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As organic waste is converted to usable amendments via composting, there are
large CO2 emissions associated with the decomposition of organic matter via
microorganisms. While the active composting phase produces the largest
emissions over a short duration, compost can often be stored during and
after the maturation phase for much longer periods of time, increasing
cumulative emissions. As such, the objectives of this study were to examine
the spatial and temporal variability associated with in situ emissions sampling
while identifying the environmental and chemical controls on emissions in
windrow composting facilities during and after the maturation phase. A total
of 665 flux measurements were taken from four windrows representing different
ages and compositions between June and November 2020. Factorial analysis of
covariance (ANOVA) was used to determine the variability between sampling
locations, while multiple linear regression was used to identify those parameters
which had the most influence on CO2 flux. Emissions showed significant
variability over time that were attributed to ambient temperatures. During the
summer, each windrow reached peak emissions between 5.0 and 32.3 g CO2 m-
2 hr-1. As temperatures cooled, the windrows saw a 62%–86% decline in
emissions, generally falling below 2 g CO2 m-2 hr-1. Significant differences
occurred between the top-most sampling location and all others on the
windrow, emitting between 33%–100% more CO2. The environmental
controls of surface temperature, moisture content, and internal temperature
showed the highest influence on emissions (R2 = 0.62). Chemical properties
including organic nitrogen, carbon, pH, magnesium, and nitrate also showed
significant influence (R2 = 0.43). This research has shown that environmental
factors including temperature and moisture show the strongest influence over
emission rates in mature compost. A significant negative effect of organic
nitrogen on CO2 flux was found, indicating that increased presence of organic
nitrogenwould aid in the retention of carbon after thematuration phase, acting to
lower total emissions.
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1 Introduction

Globally, waste generation and waste diversion strategies have
increased in developed nations since the early 2000s (Cao et al.,
2023). In Canada, for instance, organic and paper fibre waste
accounted for two-thirds of all diverted waste in 2020 (Statistics
Canada, 2022). As populations continue to grow and countries
continue to develop, it is expected that waste generation will
increase and create a greater need for diversion strategies (Kaza
et al., 2018). Composting is an effective diversion method to convert
organic waste into by-products that predominately take the form of
organic soil amendments and biofertilizers (Gallardo-Lara and
Nogales, 1987; NiChualain and Prasad, 2009; Ozores-Hampton
et al., 2022). The demand for more intensive agricultural outputs,
as well as uses of organic soil amendments in remediation efforts, is
further driving a demand for more composted products (Bennett
et al., 2012; Scotti et al., 2015).

The composting process is carried out via the degradation and
transformation of organic matter by microorganisms. There are four
phases of aerobic composting characterized by variations in
temperature and microbial activity (Vergara and Silver, 2019).
During the first mesophilic phase, temperatures range from
ambient temperatures to 45°C as microorganisms begin to
degrade readily available carbon. The thermophilic phase begins
when temperatures exceed 45°C, driven by the rapidly increasing
microbial activity and biomass. The second mesophilic stage is
marked by significant reductions in CO2 emissions as microbial
activity reduces in response to an exhaustion of readily available
carbon and nitrogen sources. Finally, the maturation phase is the
longest phase in many composting processes as the organic matter
stabilizes.

During each phase, the organic materials are continuously used
by microorganisms within the compost as an energy source. In
aerobic conditions, facilitated by regular aeration of the compost,
carbon within the organic waste is oxidized to CO2 (Martín et al.,
2015). The oxidization via microbial respiration generates heat,
hence the interconnectedness of the compost phases, CO2

generation, and microbial activity. Cellulose and lignocellulose
are the predominant compounds in mature compost, which
facilitate a microbial community of slow growing, mesophilic
bacteria and fungi (Danon et al., 2007; Zahra et al., 2023). At
this stage, available carbon will limit the microbial activity
(López-González et al., 2015), however the microbial community
will continue to change in response to reduced supply (Danon et al.,
2008), therefore it should not be assumed that respiration is stable.

Significant work has been carried out to characterize the
emissions of compost, however much of this research is
conducted during the active composting phase and does not
extend to the storage of mature, stable compost (e.g., Bonifacio,
Rotz, and Richard, 2016; Williams et al., 2019). For instance, Swati
and Hait (2018) reviewed 16 publications studying GHG emissions
from compost, only two of which measured a single source of
compost for 12 months or greater durations. Andersen, et al.
(2010a) measured small scale home compost emissions over a
near 2-year period finding that while CO2 emissions declined
after the active phase, peaks occurred in response to increasing
ambient temperatures and, unexpectedly, near the 450-day mark.
Amlinger, Peyr, and Cuhls (2008) monitored emissions over a 64-

week period from small-scale composting with weekly additions of
fresh household organic waste. Measured emissions showed that
CO2 and NH3 remained heightened throughout the 64-weeks, which
was attributed to the regular additions of fresh waste, however there
was no comparison to compost without continuous additions.
Andersen, et al. (2010b) measured windrowed garden waste
emissions over a near 2-year period and saw continual increases
in CO2 within the pore space reaching a peak near the 350-daymark.
While many studies of compost emissions treat the maturation
phase as relatively stable, these findings indicate that there may be
more variability than normally anticipated.

Large-scale composting can be accomplished using several
methods including static piles, forced aeration which use fans
and piping to deliver air to the inside of a windrow or pile, or
in-vessel composting where feedstocks are contained within
buildings or containers which are regularly turned or agitated. A
popular form of large-scale composting is the use of manually
turned windrows. Continual piles are created which can range
from a few to over a hundred meters in length placed in a
triangular or elongated dome shape (Zhu-Barker et al., 2017).
This is a preferred method for large compost producers due to
the minimal requirement of manual intervention, efficient use of
space, and inexpensive nature. Challenges of windrow composting
could include a limited ability to control and monitor the
composting process, and the requirement for deliberate moisture
management to avoid anaerobic conditions (Michel et al., 2022).
Once established, the windrows are then left to compost, being
periodically turned for aeration during the active composting
phases. During and after the maturation phase, windrows may be
left unaltered for long periods of time in a form of storage. Due to the
volume of material, these windrows can remain stored for much
longer than smaller-scale composting applications.

A knowledge gap exists in the changes occurring during the
maturation phase and subsequent storage of industrial-scale
windrows, in-situ, and their impact on CO2 emissions. The
influence of physical and chemical properties on CO2 flux during
this storage period also presents a knowledge gap—particularly on
the scale at which industrial producers compost. Composted
material can remain at the facility after the active and maturation
phases for long durations, therefore an oversight of these impacts
will lead to an underestimation of the actual climate impacts. Site-
specific emissions calculations are preferred for compost producers,
rather than using literature-based estimates, to account for
influences beyond just the feedstock type (Lou and Nair, 2009;
Nordahl et al., 2023); therefore, producers must understand both the
controls and the methodologies to quantify emissions.

The goal of this research was to quantify the CO2 flux produced
following the maturation and subsequent storage of compost
windrows. Total CO2 emissions were calculated over an annual
growing period, representing the number of annual frost-free days,
to determine the impact of long-term storage frequently practiced at
commercial composting facilities. Differences in CO2 emissions
attributed to composts of differing feedstocks were examined to
reveal the impact of compost origin material. Our hypothesis is that
compost feedstocks will continue to influence the CO2 flux of the
selected windrows due to remnant carbon and nitrogen levels, while
age will not significantly affect emissions as the selected windrows
are mature and the carbon should be stable. To address the need for
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site-specific emission measurements, this research examined the
impact of spatiotemporal variability on windrow sampling positions.
A secondary objective was to identify the drivers of CO2 flux during
the storage period. Physical and chemical parameters were identified
independently to better understand the continued effect on
emissions in stabilized material. Comparisons between windrows
of differing ages with similar feedstocks indicate whether these
parameters change during the storage period.

2 Methods

2.1 Study area

The study was conducted at an industrial compost facility near
Clarendon, New Brunswick, Canada (45.4688630N, 66.4773800W).
The site has been operated by Envirem Organics Inc. since 2004,
who specialize in converting organic waste, biological waste, and
organic municipal solid waste products into merchantable topsoil,
potting soils, organic soil amendments, and biofuels. Envirem
Organics Inc. is one of the largest compost producers in Canada

with an average annual operating capacity of approximately
100,000 tonnes of composted product at the studied site. The
facility is located in the Southern New Brunswick Uplands
Ecoregion with monthly average temperatures from 4.0°C to
20.1°C and mean annual precipitation between 9.0 mm and
58.5 mm per month over the study period (Table 1). Compost
windrows were formed and stored outside, exposed to the changing
seasons. The windrows were arranged parallel to one another on a
sloped surface to aid in drainage.

2.2 Sampling methodology

A total of 665 CO2 flux measurements were taken between June
2020 and November 2020 on a weekly schedule across four compost
windrows. Each windrow was approximately 3 m tall, therefore five
measurement locations were selected on the surface of the windrows
following the shape of the pile. Measurement locations were selected
at an approximate height of 1 m on each side from ground level, 2 m
on each side from ground level, and one on top (Figure 1). The five
points are labelled throughout according to location and orientation:

TABLE 1 Monthly mean temperatures and total precipitation for the study period and historical averages calculated from 1981–2010 (Environment and
Climate Change Canada, 2020).

Month Mean
temperature (⁰C)

Total
precipitation (mm)

Historical mean
temperature (⁰C)

Historical total
precipitation (mm)

June 18.2 9 16.4 86.1

July 20.1 52.5 19.5 96.9

August 19.6 21 19.2 86.5

September 14.2 58.5 14.7 86.1

October 7.8 42.5 8.6 105.7

November 4 53.5 2.5 101.8

FIGURE 1
Each replicate is presented as a straight line from the base to the top of the windrow, with sampling points occurring at the green diamonds. The
lower two sampling points in each replication were repeated on the other side of the windrow. Markers can be seen at the top of the windrow to ensure
consistency throughout the study period. The inset image shows the EGM-5 Portable CO2 Gas Analyzer and SRC-2 Soil Respiration Chamber in use.
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east bottom (EB), east mid (EM), top (T), west mid (WM), and west
bottom (WB). The five measurements were replicated three times on
each windrow for a total of 15 samples per windrow, per day of
sampling. Each replicate was separated by a minimum of 2 m.
Similar gas sampling methodologies have been used for actively
composting windrows by applying static gas chambers to the surface
by Sánchez-Monedero et al. (2010), Sommer et al. (2004), and Zhu-
Barker et al. (2017). The specific locations were determined by the
height and width of the windrows with the top sampling points
being critical due to the larger expected emissions channelled
through the top of compost windrows. Physical composite
samples were collected for each replication at a 30 cm depth for
chemical analyses.

Of the four windrows sampled, two were comprised of
municipal solid waste (MSW) and two were a mixed industrial
waste (IW) composition. The MSW windrows contained household
compostable waste, including both kitchen and garden waste
material from residential areas, collected by local waste
management commissions. The IW windrows were directly
managed by Envirem Organics Inc. to produce a homogenous
composition, using approximately 70% pulp and paper refuse by
weight, with the other 30% being primarily made up of waste from
aquaculture operations and fish processing facilities. The IW
windrows included small amounts of sawdust and cardboard
waste (<5%) incorporated opportunistically as they were received.

The windrows were also selected to represent various ages of
compost. For each composition (i.e., MSW and IW), one windrow
was composted for 12 months, while the other was composted for
18 months. Envirem Organics Inc. had identified the windrows as
stable and mature using a combination of in-field tests including
colour, odour, and temperature measurements, and laboratory
analyses. Chemical parameters collected during the course of the
research, such as C:N and pH, fell within acceptable ranges to
indicate stability and maturity, therefore all windrows in the study
are considered mature. Normally, the windrows would be regularly
turned using a front-end loader for aeration; however, they were not
altered during the course of the study. Each windrow was positioned
in a similar orientation to best avoid possible biases arising from
extended and uneven sun exposure, forced aeration via strong
prevailing winds, or other environmental concerns exterior to
the windrows.

Gas measurements were conducted using an EGM-5 Portable
CO2 Gas Analyzer with an SRC-2 Soil Respiration Chamber and a
soil moisture and temperature sensor (PP Systems Inc). Linear
respiration rate (g m-2 hr-1), air temperature (⁰C), surface soil
temperature (⁰C), and volumetric soil moisture content were
recorded on the EGM-5 Portable CO2 Gas Analyzer. The EGM-5
Portable CO2 Gas Analyzer and SRC-2 Soil Respiration Chamber
have a 99% accuracy when used within the ranges of CO2

measurements recorded during the research. To ensure accuracy
was consistent throughout the research, a zeroing function was
performed prior to each measurement by passing the gas sample
through a CO2 scrubbing desiccant and measuring the
concentration (i.e. 0). The EGM-5 Portable CO2 Gas Analyzer
can then ensure that internal equipment deviations and drifts can
be corrected without manual intervention. Additionally, a
temperature probe was used to measure subsurface soil
temperature at a 90 cm depth, a suggested depth for best

practices when monitoring internal windrow temperatures (The
Compost Council of Canada, 2016).

2.3 Respiration measurement and
calculation

Respiration measurements were made in a portable, closed
chamber system, which measured the rate of increase of CO2

concentration within the chamber over a 60 s period (Parkinson,
1981). The measurements were made between 9:00 a.m. and 11:
00 a.m. to reduce the influence of diurnal temperature changes
(Parkin and Kasper, 2003). Once the SRC-2 was applied to the soil
surface, the soil respiration rates (FCO2; grams of CO2 area

−1 time−1)
were calculated in real-time within the EGM-5 Portable CO2 Gas
Analyzer as shown in Equation 1:

FCO2 � Cn − Co( )
Tn

*
V

A
(1)

where Cn is the CO2 concentration after 60 s (ppm); Co is the initial
CO2 concentration at 0 s (ppm); V is the volume of the soil
respiration chamber (m3); A is the area of exposed soil (m2); and
Tn is the time at completion of measurement (i.e., 60 s). The CO2

flux is expressed as a linear respiration rate in g CO2 m
-2 hr-1.

Using the five CO2 flux values along the surface of the windrow,
site specific estimates of total CO2 flux were calculated. Total hourly
and total annual estimates of CO2 emissions per volume of soil were
calculated over a 166-day period to reflect the growing degree days
in New Brunswick. Flux values were standardized to a cubic metre of
compost material to facilitate scalability and applications to
windrows of differing sizes.

2.4 Chemical analysis

Concentrations of organic carbon and nitrogen values were
generated as percentages of mass using the dry combustion
method on an Elementar analyzer (Vario MAX Cube, elemental
combustion analyzer, Hanau, Germany). Compost pH was
measured using a 1:1 ratio of compost to water (Hendershot,
Lalande, and Duquette, 2007). Phosphate, potassium, calcium,
magnesium, and aluminum were extracted using the Mehlich
3 extraction method (Mehlich, 1984). Nitrate and ammonia were
measured using flow injection analysis colorimetry (Lachat
Instruments, 2003; 2008).

2.5 Statistical analysis

Factorial three-way ANOVA was used to compare the mean
CO2 flux values between windrow composition and age, sampling
positions, and replicates. By identifying significant differences
related to windrow composition and age it can be determined
whether CO2 flux is variable over the duration of storage (12 and
18 months since windrow establishment) and whether it varies
between compositions of the same age. Comparison of sampling
positions determines whether CO2 emissions experience the
chimney effect seen in windrow composting, whereby heat causes
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air to rise from the center of the pile while drawing cool air into the
pile from the sides via convective heat transfer, concentrating
emissions at the top of the windrow (Andersen, et al., 2010b;
Stegenta et al., 2019). Finally, a comparison of replicates is
required to ensure that the collected data were representative of
thoroughly mixed, homogenous windrows.

The assumptions of normality and homogeneity of variance
were confirmed with the (Shapiro and Wilko, 1965) and Levene’s
test (Levene, 1960), respectively. Pearson’s correlation coefficients
were calculated to determine the relationship between each
independent variable and the linear respiration rate of the
windrows. Then, a stepwise, multiple linear regression model was
used to identify the combinations of variables which best explained
the observed variability in linear respiration rates. The stepwise
approach retained all variables which showed a significant effect, as
measured by a p-value of <0.05. Both linear regression and Pearson’s
correlation have been successfully applied to explore emissions in
active composting (Williams et al., 2019), and in determining the
relationship between compost age and CO2 evolution (Hutchinson
and Griffin, 2008).

Variable reduction was then accomplished using variance
inflation factor (VIF) analysis to address multicollinearity
amongst the independent variables. Failure to remove correlated
independent variables for use in regression can lead to difficulties in
interpretation and inaccurate coefficient values (James et al., 2021).
The VIF analysis operates by performing ordinary least squares
(OLS) regression, whereby one independent variable is fitted to all
other independent variables and R2 is calculated, as shown in
Equation 2. Here, the VIF is calculated for each variable and the
variable with the highest value is removed. The process of calculating
the VIF value and subsequent removal of variables with the highest
value is repeated until all variables have VIF values that are lower
than a selected threshold (VIF <4). The VIF analysis was performed
using the car package in R (Fox and Weisberg, 2019). All statistical
analysis was completed using the R programming language.

VIFi � 1
1 − R2

i

(2)

where R2 is the coefficient of determination for independent
variable, i, calculated from the OLS regression of all other
independent variables.

3 Results

3.1 Characterizing the compost windrows

3.1.1 Temporal variability
Mean CO2 flux values over the entire study period were 11.4 g

CO2 m-2 hr-1 for IW 12 months, 9.9 g CO2 m-2 hr-1 for IW
18 months, 2.1 g CO2 m-2 hr-1 for MSW 12 months, and 2.45 g
CO2 m

-2 hr-1 for MSW 18 months, however measurements varied
considerably between the windrows over time (Figure 2). As
expected, measurements showed a general trend of seasonal
responses to ambient air temperatures, peaking during the
summer, and reducing as daily temperatures cooled. Each
windrow showed the highest CO2 flux during July and August
with daily peaks of 32.3 g CO2 m

-2 hr-1 for IW 12 months, 16.8 g

CO2 m-2 hr-1 for IW 18 months, 5.3 g CO2 m-2 hr-1 for MSW
12 months, and 5.0 g CO2 m

-2 hr-1 for MSW 18 months. As ambient
temperatures dropped below 20°C near the surface of the windrow,
emissions from all windrows dropped, generally falling below 2 g
CO2 m-2 hr-1. During October, IW windrows showed an 86%
decline in CO2 flux values compared to those collected before
October, while MSW windrows showed a 62% decline during the
same period.

3.1.2 Spatial variability
Significant differences in CO2 flux occurred at different

sampling points on the windrows (Figure 3). Using a factorial
ANOVA to compare all values collected at each sampling point, a
statistically significant difference in mean CO2 flux by sampling
position (p = 0.003) and compost composition (p < 0.001) was
found. Tukey’s honestly significant difference (HSD) results
revealed that the top sampling point of the windrows emitted
significantly more CO2 when compared to all other sampling
positions, confirming the chimney effect. In both the MSW and
IW windrows aged 12-months, the top sampling point emitted
33%–50% more than the other sampling positions. In each
windrow aged 18-months, the top sampling point emitted
100% more than other sampling positions on the same
windrow. The remaining four sampling positions did not show
a significant difference amongst each other. Windrows
compromised of IW showed significantly higher CO2 flux
compared to windrows of MSW—emitting four to six times
more CO2 throughout the study period. Significant differences
did not occur between the different ages of the windrows or
between sampling replicates on the same windrows.

3.2 Chemical properties influencing
respiration

Laboratory analyses of compost properties were conducted on
composite samples representing each replicate; therefore, the mean
field measured data over the replicate was used to explore respiration
interactions (Table 2). Pearson’s correlation values were calculated
for all variables to identify the strength and directionality of
relationships between CO2 flux and the individual measured
variables (Figure 4). Internal windrow temperature shows the
strongest relationship with CO2 flux (r = 0.67). Three additional
variables showed moderate negative relationships with CO2 flux:
Nitrogen (r = −0.56), C:N ratio (r = 0.56), and phosphate (r = −0.55).
Four variables showed weak relationships with CO2 flux: Potassium
(r = −0.45), surface soil temperature (r = 0.39), aluminum (r = 0.35),
and carbon (r = 0.33).

Multiple linear regression models were generated to determine
the combination of variables that most explained the observed
variability in CO2 flux. C:N ratio was removed prior to the
regression analysis to avoid redundancy as it is a calculated value
of total carbon and total nitrogen. Using all other variables,
significant relationships were found between surface soil
temperature ⁰C (p < 0.001), soil moisture content (p = 0.005),
and soil temperature at 0.9 m ⁰C (p < 0.001). The resulting full
model is shown in Equation 3, with standard errors of the
coefficients shown in square parenthesis.
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CO₂ � −12.34 1.48[ ] + 0.17 0.05[ ]*SST + 0.12 0.04[ ]*SMC

+ 0.45 0.05[ ] *IST (3)
where CO₂ is carbon dioxide (g m-2 hr-1) , SST is the surface soil
temperature (⁰C) , SMC is the soil moisture content (%), andDST is
the soil temperature at 0.9m (⁰C). The adjusted R2 value of the
model was 0.62.

Further multiple linear regression models were generated to
investigate the relationships between CO₂ flux values and the
chemical properties of the compost by removing surface soil
temperature ⁰C, soil moisture content, and soil temperature at
0.9 m ⁰C as predictors. Significant relationships were found
between nitrogen (p < 0.001), carbon (p = 0.049), pH (p <
0.001), magnesium (p < 0.001), nitrate (p < 0.001), and
potassium (p = 0.08). Potassium was found to be highly
correlated with the other selected variables, with a VIF value of
17.4, therefore it was removed from the regression equation. The
resulting full model is shown in Equation 4, with standard errors of
the coefficients shown in square parenthesis.

CO₂ � −47.14 16.58[ ] + −6.354 1.523[ ]*N + 0.226 0.108[ ]*C
+ 7.778 2.223[ ]*pH + −0.006 0.002[ ]*Mg

+ 0.007 0.002[ ]*NO3− (4)
where CO₂ is carbon dioxide (g m-2 hr-1),N is organic nitrogen (%),
C is carbon (%), pH is pH, Mg is magnesium (ppm), and NO3− is
nitrate (ppm). The adjusted R2 value of the model was 0.43.

3.3 Total site emissions

Total hourly and total annual estimates of CO2 emissions per
volume of compost were calculated for site-specific emissions
estimates (Table 3). Annual emissions were calculated over
166 days to capture the growing degree days in New Brunswick.
Annual estimates showed a greater climate impact associated with
storing IW compost as emissions were 74%–83% higher than the
MSW compost. As indicated by the change from 12 months to
18 months, it is unlikely values will remain static over the entire year.

FIGURE 2
(A) Mean daily CO₂ measured over the duration of the study, separated by each windrow. Error bars represent the standard error of CO₂ flux
measurements. MSW, municipal solid waste; IW, mixed industrial waste. (B) Mean daily air temperature (°C) measured near the surface of the windrows
during each emissions measurement.
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FIGURE 3
Mean CO2 flux from each sampling position on the windrow averaged over the entire study length. The top sampling position of each windrow had
significantly higher emissions, while industrial waste compost emitted significantly higher over the entire windrow. No significant differencewas observed
due to windrow age. Error bars represent the standard error of CO₂ flux measurements. MSW, municipal solid waste; IW, mixed industrial waste; EB, east
bottom; EM, east mid; T, top; WM, west mid; WB, west bottom.

TABLE 2 Mean and standard deviation of all values used in regression analysis separated by composition and age (n = 127).

MSW IW

12 Months 18 Months 12 Months 18 Months

Variable Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

N (%) 1.27 0.14 1.10 0.21 0.73 0.07 0.70 0.18

C (%) 14.97 1.58 13.86 2.31 19.27 1.88 21.06 3.22

C:N ratio 11.84 0.59 12.74 0.73 26.49 1.21 31.24 6.91

NH3 (mg/kg) 8.92 1.69 9.71 2.23 8.18 7.27 54.73 97.40

pH 7.46 0.09 7.49 0.06 7.56 0.17 7.14 0.38

PO4 (mg/kg) 993.94 107.82 920.65 137.32 593.63 77.79 467.66 202.74

K (mg/kg) 2998.41 319.70 2592.50 290.77 1711.70 311.85 273.48 113.37

Ca (mg/kg) 4149.35 395.25 4452.12 421.71 4563.97 513.53 2453.34 530.48

Mg (mg/kg) 827.88 69.83 784.00 85.28 888.37 138.82 298.41 55.08

Al (mg/kg) 144.91 33.05 164.38 55.66 224.37 69.88 351.41 118.39

NO3- (mg/kg) 60.73 19.13 208.56 95.23 335.46 201.21 285.41 369.30

Surface temperature (⁰C) 22.64 4.95 21.09 5.56 26.96 10.43 28.74 8.31

Moisture (%) 16.38 6.29 18.99 5.01 27.23 9.67 23.36 4.27

Temperature at 0.9 m (⁰C) 18.98 4.13 19.34 4.61 28.30 5.16 30.33 4.64
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Instead, dynamic estimates should be made by producers as the
emissions change over time.

4 Discussion

4.1 Compost windrows

Comparing the sampling points spatially over the windrow
revealed direct patterns associated with windrow shape. The top
(T) sampling point of each windrow emitted significantly more
CO2 than the other positions, while the four sampling positions
along the sides of the windrow showed no statistical difference
(Figure 3). This was expected due to the chimney effect acting to
concentrate airflow towards the centre of the pile and away from

the bottom and sides (Poulsen, 2010; Stegenta et al., 2019). The
spatial variances within the windrows were assessed by the
comparison between replicates. The lack of significant
variation in the replicates indicates that the compost was a
thoroughly mixed, homogeneous pile.

No significant difference was found between the age of the
windrows in CO2 flux, indicating that both ages were at a similar
stage of stability regarding carbon. This was expected due to the age
of the windrows, being formed 12 and 18 months prior to the
measurements being taken. Therefore, total emissions generated
following the maturation phase can most easily be reduced by
ensuring compost producers utilize the product once the material
reaches stability. Excessive storage time may lead to additional
climate impacts beyond the necessary carbon turnover during the
composting process.

FIGURE 4
Correlation matrix of all variables used in the regression analysis of CO2 flux. Internal temperature of the windrowwas themost influential variable in
the generation of CO2. Numbers within the matrix are the calculated Pearson r values of the two intersecting variables.

TABLE 3 Hourly and annual estimates of CO2 flux from the four windrows standardized to a cubic metre of compost material. Annual flux values were
calculated over 166-days to capture the growing degree days in New Brunswick, Canada.

MSW 12 Months MSW 18 Months IW 12 Months IW 18 Months

Hourly (g CO2 m
-3 hr-1) 1.70 1.96 9.28 7.45

Annual (kg CO2 m
-3 year-1) 7.27 8.68 41.94 33.47
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The IW windrows showed significantly higher CO2 flux, surface
temperature, temperature at 0.9 m, moisture, carbon, C:N ratio, and
nitrate. The MSW windrows were significantly higher in organic
nitrogen, pH, and magnesium. One study comparing MSW and
pulp compost from olive milling, similar to forestry and pulp refuse,
also found that MSW had lower comparative carbon, organic
nitrogen, and C:N ratio values (Komilis and Tziouvaras, 2009).
The C:N ratio of pulp and paper mill compost can have a wide range
relative to composting method and other feedstocks. With a mean C:
N ratio of 29, the IW windrow in this study were lower than
comparable composts using pulp and paper mill waste (Turner,
Wheeler, and Oliver, 2022), while still indicating stability. This was
likely due to the addition of other wastes, such as N-rich inputs
derived from fish processing. In comparisons of MSW and pulp and
paper composts, MSWhas been consideredmore nutrient rich while
pulp and paper is considered more carbon rich (Atkinson, Jones,
and Gauthier, 1996; Quintern, 2014), which supports the findings of
this study when comparing the two compositions in chemical
analysis. Compost created from MSW provides an opportunity
for a high quality product with a lessened climate impact
compared to those created from pulp and paper refuse.

4.2 Factors contributing to CO2 flux

As expected, temperature and moisture were found to be the main
controls of CO2 flux. Internal windrow temperature, measured at 0.9m
below the surface, appeared to be the most effective variable at
explaining the observed CO2 flux. This may have been due to the
heat generated as part of the microbial activity—an explanation that
has been well established previously (e.g., Bernal et al., 2017; Chang,
Chen, and Yang, 2009; Hellmann et al., 1997), as well as the use of
temperature in assessing compost stability as a reflection of microbial
activity (Jiménez and Garcia, 1989; Mahapatra, Ali, and Samal, 2022).
Our results indicated that even when the compost was stable, CO2 flux
was predominately influenced by internal windrow temperatures.

Moisture and surface temperature have also been shown to
influence total respiration in previous research (Lei and Han, 2020;
Raich and Tufekcioglu, 2000). Moisture has been identified as a
possible source of microbial limitation in compost after the
thermophilic phase, with approximately 50% moisture content
being preferred for active composting (Chroni et al., 2009;
Hemidat et al., 2018), reducing to 15%–30% moisture in mature
compost relative to the time spent drying (Kong et al., 2023; Temel,
Yolcu, and Turan, 2023). In this study, moisture and CO2 flux show
a positive relationship even at the relatively low values observed,
supporting previous findings. Brempong, Norton, and Norton
(2019) found that moisture had a greater impact on soil CO2

flux during dry months in the summer, which may have also
been captured in this research as the year in which this study
was conducted was much drier than average (Table 1). Given the
age of the windrows, precipitation events would be the only
continuing source of moisture content. The difference in
moisture between the windrows is likely related to the drainage
of the site with IW windrows being placed closer together not
allowing for regular overland drainage. The reduced moisture in the
MSW windrows may be limiting microbial activity and leading to
lowered CO2 flux over the study period.

The surface temperature of the windrows is influenced primarily
by ambient air temperatures and solar radiation. As such, the close
relationship between surface temperature and CO2 flux show the
positive influence of temperature on microbial respiration. In a
study of soils amended with MSW compost González-Ubierna, de la
Cruz, and Casermeiro (2015) found air temperature to be the
strongest influencer of soil respiration and that the respiration
showed clear seasonal shifts. Within composting practices,
studies of seasonality are few due to the short duration of active
compost, however, Andersen, et al. (2010b) found an unexpected
increase in CO2 emissions after 450 days of household waste
composting which may be linked to an increase in ambient air
temperature recorded around the same time. While this is not
unexpected, the findings show that the seasonal timing of
compost storage will influence subsequent emissions by
increasing them during warmer months. It may also suggest that
indoor compositing facilities may be better equipped to reduce
emissions by removing the impact of solar radiation, however
further comparison is required.

The final chemical properties of composts are a function of the
original inputs (Hameed et al., 2022) and the stability (Grey and
Henry, 1999). Nutrient values are under flux during the entire
process due to mineralization, leaching, and the addition of
inputs during the early stages of composting. As composts age,
the impact of total carbon on CO2 flux is expected to reduce as
available carbon is mineralized and oxidized (Benito et al., 2005;
Bernal et al., 1998; Ekinci et al., 2021) and available nitrogen is
reduced (Paré et al., 1998). Therefore, it would be expected that C:N
ratio would play a more significant role in CO2 emissions rather than
the availability of carbon alone as composts continue to age in
storage. Eiland et al. (2001) found that compost with high initial C:N
ratios of 47, 50, and 54 lead to higher respiration after a 12-month
period compared to compost with lower initial C:N ratios of 11 and
35, which may be attributed to available nitrogen limitations. In a
review of monitored compost parameters, Azim et al. (2018) noted
that C:N ratios greater than 35 require several lifecycles of
microorganisms to oxidize the available carbon, controlled by
nitrogen availability. This research has similarly shown a
significant negative effect of organic nitrogen on CO2 flux,
indicating that increased organic nitrogen would aid in the
retention of carbon after the maturation phase, lowering the total
emissions from the windrows.

The pH of the compost has been used as an indicator of compost
stability when measured values are consistent over time (Jain, Daga,
and Kalamdhad, 2019; Tognetti, Mazzarino, and Laos, 2007), and
has shown significant influence over soil biology (Duddigan et al.,
2021). During the composting process, pH, microbial activity, and
CO2 flux reach maximum values during the thermophilic phase and
begin to gradually decline as the compost cures (Ge et al., 2022;
Levanon and Pluda, 2002). Here, pH was shown to have a weak
negative relationship with CO2 flux. The inclusion of sawdust in the
IW windrows may play a role in this relationship as sawdust has a
high carbon content contributing to increased respiration over long
periods (N’Dayegamiye and Isfan, 1991), and has been found to lead
to lower pH values in finished compost products (Yousefi, Younesi,
and Ghasempoury, 2013). Compost pH in this study was measured
using a North American standard 1:1 ratio (Hendershot, Lalande,
and Duquette, 2007; U.S. EPA, 2004), while other acceptable
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standards indicate a 2:1 ratio (e.g., van Reeuwijk, 2002), and studies
have used 2.5:1, 5:1 or 10:1 (e.g., Duddigan et al., 2021; Ge et al.,
2022; Yousefi, Younesi, and Ghasempoury, 2013). Further research
should be undertaken into the comparability of these methods with
specific regards to compost.

Magnesium and nitrate appeared to have a weak influence on
respiration. Nair and Ngouajio (2012) and Yang et al. (2021) found
that magnesium had a positive relationship with total microbial
biomass which would impact total respiration. Nitrification in
compost predominately occurs during the maturation phase after
available carbon levels and temperatures begin to lower below 40°C
(Cáceres, Malińska, and Marfà, 2018). The ratio of nitrate to
ammonium has been indicated as a possible maturity index
(Meng et al., 2017; Sciubba et al., 2015) as nitrates will increase
in mature compost. Previous studies have shown that reductions in
available carbon allow nitrifying bacteria to outcompete the
heterotrophic bacteria responsible for the active composting
process (Cáceres, Flotats, and Marfà, 2006; Gao et al., 2010).
Respiration measured during this research may be attributable to
the presence of nitrifying bacteria, however further research
regarding the microbial community composition would be
required to determine the origin.

Ammonia, phosphate, calcium, and aluminum did not appear to
have significant influence on compost respiration during this period.
The appearance of nitrate as a significant influence may be the
reason for the exclusion of ammonia. As ammonia is converted to
nitrate during the maturation phase, it may become an increasingly
predominant indicator of microbial activity. Phosphate values were
near 1,000 ppm for the MSW compost and nearly half that value for
both IW windrows. Potassium was found to be much higher in the
MSW with significantly reduced values in the 18-month IW
windrow. Previous studies have shown that MSW compost is a
viable source of potassium in cropping applications due to the
retention during the composting process (Bhattacharyya et al.,
2007). Jamroz et al. (2020) found that potassium in MSW
compost steadily declined to 3, 130 mg kg-1 after 279 days of
composting as soluble forms were leached. It is likely that soluble
forms of potassium continue to leach from the windrows in this
study leading to further reductions. Calcium values for both MSW
and the 12-month IW windrows were similar, however the 18-
month IW windrow showed significantly reduced calcium content.
Aluminum was higher in the IW windrows, however the impact on
respiration was not significant.

The C:N ratio, while not used in the regression analysis, did
appear to have the second highest correlation values amongst all
variables with CO2 flux, sharing the same value as total organic
nitrogen. C:N ratios have been proposed in previous research as
indicators of maturity and stability (Basak, 2018), therefore a
stabilization of CO2 generation. Our research indicates similarly
that C:N ratio, total carbon, and total nitrogen each contribute to the
dynamics of CO2 flux. C:N ratios were much higher for the IW
windrows due to the inclusion of pulp and paper mill waste in these
windrows, while the MSW had higher organic nitrogen values
lowering the C:N ratio.

The results of both the correlation analysis and multiple linear
regression models indicate that environmental factors (moisture and
temperature) had the strongest influence on CO2 flux, each
contributing positively to the total carbon emissions observed.

While internal temperatures are likely to be a result of slow
decomposition of original feedstocks, surface temperature and
moisture may be influenced by solar radiation and drainage that
are not unique to the compost type. This did not support our
original hypothesis that remnant carbon and nitrogen from the
original feedstock would be influential in longer-term emissions.
However, when removing environmental controls, linear models
could still achieve a moderate relationship relying only on compost
chemical properties. Further research in environmentally controlled
compost facilities may show the properties most critical in original
feedstocks to avoid prolonged elevated levels of CO2 emissions.

4.3 Total site emissions

Total CO2 flux values were calculated per cubic meter of cured
compost to facilitate application by producers to windrows of
varying sizes. Comparison within the literature is challenging due
to a lack of standardized units and a general focus on shorter
duration composting. Our findings generally agree with those of
Andersen, et al. (2010a) with values of organic household waste
observed to decrease to below 2–3 g CO2 hr-1 during maturation
with few peaks above 5 g CO2 hr-1. Further comparison to soils
amended with compost show that while the MSW declined to near
the same rate as amended soils, the emissions of the IW windrows
remain comparatively high. For example, Andrés et al. (2012)
measured CO2 dynamics in a soil amended with varying
applications of treated biosolids finding a peak of 41.89 kg CO2

ha-1 day-1, roughly equating to 1.7 g CO2 m-2 hr-1. Shahzad et al.
(2019) utilized a wood chip amendment finding that respiration
peaked at 0.83 g CO2 m

-2 hr-1 at the initial day of mixture. CO2 flux
of cured MSW compost and amended soils appear much lower than
that of the IW windrows, therefore further research is needed to
corroborate the sustained heightened emissions from IW waste.
Additionally, to fully understand the total climate impacts of
compost storage further research on N2O and CH4 dynamics
are required.

5 Conclusion

In situ comparison between windrows of mixed IW and MSW
representing two different ages showed that composition and
original feedstocks were the primary driver of CO2 emissions
during extended storage at a commercial compost facility. In this
research, IW windrows stood to emit 3.9–5.8 times more CO2 over a
growing season than windrows of MSW. To accurately calculate
cumulative emissions, these extended storage times must be
accounted for. The results of this study showed that CO2 flux in
windrow composting was highly influenced by environmental
factors such as surface temperature, internal temperature, and
moisture. These parameters, however, are often outside of the
control of the producer or are difficult to manage during the
composting process. Of the measured chemical parameters,
organic nitrogen, carbon, pH, magnesium, and nitrate were the
primary controls on CO2 flux. Efforts to control for these parameters
using original feedstocks may then have an effect on lowering total
emissions during storage at a large-scale composting facility.
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