
16.
14.
18

o= @

17.7

16.
18.
20.
20.
20
20.
20.
20.
20
20
20.
20
20.
20.

LommmO@NO OO SO



93-04-06 249
93-04-20 263
93-05-11 284
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82-08-14 14
92-08-15 15
92-08-16 16
92-08-17 17
92-08-20 20
92-08-22 22
92-08-25 25
92-08-27 27
92-08-29 29
92-08-31 31
92-09-05 36
92-09-07 38
92-09-13 44
92-09-17 48
92-09-19 650
92-09-20 51
92-09-23 54
92-09-28 59
92-10-05 66
92-10-11 72
92-70-12 73
92-10-13 74
92-10-14 75
92-10-16 77
92-10-18 79
92-10-22 83
92-10-26 87
92-11-01 96
92-11-04 93
92-11-07 99
92-11-11 103
92-11-15 107
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92-08-10
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92-08-12
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92-08-14
92-08-15
92-08-16
92-08-17
92-08-20
92-08-22
92-08-25
92-08-27
92-08-29
92-09-05
92-09-07
92-09-13
92-09-17
92-09-19
92-09-20
92-09-23
92-09-28
92-10-05
92-10-11
92-10-12
92-10-13
92-10-14
92-10-16
92-10-18
92-10-22
92-10-26
92-11-01
92-11-04
92-11-07
92-11-11
92-11-15
92-11-19
92-11-22
92-11-23
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13
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99
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114
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Temp
Oc
60.4
69.0
67.0
66.0
65.5
63.7
63.6
63.8
69.7
66.2
61.5
61.9
61.8
63.4
59.8
60.0
58.8
51.5
56.1
38.5
49.0
31.1
48.0
51.0
49.5
48.0
35.5
41.5
32.7
40.8
43.3
41.3
56.1
61.6
60.9
62.6
3
0

% Oxygen
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92-i1-19 111 47.0 92-12-02 123 46.0 16.1

g2-11-22 114 49.5 92-12-09 130 42.0 17.5
92-11-23 115 49.5 92-12-17 138 29.5 17.9
92-12-02 123 53.5 20.3 92-12-23 144 19.0 17.0
92-12-09 130 52.0 20.2 93-01-03 155 15.5 19.2
92-12-17 138 37.0 20.4 93-01-10 162 9.0 20.6
92-12-23 144 30.5 20.3 93-01-17 169 5.0 20.8
93-01-03 155 28.0 20.4 93-01-21 173 5.0 20.9
93-01-10 162 245 20.6 93-01-28 180 3.5 20.9
93-01-17 169 18.0 20.8 93-02-03 186 2.3 20.9
93-01-21 173 8.0 20.7 93-02-11 194 2.5 20.6
93-01-28 130 5.5 20.8 92-02-18 201 1.3 20.8
g3-02-03 186 3.8 20.7 92-02-25 208 2.0 20.8
93-02-11 194 5.3 20.8 93-03-10 221 5.0 20.9
92-02-18 201 3.5 20.9 93-03-18 229 2.8 20.6
92-02-25 208 2.8 20.7 93-03-30 241 7.5 20.9
93-03-10 221 6.0 20.7 93-04-06 248 7.3
93-03-18 229 5.0 20.7 93-04-20 262 14.8 20.8
93-03-30 241 7.0 20.9 93-05-11 283 16.5 20.2
93-04-06 248 8.0
93-04-20 262 12.0 20.8
93-05-11 283 14.0 20.2
Pile Ci Pile C2
Date Days Avg Pile Avg Pile Date Days Avg Pile Avg Pile
Temp % Oxygen Temp % Oxygen
¢ oc
92-08-05 2 64.1 92-08-05 2 66.0
92-08-07 4 58.7 92-08-07 4 67.7
92-08-10 7 56.6 g2-08-10 7 66.4
92-08-11 8 55.6 92-08-11 8 64.8
92-08-12 9 55.6 92-08-12 9 63.8
92-08-15 12 65.3 92-08-15 12 68.3
92-08-17 14 56.3 19.9 92-08-17 14 61.3 20.1
92-08-20 17 38.1 92-08-20 17 55.6
g2-08-22 19 49.8 92-08-22 19 54.6
g2-08-29 26 62.0 92-08-29 26 61.0
92-08-31 28 63.0 16.3 92-08-31 28 65.0
92-09-03 31 61.6 8.8 92-09-03 31 61.6 9.1
92-09-06 34 69.4 92-09-06 34 67.8
92-09-13 41 67.9 20.0 92-09-13 41 67.7 19.1
92-09-17 45 57.5 16.0 92-09-17 45 53.0 16.9
92-09-19 47 57.0 92-09-19 47 58.5
92-09-20 48 52.8 92-09-20 48 59.0
92-09-23 62 57.5 11.2 92-09-23 52 53.5 11.3
92-09-28 5§57 57.5 15.8 92-09-28 57 58.5 12.6
92-10-05 63 59.0 18.0 92-10-05 63 58.5 13.0
92-10-11 69 40.0 18.4 92-10-11 69 50.0 19.3
92-10-13 71 19.5 92-10-13 71 42.5
92-10-16 74 51.5 92-10-16 74 45.5
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D.2 Temperature and Oxygen Plots
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Figure D.1 Pile Temperature vs Composting Days - Pile 1
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Figure D.2 Pile Temperature vs Composting Days - Pile 2
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Figure D.3 Pile Temperature vs Composting Days - Pile 3
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Figure D.5 Pile Temperature vs Composting Days - Pile §
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Figure D.6 Pile Temperature vs Composting Days - Pile 6
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Figure D.7 Pile Temperature vs Composting Days - Pile 7
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Figure D.8 Pile Temperature vs Composting Days - Pile 8
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Figure D.9 Pile Temperature vs Composting Days - Pile R1
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Figure D.11 Pile Temperature vs Composting Days - Pile L1
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Figure D.12 Pile Temperature vs Composting Days - Pile L2
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Figure D.13 Pile Temperature’ vs Composting Days - Pile L3
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Figure D.14 Pile Temperature vs Composting Days - Pile L4
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Figure D.15 Pile Temperature vs Composting Days - Pile C1
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Figure D.17 Pile % Oxygen vs Composting Days - Pile 1
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Figure D.18 Pile % Oxygen vs Composting Days - Pile 2
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Figure D.19 Pile % Oxygen vs Composting Days - Pile 3
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Figure D.20 Pile % Oxygen vs Composting Days - Pile 4
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Figure D.21 Pile % Oxygen vs Composting Days - Pile 5
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Figure D.22 Pile % Oxygen vs Composting Days - Pile 6
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Figure D.23 Pile % Oxygen vs Composting Days - Pile 7
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Figure D.24 Pile % Oxygen vs Composting Days - Pile 8
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Figure D.25 Pile % Oxygen vs Composting Days - Pile R1
Med C:N, Hi M.C

25
20 D___-E-_uunﬂmmUUDUD-DD-D
[ =4 lln\ l'
-] [
g 15+ O g‘. ?:Fn a
© 4o ai
3 a
5
0 ﬁl 1 1 1 : 'l 1 1 L : Ll 'l L : 1 ] 1 ] : ) & L ' 1 ,:
0 50 100 150 200 250
Composting Days
Figure D.26 Pile % Oxygen vs Composting Days - Pile R2
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Figure D.27 Pile % Oxygen vs Composting Days - Pile L1
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Figure D.28 Pile % Oxygen vs Composting Days - Pile L2
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Figure D.29 Pile % Oxygen vs Composting Days - Pile L3
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Figure D.30 Pile % Oxygen vs Composting Days - Pile L4
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Table E.1 - Factorial Results Summary

Case 1 Botched Factorial Design Matrix
Y= % Decrease in TOC (Water extracts)

Full Period

Pile
L2
2
L1
4
L4
6
L3
8
R1
R2
7
1
3

4=

3

—A_A—A_A—A_A—A_A—A_A—A_A_A_Ao

OO0 OO0 OQ = wa = s =4 2 =

Results

Effects Est Value B
0 -156.28 -78.14

1 0.99 0.48

2 -0.27 -0.13

3 3.24 1.62
12 4.46 2.23
11! -8.20 -4.10
213 -9.14 -4.57
123 -12.16 -6.08

Variables
2
-0.89
-0.63

0.83
0.76
-0.94
-0.90
0.71
0.64
0.81
0.73
0.77
-1.01
0.71
-0.96

(- or +)
.93
.16
.87
.93

W rgw

.53
.16
87
.53

an s pOTO

95 %, 2 sided, df=14-8=6

t=2.45
Half Normal Plot
Abs

i Est Effect Value
1 2 0.27
2 1 0.99
3 3 3.24
4 12 4.46
5 13 8.20
6 23 9.14
7 123 12.16

% Pi
7.14
21.43
35.71
50.00
64.29
78.57
92.86

Abs value= absolute value of Effects

3 12 13 23
-1 0.89 1 0.89
-1 -0.63 -1 0.63
-1 -0.83 1 -0.83
-1 0.76 -1 -0.76
1 0.94 -1 -0.94
1 -0.90 1 -0.90
1 -0.71 -1 0.71
1 0.64 1 0.64
1 0 0 0.81
1 0 0 0.73
1 0 0 0.77
-1 0 0 1.01
-1 0 0 -0.71
1 0 0 -0.96
95%Cl Source SS
-82.07 -74.21 Total 86232.11
-4.66 5.65 Model 86021.70
-5.00 4.73 Residual 210.41
-2.31 5.55 Pure 6.42
Error
-4.30 8.76 Lackof Fit 203.99
-9.26 1.06 Ftable 19.3
-9.44 0.29 Fcaic 31.8
-12.61 0.45
Avg Y -80.8
replicates
Variable
1 C:N ratio
2 Moisture Content
3 Porosity Adjustment
C Constant
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123 Y
-0.89 -82.1
0.63 -84.8
0.83 -83.8
-0.76 -61.3
0.94 -68.0
-0.90 -68.2
-0.71 -73.8
0.64 -86.0
0 -80.9
0 -80.8
0 -78.3
0 -81.5
0 -84.5
0 -80.1
df ms
14 6159.44
8 10752.71
6 35.07
2 3.21
4 51.00
F.4.2, % 5



Case 2 Botched Factorial Design Matrix
Y= % Increase in Dry Bulk Densities

Full

Pile Constant
L2 1
2
L1
4
L4
6
L3
8
R1
R2
7

ed b b —d A b b —hA b A —d s -

1

3

5
Results

Effects Est Value
0 112.23
1 -8.82
2 -6.57
3 -1.27

Half Normal Plot
Effect

3

13

2

123

1

12

23

NoO P WD -

Period

1

B8
56.
-4
-3
-0

-5.
-2.
-6
-4

OO0 O0OO0O0OO = s =2 ca = aa =

12

.41
.28
.64

35
56

.88
.35

Abs

1.
5.
6.
8.
8.
10.
13.

Value

27
11
57
70
82
70
77

Variables
2
-0.89
-0.63

0.83
0.76
-0.94
-0.90
0.71
0.64
0.81
0.73
0.77
-1.01
0.71
-0.96

(- or +)
4.89
6.41
6.05
4.89

8.12
6.41
6.05
8.12

% Pi
7.14
21.43
35.71
50.00
64.29
78.57
92.86

Abs value= absolute value of Effects

95 %, 2 sided, df=14-8=6
t=2.45

3 12 13 23
-1 0.89 1 0.89
-1 -0.63 -1 0.63
-1 -0.83 1 -0.83
-1 0.76 -1 -0.76
1 0.94 -1 -0.94
1 -0.90 1 -0.90
1 -0.71 -1 0.71
1 0.64 1 0.64
1 0 0 0.81
1 0 0 0.73
1 0 0 0.77
-1 0 0 1.01
-1 0 0 -0.71
1 0 0 -0.96
95%ClI Source SS
51.23 61.00 Total 44176.23
-10.82 2.00 Model 43851.44
-9.33 2.76 Residual 324.79
-5.52 4.25 Pure 2.97
Error
-13.47 2.76 Lackof Fit 321.82
-8.96 3.85 Ftable 19.3
-12.93 -0.84 Fcalc 10.9
-12.47 3.77
Avg Y 48.8
replicates
Variable
1 C:N ratio
2 Moisture Content
3 Porosity Adjustment
C Constant
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123 Y
-0.89 56.9
0.63 55.8
0.83 68.3
-0.76 62.6
0.94 59.9
-0.90 63.4
-0.71 60.7
0.64 34.4
0 49.9
0 48.2
o] 47.6
0 49.5
o] 46.4
0 71.3
df ms
14 3155.45
8 5481.43
6 54.13
2 1.48
4 80.46
F4,2 % 5



Case 3 Botched Factorial Design Matrix
Y= % Decrease in TOC (Water extracts)

Active Period

Variables
Pile Constant 1 2 3 12 13 23
L2 1 -1 -0.89 -1 0.89 1 0.88
2 1 1 -0.63 -1 -0.63 -1 0.63
L1 1 -1 0.83 -1 -0.83 1 -0.83
4 1 1 0.76 -1 0.76 -1 -0.76
L4 1 -1 -0.94 1 0.94 -1 -0.94
6 1 1 -0.90 1 -0.90 1 -0.90
L3 1 -1 Q.71 1 -0.71 -1 0.71
8 1 i 0.64 1 0.64 1 0.64
R1 1 0 0.81 1 0 0 0.81
R2 1 0 0.73 1 0 0 0.73
7 1 0 0.77 1 0 0 0.77
1 1 0 -1.01 -1 0 0 1.01
3 1 0 0.71 -1 0 0 -0.71
5 1 0 -0.96 1 c 0 -0.96
Results
Effects Est Value 1) (- or +) 95%Cl! Source SS
0 -147.72 -73.86 5.17 -79.03 -68.69 Total 76973.42
1 -6.80 -3.40 6.78 -10.18 3.38 Model 76610.01
2 -1.69 -0.84 6.40 -7.24 5.55 Residual 363.41
3 7.78 3.89 5.17 -1.28 9.06 Pure 163.09
Error
12 0.92 0.46 8.58 -8.13 9.04 Lackof Fit 200.32
13 -10.08 -5.04 6.78 -11.82 1.74 Ftable 19.3
23 -8.99 -4.50 6.40 -10.89 1.90 Fealc 1.2
123 -5.80 -2.90 8.58 -11.48 5.69
Avg Y -68.8
95 %, 2 sided, df=14-8=6 replicates
t=2.45
Half Normal Plot
Abs
i Effect Value % Pi Variable
1 12 0.92 7.14 1 C:N ratio
2 2 1.69 21.43 2 Moisture Content
3 123 5.80 35.71 3 Porosity Adjustment
4 1 6.80 50.00 C Constant
5 3 7.78 64.29
6 23 8.99 78.57
7 13 10.08 92.86

Abs vaiue= absolute value of Effects
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123 Y
-0.89 -80.t1
0.63 -81.2
0.83 -76.2
-0.76 -67.6
0.94 -53.1
-0.90 -65.5
-0.71 -64.8
0.64 -84.8
0 -76.%
0 -65.0
0 -78.3
0 -80.2
0 -81.4
0 -76.3
df ms
14 5498.10
8 9576.25
6 60.57
2 81.55
4 50.08
F.4.2, % 5



Case 4 Botched Factorial Design Matrix

Active Period Y= % Increase in Dry Bulk Density
Variables
Pile Constant 1 2 3 12 13 23 123 Y
L2 1 -1 -0.89 -1 0.89 1 0.89 -0.89 56.1
2 1 1 -0.63 -1 -0.863 -1 0.63 0.63 56.7
L1 1 -1 0.83 -1 -0.83 1 -J.83 0.83 63.1
4 1 1 0.76 -1 0.76 -1 -0.76 -0.76 59.5
L4 1 -1 -0.94 1 0.94 -1 -0.94 0.94 55.4
6 1 1 -0.90 1 -0.90 1 -0.90 -0.90 53.2
L3 1 -1 0.71 1 -0.71% -1 0.7t -0.71 53.0
8 1 1 0.64 1 0.64 1 0.64 0.64 30.9
R1 1 0 0.81 1 0 0 0.81 0 45.8
R2 1 0 0.73 1 G 0 0.73 0 39.9
7 1 0 0.77 1 0 0 0.77 0 41.0
1 1 0 -1.01 -1 0 0 1.01 0 39.6
3 1 0 0.71 -1 0 0 -0.71 0 46.7
5 1 0 -0.96 1 0 0 -0.96 0 70.3
Results
Effects Est Value F] (- or +) 95%Cl Source ss df ms
0 103.60 51.80 6.01 45.79 57.81 Total 37608.96 14 2686.35
1 -7.92 -3.96 7.88 -11.84 3.92 Model 37118.15 8 4639.77
2 -6.23 -3.11 7.43 -10.58 4.32 Residual 490.81 6 81.80
3 -3.99 -2.00 6.01 -8.00 4.01 Pure 20.09 2 10.04
Error
12 -7.02 -3.51 9.98 -13.48 6.47 Lackof Fit 470.72 4 117.68
13 -6.02 -3.01 7.88 -10.89 4.87 Ftable 19.3 F4.2 % 5
23 -15.01 -7.51 7.43 -14.94 -0.07 Fcalc 23.4
123 -6.30 -3.15 9.98 -13.13 6.82
Avg Y 41.9
95 %, 2 sided, df=14-8=6 replicates
t=2.45
Halt Normal Plot
Abs
Effect Value % Pi Variable

3 3.99 7.14 1 C:N ratio
13 6.02 21.43 2 Moisture Content
2 6.23 35.71 3 Porosity Adjustrnent
123 6.30 50.00 C Constant
12 7.02 64.29
1 7.92 78.57
23 15.01 92.86

NN s W -

Abs value= absolute value of Effects
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Appendix F - Decomposition Models Summary
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Table F.i - ANOVA Results - Decomposition
Models

ANOVA Resuits - Decomposition Models

% C data Model

0 Order ist Order 2nd Order
Avg R2 0.70 0.77 0.78
Value
Source of sum of degrees of mean F F
variation squares freedom square Ratio Prob
Between Groups 0.0456 2 0.0228 3.471 0.0423
Within Groups 0.2158 33 0.0065
Total 0.2614 35

Reject Ho: that Means are equal
There is no difference between individual group average R2
squared values using the Student-Newman-Keuls Test with
a 5% significance level.

TOC data Model

0 Order 1st Order 2nd Order
Avg R2 0.68 0.74 0.76
Value
Source of sum of degrees of mean F F
variation squares freedom square Ratio Prob
Between Groups 0.0416 2 0.0208 9.0278 0.0007
Within Groups 0.0760 33 0.0023
Total 0.1176 35

Reject Ho: that Means are equal
There is a difference between the average R2 value of the
0 order and 1st order and 0 order and 2nd order using the
the Student-Newman-Keuis Test with a 5% significance level.
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Table F.2 - Comparison of Pile 1st Order Decomposition Rates

% C data
Reference Pile Piles Significantly Significant t
Different than vaiue
Reference Pile

2 L1 0.04886
5 8 0.04713
8 5 0.04713
L1 0.01369

L3 0.04098

L4 0.04098

L1 2 0.04886
8 0.01369

L2 0.01588

L2 L1 0.01588
L3 0.02174

L4 0.04723

L3 8 0.01873
L2 0.02174

L4 8 0.04098
L2 0.04723
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Table F.3 - Comparison of Pile TOC 1st Order Decomposition Rates

TOCdata
Reference Pile Piles Significantly Significant t
Different than value
Reference Plle
3 L4 0.02503
7 L4 0.04347
8 A L4 0.02927
L4 3 0.02503
7 0.04347
8 0.02927



