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a b s t r a c t

Decentralized composting has been proposed as a best available practice, with a highly positive impact
on municipal solid wastes management plans. However, in cold climates, decentralized small-scale com-
posting performance to reach thermophilic temperatures (required for the product sanitization) could be
poor, due to a lack of critical mass to retain heat. In addition, in these systems the composting process is
usually disturbed when new portions of fresh organic waste are combined with previous batches. This
causes modifications in the well-known composting evolution pattern. The objective of this work was
to improve the understanding of these technical aspects through a real-scale decentralized composting
experience carried out under cold climate conditions, in order to assess sanitization performance and
to study the effects of fresh feedstock additions in the process evolution.
Kitchen and garden organic wastes were composted in 500 L-static compost bins (without turning) for

244 days under cold climate conditions (Bariloche, NW Patagonia, Argentina), using pine wood shavings
in a ratio of 1.5:1 v: v (waste: bulking agent). Temperature profile, stability indicators (microbial activity,
carbon and nitrogen contents and ratio) and other variables (pH and electrical conductivity), were mon-
itored throughout the experience.
Our results indicate that small-scale composting (average generation rate of 7 kg d�1) is viable under

cold weather conditions, since thermophilic sanitization temperatures (> 55 �C) were maintained for 3
consecutive days in most of the composting mass, according to available USEPA regulations commonly
used as a reference for pathogens control in sewage sludge. On the other hand, stability indicators
showed a differentiated organic matter degradation process along the compost bins height.
Particularly, in the bottommost composting mix layer the process took a longer period to achieve com-
post stability than the upper layers, suggesting that differential organic matter transformation appears
not to be necessarily associated to the order of the waste batches incorporation in a time line, as it could
be expected. These findings suggest the need to discuss new ways of studying the composting process in
small-scale compost bins as well as their commercial design.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Decentralized or small-scale composting is an effective tool to
treat the organic fraction of municipal solid wastes (MSW) and
has been proposed as a best available practice with a highly posi-
tive impact on MSW management plans. This technology con-
tributes to reducing waste transportation, treatment costs and
landfilling volumes, as it was demonstrated in several life cycle
assessments reported in literature (Chan et al., 2011; Colón et al.,
2010; Lleó et al., 2013). Decentralized composting has been suc-
cessfully implemented for kitchen and garden organic wastes
treatment in institutions, neighborhoods and homes, at low costs
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(Platt et al., 2014; Smith and Jasim, 2009). Thus, this system repre-
sents an attractive technology alternative for the municipal organic
waste fraction treatment in various socio-economic and technolog-
ical contexts (Kalamdhad and Kazmi, 2009a; Kalamdhad and
Kazmi, 2009b). Furthermore, small-scale composting is also an
innovative way to involve generators as a key factor in their own
waste treatment, raising community environmental awareness
(Adhikari et al., 2010; Faverial and Sierra, 2014).

Nevertheless, small-scale composting frequently presents a
poor performance at reaching the thermophilic temperatures rec-
ommended by the United States Environmental Protection Agency
(USEPA) standard for the product sanitization of sewage sludge,
known as ‘‘Process to Further Reduce Pathogens” or ‘‘PFRPs”
(Abdullah et al., 2013; Barrena et al., 2014; Benjawan et al.,
2015; Sánchez et al., 2015; USEPA, 2003). This may generate mis-
trust in technicians, public officials and common users who wish
to promote decentralized composting of organic wastes, particu-
larly in adverse (cold) weather conditions.

Composting temperature, among other physical, chemical and
operational aspects, has a fundamental role in ‘‘cleaning” compost-
ing materials, since high temperatures aids in destroying patho-
genic microorganisms, minimizing the attraction of vectors and
helping to eliminate unpleasant odours and weed seeds viability
(Diaz et al., 2007; Onwosi et al., 2017; USEPA, 2003). In sewage
sludge composting in closed containers (in-vessel composting),
the PFRPs standard requires to maintain the temperature above
55 �C for three consecutive days throughout the composting
matrix, for the material sanitization and a suitable process perfor-
mance. Nevertheless, the temperature evolution has been exten-
sively studied and employed for regulating the composting
process of sewage sludge, but not for kitchen and garden wastes,
and much less at small-scale composting.

Since commercial compost bins volume usually range from 40
to 500 L, in these systems the thermal inertia is usually lower
because the composting mass could not be enough to retain the
metabolic heat generated during the composting active phase.
Therefore, small-scale composting systems could have a poor per-
formance in achieving USEPA PFRPs or other temperature sanitiza-
tion standards or recommendations (Abdullah et al., 2013; Arrigoni
et al., 2015; Benjawan et al., 2015; Iyengar and Bhave, 2006;
Sánchez et al., 2015). In tropical and favourable climatic conditions
or in controlled laboratory settings, small-scale composting has
shown good temperature evolution performances (Barrena et al.,
2014; Faverial and Sierra, 2014; Lleó et al., 2013; Varma and
Kalamdhad, 2014). However, in cold climates, such as the Andean
Patagonia region in Argentina, typical low ambient temperatures
could maximize heat loss and restrict microbial activity, negatively
affecting compost stabilization and sanitization, and also increas-
ing the time required for the process to be completed (Arrigoni
et al., 2015; Laos et al., 2002).

On the other hand, in a large-scale or centralized composting
processes, the temperature profile as well as the evolution pattern
of stability and maturity variables and indicators, are well-known.
However, these parameters behaviour could be quite different in
small-scale composting, and it has not been fully understood yet.
Compost bins without a homogenization mechanism are the sim-
plest, common and more promoted small-scale composting
devices (Smith and Jasim, 2009; Storino et al., 2016a, 2016b). In
these composters, the process usually starts when the first of var-
ious batches of organic waste is incorporated through an opening
at top of the device, and it would end when the final product can
be collected from a door usually placed in the bottom part of the
composter. This implies that the organic matter transformation
would occur according to the order of the waste portions incorpo-
rations. Thus, the first batch of waste that was incorporated would
have a higher stability degree than the subsequent ones.
In this way, in small-scale systems the composting process is
altered when another portion of fresh waste is combined with
the material that is already being transformed. This probably
causes modifications in the typical evolution of the process, further
studied in centralized composting systems, generating a differenti-
ated process evolution or a ‘‘stratification” in the organic matter
transformation in a vertical direction. These modifications would
be mainly related to the increase of easily degradable carbon with
each fresh feedstock incorporation, and with changes in the mois-
ture and oxygenation conditions of the composting mixture
throughout the device (Iyengar and Bhave, 2006; Karnchanawong
and Suriyanon, 2011; Smith and Jasim, 2009).

With the aim to contribute to small-scale composting
understanding, for the technology optimization and development
(particularly in cold climates), the objective of this work was two-
fold: (i) to assess the temperature evolution and product sanitiza-
tion performance in a decentralized composting experience carried
out in NW Patagonia in Argentina; (ii) to study the ‘‘stratification
effect” or differentiated evolution of the composting process at
the different heights (or layers) of low complexity vertical and
static (without homogenization mechanism or turning) compost
bins, according to standard compost stabilization indicators.
2. Material and methods

2.1. Composters prototypes and experimental design

A small-scale composting experiment was carried out outdoors
in San Carlos de Bariloche (41�070S; 71�190O), a city located in NW
Patagonia (Argentina), about 890 m.a.s.l. This city is characterized
by a cold-temperate climate with a dry season (summer). The aver-
age annual temperature is 8.4 �C and the annual rainfall average is
close to 1000 mm, normally concentrated in autumn and winter
seasons.

The composter prototype designed for this experience was con-
structed with recycled plastic tables that were assembled in a
cylindrical shape, with a plastic support base. A circular lid was
added to prevent access of rainwater or snow, animals and vectors
(Fig. 1a). Also, two ‘‘perimeter doors” were placed at the bottom
part of the device for compost extraction. The overall dimensions
of the composter were: (i) total height: 120 cm (effective opera-
tional height: 100 cm), (ii) inner diameter: 80 cm; (iii) effective
volume for waste treatment: 500 L. To allow leachates separation,
a plastic plate was perforated with 20 holes of 2 cm diameter each
and placed 20 cm up from the cylinder bottom. Between the perfo-
rated plate and the cylinder base, it was placed a tap for leachates
collection. In this study, three of these composter prototypes were
used (Fig. 1c).

The experience replicated the real operating conditions for a
pilot case of composting in an institutional catering service. Feed-
stock used in the composting experiment were source separated
kitchen organic wastes (pre and post-consumer), corresponding
to a daily service of approximately 500 meals, and grass clippings
from the garden of the same company (Fig. 1b). Animal products,
such as meat, dairy and fats, were also included. Pine wood shav-
ings (1 to 5 cm diameter) were used as bulking agent. In each com-
poster (3 replicates), the organic waste to the bulking agent ratio
was 1.5:1 in a volume basis, or 3:1 in a wet weight basis. Com-
posters were fed for 52 days (three waste batches a week), until
each composter was complete. In order to assure a comparable
feedstock, kitchen waste batches were fractionated in qualitative
similar portions of 10 L before being incorporated into each com-
poster (Table 1).

The total amount of waste to be treated by each composter was
338 kg (± 2.4) (wet weight basis), with an average incorporation



Fig. 1. The composting experiment: (a) 500-L composter prototype used in the experiment, made of recycled plastic: frontal view and compost extraction door; (b)
composter fulfilled with kitchen and garden organic wastes; (c) composter replicates in the experiment site; (d) temperature measurement (with an analogical thermometer)
through holes perforated every 10 cm (height) in the recycled plastic tables of each composter prototype.

Table 1
Type and quantity (wet weight and volume) of organic wastes incorporated in the composters.

Wet weight (kg) Volume (L) Specific weight(b) (kg L�1) % of the total weight

Kitchen wastes 246 (± 1.5) 583 (± 2.2) 0.42 73%
Garden wastes 15 (± 0.4) 50 (± 1.0) 0.30 4%
Bulking agent(a) 77 (± 0.5) 417 (± 5.8) 0.18 23%
Total 338 (± 2.4) 1050 (±9.0) 0.32 100%

Waste mixture had a moisture content ranging from 50 to 70%.
Values are the means of three replicates (i.e. composter). SD is indicated in parenthesis.
(a) Pine wood shavings.
(b) Specific weight (kg L�1) = Wet weight (kg):Volume (L).
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rate of 6.5 kg day�1 or 0.68 kg per litre of the composter. Once the
three composters were filled up, there was an initial reduction of
the waste pile height from 100 to 80 cm (average). The ‘‘stratifica-
tion effect” in the composting process was studied trough four pre-
defined layers (or strata) along the waste pile or composter height.
These layers corresponded to the following equivalent height
ranges of the compost bin prototype, measured from the perfo-
rated plastic base: T10 = 0–20 cm; T30 = 20–40 cm, T50 = 40–60 cm;
and T70 = 60–80 cm. For this research, each layer was established
as a treatment (T10, T30, T50 and T70). Thus, obtaining an experi-
mental design of four treatments with three replicates (composter)
each.

2.2. Temperature monitoring and sampling

Using a stainless steel analogical thermometer, composting
temperature was measured at the predefined ‘‘layers” of the
composting mixture pile (i.e. in each treatment: T10, T30, T50
and T70) through holes perforated every 10 cm (in height) in the
recycled plastic tables, and at 15 and 40 cm deep from the external
perimeter of the compost bin, (Fig. 1d). Temperature measure-
ments were made every two days, starting in the 10th day (when
the waste pile was above 10 cm in height) until day number 93
from the first waste incorporation. Daily mean ambient tempera-
ture was also recorded automatically by a Davis Vantage Pro2
weather station.
At 103, 161, 203 and 244 days from the first organic waste
incorporation (equivalent to 51, 109, 151 and 192 days from the
last waste incorporation into each compost bin), one composite
sample of the composting mixture (about 350 g) made of 3 sub-
samples from each treatment (T10, T30, T50 and to T70: 0 to 20
cm, 20 to 40 cm, 40 to 60 cm, and 60 to 80 cm from the composter
height, respectively), were taken in each of the three composters
(replicates) for laboratory analysis. Sampling was done with an
Edelman type auger. A portion of fresh sample was separated and
stored at 4 �C to measure CO2 evolution. Remaining sample portion
was air-dried and milled for chemical analyses.

2.3. Laboratory analysis

All samples were analysed for the next variables and indicators:
(i) microbial respiration, through CO2 evolution; (ii) water-soluble
carbon (WSC); (iii) total organic carbon (TOC); (iv) total Kjeldahl
nitrogen (TKN); (v) WSC: TKN ratio; (vi) TOC: TKN ratio); (vii)
pH; and (vii) electrical conductivity (EC).

Biological activity was evaluated through the microbial com-
munity respiration rate in controlled incubation conditions,
through an adaptation of the technique for estimation of soil respi-
ration using closed bottles. Released CO2 was trapped in a NaOH
solution, precipitated as carbonates and indirectly determined by
titration with HCl (Alef, 1995, Barrena Gómez et al., 2006;
Tognetti et al., 2007a). Briefly, 15–20 g of fresh sample was
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weighed in 50 mL plastic centrifuge tubes, previously perforated to
allow the release of CO2. In addition, a part of the sample was
weighed and oven-dried to constant weight for gravimetric mois-
ture content determination. Each perforated plastic tube (triplicate
per sample) was placed in a 250 mL flask with 10 mL of 0.5 N NaOH
solution.

The flasks were hermetically sealed and incubated at 25 �C for
72 h. Three flasks without sample, but with the alkaline trap
(0.5 N NaOH solution), were also incubated as controls. After the
first 24 h of incubation, sodium carbonates were precipitated using
1–2 mL of a 3 N BaCl2 solution. Subsequently, NaOH excess was
measured by titration with HCl 0.25 N. The quantification proce-
dure was repeated at 48 and 72 h of incubation, after replenishing
the alkaline trap solution. CO2 production rate (mg CO2 kg�1 dry
matter h�1) was calculated from the average CO2 production of
the last two days of incubation (Brewer and Sullivan, 2003; Hue
and Liu, 1995).

Water-soluble carbon, electrical conductivity and pH were
measured in samples aqueous extracts (1:10), obtained after 2 h
of stirring and subsequent filtering by Whatman No 42-filter type.
WSC was determined as chemical oxygen demand, by the wet
digestion method (K2Cr2O7 + H2SO4) and the subsequent spectro-
metric measurement of the reduced Cr. Organic matter (OM) was
determined by dry combustion at 550 �C, and TOC was estimated
as OM: 1.8. TKN was measured by the semi-micro Kjeldahl method
(Laos et al., 2002; Rynk, 1992; Tognetti et al., 2007b).
2.4. Statistical analysis

In order to explore and find possible groupings in analysed vari-
ables and among performed treatments, a principal component
analysis (PCA) was applied to standardized data sets. Comparisons
between treatments means for each variable were done using
Fig. 2. Composting temperature profiles. Maximum and minimum temperature values p
(c): 40–60 cm (T50) and (d): 60–80 cm (T70). Colored lines in each chart represent abso
replicates were considered). Daily mean ambient temperature data and benchmark dotte
General Linear Models (GLM) of mixed effects. The differences
between the specified effects were analysed by Fisher’s LSD test,
with a confidence limit � 95%. All analyses were performed with
INFOSTAT v. 2015 software (Di Rienzo et al., 2011).
3. Results and discussion

3.1. Composting temperature evolution

Composting temperature is a variable that frequently presents
good association with other stability indicators. In addition, it is
the most used parameter to monitor and regulate the process,
especially for pathogens control (Adhikari et al., 2012a; Laos
et al., 2002; Smith and Jasim, 2009). Composting absolute maxi-
mum and minimum temperatures for each composter layer (treat-
ments), and absolute maximum and minimum values of the whole
compost bin (three replicates) were plotted versus time in Fig. 2.

The composting active phase lasted at least 50 days, considering
absolute maximum temperatures >40 �C for the entire composter.
Besides, absolute maximum temperatures exceeded sanitization
parameter (> 55 �C) for approximately 30 days, even when average
ambient temperatures were around 11 �C. Nevertheless, minimum
absolute temperatures never reached sanitization temperatures,
considering the whole compost bin values. After 60–65 days, there
was a drop in the composting temperatures reaching ambient
values. This was possibly associated to the stabilization of the
composting material (Laos et al., 2002; Sarika et al., 2014).

In 0–20 cm of the composter height (Fig. 2a), maximum
temperatures were in the thermophilic range (> 40 �C) for at least
20 days, and above the sanitization parameter (55 �C) for about
10 days.However,minimumtemperaturesnever surpassed the san-
itization temperature reference in this stratum. In the 20–40 cm
layer (Fig. 2b), both maximum and minimum temperatures were
lotted versus time for each composter layer: (a) 0–20 cm (T10); (b) 20–40 cm (T30);
lute maximum (red) and minimum (blue) temperatures for the compost bin (three
d lines, for the thermophilic (> 40 �C) and sanitization (> 55 �C), were also included.
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above 40 �C for at least 25 days and minimum temperatures were
above sanitization temperatures for more than 5 days. In 40–60
cm of the composter height (Fig. 2c), maximum andminimum tem-
peratureswere hold in the thermophilic range for 25 to 30 days, and
the minimum temperature values exceeded the sanitization refer-
ence for more than 3 days. Finally, the upper layer (60–80 cm) of
the compost bin (Fig. 2d), showed temperatures above 40 �C for at
least 20 days; however onlymaximum temperatures exceeded san-
itization values for around 5 days in this stratum.

T30 and T50 layers showed the best thermal performance pos-
sibly not only due to adequate composting conditions (i.e. poten-
tial for self-heating), but also due to the insulating effect created
by the upper (T70) and lower (T10) layers of material under pro-
cess. In addition, heat conduction from the bottom section of the
composter, could have contribute to the temperature rise in the
intermediate layers. On the other hand, it could be presumed that
the adjacent surface between the composting mass and the atmo-
spheric air could have accentuated heat loss in the upper layer of
the composting mass, despite of the composter lid. In T10 (0–20
cm of the composter height), other factors such as moisture excess
or porosity conditions due to compaction, could have affected bio-
logical activity and the potential for self-heating (Adhikari et al.,
2012a, 2012b; Iyengar and Bhave, 2006).

Described temperature profiles indicate that composting
actively developed throughout the compost bins. However, only
the intermediate layers of the composters (T30 and T50: 20 to
60 cm) reached sanitization references, while in the bottom layer
(0–20 cm) and in the top layer (60–80 cm) of the composters, the
sanitization process was not successful. This suggests the need to
carefully consider temperature average values (i.e. instead of the
absolute minimum ones) as a reliable parameter to predict patho-
gen eradication in these systems, since sanitization requirements
could not be reached in every sector of the composting mass, as
it was previously observed in other decentralized composting
experiences (Abdullah et al., 2013; Adhikari et al., 2012a, 2012b;
Barrena et al., 2014; Storino et al., 2016a, 2016b).

These authors have observed a variable performance in relation
to the evolution of the temperature at different depths of a com-
post bin. They conclude that this effect could be attributed to the
frequency and quantity of each organic waste incorporation, the
incorporation of meat, the presence of raw materials in the upper
strata but not in the bottommost layers, and the design character-
istics of the compost bins, among other aspects. Karnchanawong
and Suriyanon (2011), observed that temperature decrease is asso-
ciated to the moment when waste incorporation is discontinued in
a household organic waste composting experience, using com-
posters with different types of passive aeration. This study, and
Smith and Jasim (2009), related the heat loss in small-scale com-
post bins to the thin layers of waste.
Fig. 3. Evolution (in time: x axis) and spatial distribution (in composter height: y axis) o
plot. Isolines correspond with temperature values (�C) in 5� ranges, from 10 �C to 60 �C.
This scenario draws the attention to the influence of the waste
incorporation rate, associated to the waste generation rate, in the
process temperature evolution, thus, in the elimination of patho-
gens, weed seeds and bad smells. Also, it shows methodological
divergences in the study of the small-scale composting process,
which may require more specific standards for performance evalu-
ation, since these ‘‘low-tech” systems differ from the ‘‘high-tech”
in-vessel composters considered in PFRPs standards (USEPA, 2003).

For example, as an alternative to this standard, Storino et al.
(2016a and 2016b), recalculated the number of thermophilic days
(NTD) to consider the days that the temperature of the compost
was higher than 45 �C. Also, these authors calculated the ther-
mophilic heat sum (THS) as the sum of the daily differences
between the temperature reached by the compost and the ther-
mophilic threshold temperature (45 �C). On the other hand, it must
be considered that new waste incorporations could introduce
pathogens to the material that has already reached sanitization
temperatures. This aspect should be included in the standards or
normative that regulate small-scale composting systems.

The colored contour plot in Fig. 3 shows the evolution, and spa-
tial distribution (in height), of the average temperatures of the
three composters versus time. In order to calculate mean temper-
ature values presented in this plot, the average of the measure-
ments made at 15 cm and at 40 cm from the perimeter of the
compost bin was first calculated every 10 cm of the composter
height. Then, the average temperature value of the three com-
posters was calculated. This figure contributes to a better under-
standing of this composter prototype thermal performance.

Within 15–70 cm of the composter height, sanitization temper-
atures lasted for 35 days. Particularly, between 30 and 40 cm, the
heat conservation allowed to keep very high composting tempera-
tures (60–70 �C) for at least 7 days. Thus, the best thermal perfor-
mance of the composter prototype appears to be between 20 and
50 cm of the composter height, confirming Rudé y Payró and
Torres Castillo (2008) findings. These authors also observed a dif-
ferentiated temperature evolution according to the composter
height. In their study, sanitization temperatures were reached in
upper layers, whereas the bottommost strata had the lowest rela-
tive temperatures, also possibly as a consequence of compaction or
anaerobic conditions.

3.2. Compost stability indicators and quality monitoring variables

Considering temperature differentiated profiles throughout the
composter layers, a multivariate analysis including the variables
measured in the compost samples (WSC, evolution of CO2, pH,
EC, TKN, TOC, WSC: TKN and TOC: TKN ratios), was accomplished
to explore the suspected stratification in the process along the
composter height. Fig. 4 shows a Principal Components Analysis
f average temperatures of the three composters projected in a 2 D-colored contour



Fig. 4. Grouping and associations (spatial distances) among composter heights observations and analysed variables in the compost samples: WSC (water-soluble carbon),
evolution of CO2, pH, EC (electrical conductivity), TKN (total Kjeldahl nitrogen), TOC (total organic carbon), WSC: TKN and TOC: TKN ratios for the four sampling times. Only
the two first principal components (PC 1 and PC 2) were plotted. PC1 explained 46.3% and PC 2 explained 25.1% of the total variability (PC1 + PC2 = 71.4%).
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(PCA) biplot, with the simultaneous representation of all observa-
tions and the variables measured in the compost samples (WSC,
evolution of CO2, pH, EC, TKN, TOC, WSC: TKN and TOC: TKN
ratios), for the four sampling times.

In the biplot, three differentiated groups of observations (T70 +
T50, T30 and T10) are projected, suggesting a data grouping that
may respond to a differentiated evolution of the composting pro-
cess. Furthermore, T50 (40 to 60 cm composter layer) and T70
(60–80 cm) observations are mostly located on the opposite facto-
rial plane from the T10 (0–20 cm) ones, whereas T30 (20–40 cm)
results are projected between those groups.

Higher values for all variables, except for TOC and the TOC: TKN
ratio, may be predicted for the 0 to 20 cm composter layer. On the
other hand, both upper composter layers (T50 and T70) showed a
similar behaviour among them, and lower values for stabilization
variables (i.e. more stabilized compost) with respect to the inter-
mediate (T30) and bottommost (T10) layers. Although, PCA is an
exploratory and descriptive analysis, it shows preliminary a con-
troversial tendency for small-scale composting, reflecting less evo-
lution in the first 20 cm (T10) (i.e. the first incorporated waste)
with respect to the upper 20 to 80 cm (more fresh feedstock) of
the waste pile height (T70, T50 and T30).

In addition to the temperature evolution, compost stabilization
was particularly studied in each composter layer (treatments),
through these recommended indicators (Laos et al., 2002; Rynk,
1992; Tognetti et al., 2007a; Tognetti et al., 2007b): WSC
(Fig. 5a), related to easily degradable carbon content; CO2 evolu-
tion (Fig. 5b), as a microbiological activity indicator; WSC: TKN
(Fig. 5c) and TOC: TKN (Fig. 5d) ratios, in order to assess potential
nitrogen deficiency or excess.

In this study, WSC values in T10, T50 and T70 treatments
showed a general downward trend, ranging from 20.5 g kg�1

(T10 at 103 days from the first organic waste incorporation) to a
minimum of 4.8 g kg�1 (T50 at 203 days) (Fig. 5a). In contrast,
T30 WSC values remained stable around 10–15 g kg�1 throughout
the sampling period. In the last sampling instance (244 days), WSC
final values revealed two differentiated groups among treatments
(Fisher LSD, p < 0.05). T10 and T30 layers reached an average avail-
able carbon content of 13 g kg�1. On the other hand, T50 and T70
reached a WSC value of 5 g kg�1 at the end or the treatment. Sev-
eral composting studies have suggested that a WSC content rang-
ing from 4 to 17 g kg�1 could be taken as a reference for
considering the compost as stable (Mazzarino et al., 2012;
Tognetti et al., 2007a, 2007b). The differences found in WSC values
between the upper layers (T50 and T70) and the lower layers (T10
and T30) of the composter, could point out leachates migration and
absorption in the bottom area of the composter.

Leachates absorption in the bottom of the composter implies
the accumulation and availability of easily degradable organic
compounds in the bottommost stratum (T10). This may be associ-
ated with a greater biological activity, analysed in this study
through the CO2 evolution measurement. In all composter strata,
measured CO2 evolution also showed a downward trend through-
out the sampling period as WSC content did. However, final CO2

values (samples taken at 244 days from the first waste incorpora-
tion) were 193, 201, 248 mg CO2 kg�1h�1 for T30, T70 and T50,
respectively, whilst in T10 layer was 507 mg CO2 kg�1 h�1

(Fig. 5b). At 244 days of treatment, CO2 final values in the three
upper layers of the composter (T30, T50 and T70) were around
the maximum respiration rate suggested for a stabilized compost
(� 200 mg CO2 kg�1 h�1) (Mazzarino et al., 2012; Rynk, 1992;
Tognetti et al., 2007a, 2007b). However, final respiration rate in
T10 stratum doubled the maximum CO2 value suggested for a
stable compost. Furthermore, T10 showed significantly higher
(Fisher LSD, p < 0.05) CO2 values than the rest of the strata at all
sampling times.

A stable compost, with a low easy degradable carbon content, is
expected to show decreased microbial respiration with respect to
the active composting stage (Bernal et al., 2009). In the lower com-
poster stratum, CO2 results indicated an extension of the compost
stabilization time (see Fig. 2), in agreement with the WSC evolu-
tion in this layer. If draining conditions are not carefully considered



Fig. 5. Compost stabilization indicators: (a) WSC (water-soluble carbon); (b) CO2 evolution; (c) WSC: TKN ratio and (d) TOC: TKN ratio. TKN: Total Kjeldahl nitrogen; TOC:
Total organic carbon. Data series are the means of three replicates (composters) per treatment (layer) and bars indicate standard deviation. Different letters indicate
significant differences (Fisher LSD, p < 0.05) between treatments at 244 days of composting.
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in static composting systems, leachates accumulation in lower
strata could imply a longer stabilization period due to extended
easy degradable carbon availability and to the lack of oxygen.

The WSC: TKN ratio is also one of the most recommended indi-
cators for compost stability assessment. This indicator reflects the
lack of easy available carbon for microorganisms to growth despite
N availability, giving an insight into the material stability degree.
According to several authors, values of this indicator under 0.3–
0.7 are recommended to consider a compost as stable (Hue and
Liu, 1995; Mazzarino et al., 2012; Tognetti et al., 2007a, 2007b).
In this study, average WSC: TKN ratio (for all strata) ranged from
0.58 to 0.86 during the sampling period (103 to 244 days of com-
posting). At the end of the experiment, this ratio was about 0.30,
0.34, 0.78 and 0.79 for T50, T70, T30 and T10, respectively
(Fig. 5c), and two groups of treatments or layers could be recog-
nized in relation to this stability indicator (Fisher LSD, p < 0.05).
On the one hand, T10 and T30 showed higher WSC: TKN ratios,
being slightly above the stability recommended parameter range.
On the other hand, both upper layers (T50 and T70) reached the
reference WSC: TKN ratio values after 160 days of composting.

The C: N ratio (TOC: TKN ratio, in this study) has also been con-
sidered as a reference to assess compost stability, and it could be
relevant to understand changes in the composting process. How-
ever, it is currently a controversial parameter and requires being
complemented with other variables and indicators in order to eval-
uate the stability of a compost, as it is done in this study (Adhikari
et al., 2012c; Karnchanawong and Suriyanon, 2011; Storino et al.,
2016a, 2016b). Despite this considerations, other authors and envi-
ronmental authorities have suggested a C: N ratio between 10 and
20 for defining compost stabilization (Mazzarino et al., 2012;
Papadopoulos et al., 2009).

In final compost samples (taken at 244 days of composting),
there were not significant differences in the C: N ratio between
the composter layers, ranging from 24 to 29. In addition, there
was not a downward trend on the average C: N values throughout
the sampling period (103 to 244 days of composting) (Fig. 5d), as it
would have been expected. Probably, if the monitoring of this
parameter had been initiated earlier in the composting process, it
may have shown a major variability. Also, it should be considered
that the bulking material (pine wood shavings) in unsieved sam-
ples might have provided a TOC source that overlaps the typical
or expected C: N ratio evolution.

Considering the average performance of the entire composter,
including the 0–20 cm layer, it could be established an approxi-
mate period for the material stabilization according to some of
the indicators studied. Temperature evolution indicates a stabiliza-
tion period ending (when the composting mass temperature
reaches ambient temperature) around 70–90 days from the first
waste incorporation (see Fig. 2). Considering WSC and WSC: TKN
ratio indicators, the compost stabilization period could be inferred
between 155 and 160 days since the incorporation of waste into
the composters started. This is equivalent to say 103 to 108 days
since the end of feedstock incorporation into the composters (see
Fig. 5a and c). In contrast, according to the CO2 production, the
compost was stable only after 240 days from the first waste incor-
poration, or around 188 days since the feedstock incorporation
ended.

Given that CO2 evolution represent a biological variable and the
sample heterogeneity, the outcomes of this technique could be less
robust or reproducible than chemical parameters such as WSC or
WSC: TKN ratio. Is that why these last parameters could be more
reliable in order to determine the stability period of a material
under composting. Nevertheless, differences in the stabilization
period given by temperature, WSC, WSC: TKN ratio and CO2 evolu-
tion, collaborate to explain that the temperature evolution is not
only related to biological and chemical variables, but also to phys-
ical variables (i.e. heat transfer and conservation).

Fig. 6 shows the evolution of pH (Fig. 6a), EC (Fig. 6b), TKN
(Fig. 6c) and TOC (Fig. 6d), during the measuring period (from
103 to 244 days of composting) in each composter layer or



Fig. 6. Evolution of some variables for process monitoring: (a) pHwater (1:10); (b) EC (Electrical conductivity) (1:10); (c) TKN (Total Kjeldahl nitrogen); (d) TOC (Total organic
carbon). Data series are the means of three replicates (composters) per treatment (layer) and bars indicate standard deviation. Different letters indicate significant differences
(Fisher LSD, p < 0.05) between treatments at 244 days of composting.
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treatment. These variables were measured for the process monitor-
ing, in order to detect needed control actions, such as adjustment
of type and quantity of feedstock or pH correction. Nevertheless,
a profuse assessing of compost maturity and or quality is not
intended in this study. pH mean values were significantly different
throughout the composter after 244 days of composting (Fisher
LSD, p < 0.05) (Fig. 6a). Lowest pH corresponded to T30 (average
pH: 6.5) followed by T70 and T50 (7.1 and 7.2, respectively). pH
was higher in the bottom layer (T10) throughout the composting
process and ended around 8.8. Taking into consideration these
results, it could be predicted that compost obtained from T30,
T50 and T70 would have a better final pH range for agricultural
applications (recommended range: 6 to 7.8) (Laos et al., 2002;
Mazzarino et al., 2012; Rynk, 1992) than compost from T10.

EC values were within 2.5–3.5 dS m�1 throughout the com-
poster (all layers) (Fig. 6b), thus, soluble salts content in produced
compost would agree with recommended values for most agro-
nomic applications (Mazzarino et al., 2012). However, EC values
in T30 and T10 samples were significantly different (Fisher LSD,
p < 0.05) from the upper layers (T70 and T50). In previous work,
as well as in other authors experiences, elevated EC values were
observed in compost made from dining wastes. This is associated
to the presence of cellulosic material in the feedstock, such as nap-
kins and tablecloths made with paper (Arrigoni et al., 2015;
Faverial and Sierra, 2014; Kalamdhad and Kazmi, 2009a;
Kalamdhad and Kazmi, 2009b). However, in this study, the differ-
ences in the EC values between the upper and the lower layers of
the composter, also would show leachates accumulation in the
lower part of the composter; leachates frequently include dis-
solved salts and, thus, increase compost electrical conductivity.

Total organic carbon (TOC) content is associated with the
microbial activity, water holding capacity and nutrients release,
among other effects, not only in the final product but also for the
composting process evolution (Campitelli and Ceppi, 2008;
Mazzarino and Satti, 2012). Nitrogen content is also a functional
component for the composting process, because of its relevance
for microbial reproduction and growth, beyond its importance in
the final compost quality (Campitelli and Ceppi, 2008; Mazzarino
and Satti, 2012). Average TOC and Total Kjeldahl Nitrogen (TKN)
percentages showed slight variations during the composting pro-
cess (Fig. 6c and d), and did not show significant differences in
the last sampling time between the composter layers. Compost
final TOC values were around 39% and 45% and final TKN ranged
from 1.6 to 1.8%.

Considering that WSC values decreased at the end of the pro-
cess (see Fig. 5a), pine wood shavings in unsieved samples could
have contributed to compost C total content, as it was stated before
and observed by Storino et al. (2016a and 2016b). Thus, it could be
assumed that final compost TOC was mainly composed of this
more stable C source. This may be considered a positive compost
quality feature, since carbon provided by organic amendments
should not be easily attacked by microorganisms in order to pre-
vent N immobilization (Campitelli and Ceppi, 2008; Tognetti
et al. 2007a; Tognetti et al., 2007b). Average TKN content in final
product were consistent with the characteristic values found in
compost produced from kitchen wastes (Iyengar and Bhave,
2006; Kalamdhad et al., 2008; Smith and Jasim, 2009). However,
according to this organic amendment intended use, a screening
pre-treatment could be considered to increase the TKN availability
in the obtained compost (Mazzarino and Satti, 2012; Smith and
Jasim, 2009).
4. Conclusions

Our experiment results showed that small scale composting of
kitchen and garden organic wastes is viable under unfavourable
cold weather conditions. However, the process evolution was not
homogenous throughout the compost bin. Most home composters
commonly employ static systems (as compost bins), where the
composting process evolves vertically. In these systems, it is usu-
ally accepted that the first batch of waste incorporated would have
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a higher stability degree than the upper and fresher waste strata.
Our experience suggests that the organic matter transformation
could not be associated to the order of the waste incorporations
in a time line, as it could be expected. Instead, the first incorpo-
rated portions of waste needed a longer stabilization period, prob-
ably due to compaction and leachates accumulation in the lower
layers of the composter. This outcome points out the need to dis-
cuss new forms of assessing and studying the composting process
in vertical and static (without turning) compost bins, considering
the observed stratification effect. Composters with a built-in mix-
ing mechanism would be more effective in controlling excess of
moisture and compaction aspects. However, construction costs
may be impractical for community implementation of this sys-
tems. Thus, provided insights, could help to improve small-scale
compost bin design for large-scale commercialization.
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