
Vol.:(0123456789)1 3

Waste Biomass Valor (2019) 10:63–74 
DOI 10.1007/s12649-017-0047-2

ORIGINAL PAPER

Co-composting of Green Waste Mixed with Unprocessed 
and Processed Food Waste: Influence on the Composting Process 
and Product Quality

E. R. Oviedo-Ocaña1 · I. Dominguez1 · D. Komilis2,3 · A. Sánchez2 

Received: 3 June 2017 / Accepted: 5 August 2017 / Published online: 17 August 2017 
© Springer Science+Business Media B.V. 2017

end-product from treatment C was 4.8–5.0, which indicates 
that the product can be suitable for agricultural use.
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Introduction

Green waste GW represents a significant fraction of munici-
pal solid waste (MSW). For example, in the United States in 
2013, GW represented 13.45% of MSW (34.7 million tons) 
[1], while in Taiwan, GW accounts for 22–30% of MSW 
[2]. Municipal green waste (GW) commonly consists of tree 
wood and bark, pruning from young trees and shrubs, dead 
and green leaves, grass clippings and soil, and originates 
from municipal parks, gardens, reserves and domestic dwell-
ings [3, 4]. GW has increased dramatically with the rapid 
development of urban green spaces in several countries [5]. 
GW management is often difficult and expensive due to its 
low bulk density. The principal cost is due to collection and 
transportation to landfill or treatment facilities [6].

Composting is an alternative for GW management in 
cities. For example, in the United States, 36 states have 
reported a total of 3474 GW composting facilities [7]. Other 
authors reported GW management in composting facilities 
like Benito et al. [8] in Madrid and Lopez et al. [6] and 
Cáceres et al. [9] in Catalunya, Spain.

Composting can constitute a suitable method for the recy-
cling of GW, since the compost obtained is a useful organic 
amendment and/or organic substrate that can be reincorpo-
rated into the economic system, can reduce waste to be dis-
posed, and can reduce emissions of greenhouse gases [10]. 
In addition, compost can sequestrate carbon and result in 
reduced net  CO2 emissions to the atmosphere. However, the 
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composting of lignocellulosic GW is challenging due to its 
low decomposition rates [3].

Organic matter includes readily available compounds that 
will be immediately used by the composting microbiota, and 
polymeric organic compounds that need to be enzymatically 
processed before they can be used by microorganisms as 
carbon and nitrogen sources [11]. Among the polymers com-
monly found in raw materials for composting, the lignocel-
lulosic fraction is the most difficult to degrade and there are 
few microbial species capable of degrading these materials 
[12]. In addition, the composition of GW is highly variable 
and depends on the predominant vegetation in the area, the 
season of the year, and the local collection policies [6]. This 
increases the difficulty to degrade these materials.

Even though indigenous microbiota usually carries out 
composting successfully, the completion time may become 
too long, as the rate at which the process proceeds is directly 
related to the microbial population capable of acting upon 
polymeric materials [11]. According to Zhang and Sun [3], 
these composting problems can be reduced by using organic 
or inorganic fermentation additives and by optimizing the 
composting process conditions.

Several practices have been developed to improve GW 
composting with promising results in reducing processing 
times and in improving product quality. Such practices can 
be: (a) application of earthworm casts (EWCs), which are 
organic, and zeolite, which is inorganic [3]; (b) recirculation 
of refuse obtained from GW composting and used at the start 
of the process to active GW composting [6]; (c) inoculation 
with microorganisms specifically capable of decomposing 
polymeric compounds [11]; (d) addition of organic bulking 
agents (BA) appropriately selected for GW composting, such 
as sawdust, rice husks, or cotton waste [13].

Since it is not always feasible to identify supporting mate-
rials, other easily available wastes could be used for GW 
composting. For instance, Kumar et al. [2] indicate that food 
wastes, given their high content of easily-degradable organic 
matter, could complement GW to initiate and support com-
posting conditions. This alternative could overcome the 
constraints of composting those materials individually [14].

Considering the high proportion of unprocessed food 
waste (UPFW) and processed food waste (PFW) in MSW, 
this research evaluates the influence of adding those materi-
als (UPFW and PFW) on the composting of GW. Therefore, 
the novelty of the work lies on the fact that although GW 
are traditionally viewed as amendments or bulking materials 
during composting [6, 15–17], they are, instead, viewed here 
as the main substrate with food waste being the amendment. 
In addition, food waste is classified here into unprocessed 
and processed which were separately studied as two alterna-
tive additives during GW composting. This classification, 
according to the authors’ knowledge, is performed for the 
first time during the study of organic waste composting. 

This differentiation is important, since the physicochemi-
cal characteristics of UPFW and PFW are not similar (e.g. 
the microbial population is expected to be different between 
cooked and uncooked FW), and this feature can influence the 
composting process and product quality.

Methodology

Description of the Experiment

A pilot-scale experiment was developed at the university 
campus of Universidad Industrial de Santander (Bucara-
manga, Colombia). The experimentation area had a roof and 
a level surface made of concrete. The campus had an average 
ambient temperature of 24 °C. Three treatments were used 
with contents of GW, UPFW and PFW, identified as follows: 
Treatment A: 100% GW (wet weight-w/w) (i.e. which was 
established as the control); Treatment B: (60% GW and 40% 
UPFW) (w/w); Treatment C: (50% GW, 30% UPFW and 
20% PFW) (w/w). Two criteria were considered to define the 
mixtures: (i) GW should be the predominant substrate, and 
(ii) C/N ratio should be higher than 18 (i.e. mixtures were 
established using mass balances based on theoretical values 
for the substrates). This study did not assess the mixture of 
GW and PFW because the high content of fats and oils in 
those substrates could inhibit the composting process when 
high proportions are involved. All treatments were run in 
duplicates (two piles per treatment). Thus, a total of six piles 
were constructed. GW originated from the pruning of trees, 
the harvesting of leaves and the cutting of grass within the 
campus. UPFW and PFW were source-separated and were 
collected, using composite sampling, from the university 
restaurant, where approximately 3000 lunches per day are 
normally prepared.

Each pile weighed around 100 kg (wb) and had a coni-
cal shape with an approximate height of 0.8 m. Prior to the 
experiment startup, substrates were manually crushed to 
sizes between 5 and 7 cm. In addition, non-biodegradable 
or inert materials were removed (e.g. stones and plastics). 
All piles were run simultaneously so that to maintain similar 
environmental conditions during the experiments.

Substrate Characterization

GW was stored for two weeks in an open space before the 
initiation of the experiments. Storage periods were one day 
for PFW and three days for UPFW, trying to simulate real 
conditions since food waste are not directly composted 
after disposal. Storage was carried out in a covered space at 
ambient temperature. Before pile formation, all components 
were manually mixed (i.e. with shovels) in the proportions 
defined for each treatment. However, UPFW, PFW and GW 
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are typically non-homogeneous even after extensive natural 
mixing due to their larger particle size [2].

Among the UPFW, peels from potato, carrots, fruits 
(banana, orange, papaya), lettuce, peppers, banana (green 
and ripe), green beans and onion predominate.

A representative sample (2 kg each) was taken from each 
substrate (i.e. UPFW, PFW, treatment A, treatment B and 
treatment C). For this, the random quartering technique 
described by Sakurai [18] was followed. For the UFPW and 
PFW, prior to the piles’ formation, all stored material (i.e. 
180 and 120 kg respectively) was discharged separately. 
Subsequently, it was mixed and through quartering, a 2 kg 
sample was obtained for analysis. For treatments A, B and C, 
the samples were obtained right after the piles were formed 
(i.e. completely mixed substrates). Subsamples from four 
different locations of each pile (approximately 10 kg each) 
were combined (composite sample), and then by succes-
sive quartering, 2 kg of samples were obtained per pile. 
Therefore, the physicochemical characteristics mentioned 
in Table 3 per starting substrate/mixture per treatment were 
based on one measurement (one composite sample per 
treatment).

Samples were taken to the laboratory to perform analy-
sis of: pH, moisture, ashes, Total Potassium  (KTotal), Total 
Phosphorous  (PTotal), and Total Organic Carbon (TOC) by 
methods described in the Colombian Technical Norm (NTC) 
5167 [19]. The Total Nitrogen  (NTotal) was determined by 
technical norm NTC 370 [20]. Table 1 summarizes the 
methods used to analyze the parameters studied.

Process Monitoring

Monitoring started right after the preparation of the piles. 
Temperature was measured daily on the compost pile cen-
troid, using a 60 cm thermometer. Subsamples taken from 
four opposite locations in each compost pile were combined 
to form a 200 g sample that was specifically used for pH and 
moisture measurements [8, 21].

pH was measured at least three times a week for the first 
2 weeks and then at least twice a week, until the end of the 

monitoring. pH was potentiometrically measured to an aque-
ous extract obtained from a stirred mixture of the sample 
and distilled water (1:5 w/w). Measurement was carried out 
using a desk pH meter ionometer, model S220K. Moisture 
content was determined using a portable moisture meter 
Ohaus MB-35 (Ohaus Corporation).

Pile monitoring was performed until one of the piles 
reached ambient temperature (24 ± 2 °C) (i.e. day 67). Prior 
to the completion of the experiment, on-site self-heating 
tests were performed to determine if temperature rises 
occurred when piles were moisturized [22].

Product Quality

At the end of the composting process, a manual sieving of 
the products was carried out using a 1.25 cm sieve. Subse-
quently, a representative sample was received and the same 
analyzes performed on the substrates were carried out on 
the products using the same techniques mentioned above. 
Finally, the characteristics of the products obtained were 
analyzed and compared with the Colombian technical stand-
ard for organic products used as fertilizers and soil amend-
ments or conditioners [19]. A recently introduced compost 
quality index, namely the fertilizing index (FI) proposed by 
Saha et al. [23] was adapted and applied. The FI of a com-
post end-product is computed using the formula of Eq. 1:

where ‘Si’ is score value of analytical data (i.e. 1–5) and 
‘Wi’ is weighing factor of the ‘i’th fertility parameter (i.e. 
1–5). The parameters included in this study were: TOC, 
Total N, Total P, Total K, C:N. The criteria for assigning 
‘weighing factor’ to fertility parameters and ‘score value’ 
to analytical data can be seen in Table 2.

Results and Discussion

Substrate Characterization

Table 3 includes the physicochemical characterization of the 
substrates. It is observed that GW presents typical conditions 
that limit its composting, such as low moisture and low C/N 
ratio. These results are partly similar to those reported by 
Eggerth et al. [24] and Krogmann et al. [25], who had found 
low C/N ratios and TOC contents for grass clipping and 
mixed GW. Cáceres et al. [9] suggest that the relatively low 
organic matter level (OM) in the GW material is probably 
due to the presence of mineral soil in the mixture.

(1)Fertilizing index =
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Table 1  Analytical methods used for substrate characterization

Parameters Units Method/technique

pH – Potentiometric
Moisture % wb Gravimetric
Total organic carbon (TOC) % db Spectrophotometric
Total nitrogen (N) % db Titrimetric Kjeldahl
Ash % db Gravimetric
Total potassium  (K2O) % db Atomic absorption
Total phosphorous  (P2O5) % db Spectrophotometric
Conductivity mS/cm Potentiometric
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On the other hand, GW values found in this research 
were different to those obtained in previous research [27], 
where higher TOC (36.1% db) and C/N ratios (28.8) had 
been noticed. This difference could be related to the typical 
variability on the physical composition and physicochemical 
characteristics of the collected GW. Bary et al. [28] indicate 
that the sub-components of GW i.e. grass clippings, woody 
trimmings, leaves, debris can highly differ in chemical com-
position, resulting in highly variable composition of the yard 
trimmings materials. Additionally, variation in the size of 
the material and the proportion of the different subcompo-
nents in GW (e.g. leaves, grass, branches) also influence the 
physicochemical characteristics of the whole GW mixture. 
Benito et al. [8] concluded that the characteristics of GW 
will vary, depending upon the predominant vegetation in 
the area and the climatic conditions. In addition, storage 
conditions could affect parameters such as TOC and  NTotal.

Therefore, the differences found in GW are due to the fact 
that these substrates are a heterogeneous mixture of cutting 
residues from tree branches, grass, leaves, and in general, 
plant remains (i.e. different plant species), which influence 
physicochemical characteristics. In addition, GW can also 
change depending on their level of degradation (i.e. fresh 
or partially degraded materials). For instance, Bary et al. 
[28] indicate that yard waste management can influence the 
concentrations of organic matter and N, which can vary sig-
nificantly, even if the materials are stored for 1 week.

The physicochemical characteristics of UPFW and PFW 
were typical for these substrates namely acidic pH, high 
moisture, high N content, low C/N ratio, low phosphorus 
content and high presence of salts [25, 29].

The addition of UPFW and PFW to GW (i.e. treatment 
B and treatment C) reduced pH, which can affect the initia-
tion of the composting process, as reported by Beck-Friis 
et al. [30]. Likewise, moisture increased to values higher 
than those typically recommended by the literature for the 
start of the process (65%) [2, 31].

In treatments B and C, the C/N ratios were lower than 
the values required to start a typical composting process 
(25–30) [25, 32, 33]. This may lead to the volatilization of 
nitrogen in the form of ammonia, when high temperatures 
occur and pH is at the alkaline range [12, 34]. The most criti-
cal case was treatment C, in which the C/N ratio was 14.3, 

possibly associated with the presence of PFW in the mixture, 
since PFW has a low TOC content and high concentration of 
 NTotal. However, Kumar et al. [2] found that even with low 
C/N ratios (i.e. 13.9 a 19.6), the composting of GW and food 
waste progressed effectively.

With regards to the  PTotal content, a low concentration was 
obtained, which is typical for these substrates (GW, UPFW, 
PFW), as found in other studies on food waste [29] and GW 
[13]. Likewise, typical values were found for  KTotal, except 
for PFW, which had an extremely low content that influenced 
the  KTotal concentration in treatment C. This could be linked 
to the composition of the food waste in the days in which 
the characterization, sampling and experimental set up took 
place.

The EC of PFW was high, which could be linked to the 
presence of salts during food preparation and cooking. Like-
wise, GW had conductivity values relatively higher for this 
kind of substrates compared to results obtained by Zhang 
and Sun [13]. Treatment B and C had EC values similar to 
those for GW, possibly because this was the predominant 
substrate in the mixture.

Experimental Assembly and Monitoring Process

Temperature

Figures 1, 2 and 3 show the temperature profiles for treat-
ments A, B and C, respectively. Table 4 includes a summary 
of the temperature behavior during the process, namely the 
time to reach the maximum temperature, the time to reach 
the initiation of the thermophilic phase (>45 °C), the dura-
tion of the thermophilic phase and the time to reach ambient 
temperatures from the start of the experiment are presented 
per pile. The total amount of water added during the wetting 
phases and the initial pH of the treatments are also included 
in Table 4.

The treatments with food wastes (B and C) reached ther-
mophilic temperatures in a relatively small time (day 2 and 
3, respectively) due to the presence of rapidly degradable 
compounds in the substrates (i.e. carbohydrates and pro-
teins) [12, 31], compared to treatment A (in which 4 days 
were needed), due to the higher presence of lignocellulosic 
materials with low rates of degradation [35].

Table 2  Criteria for assigning 
‘weighing factors’ to fertility 
parameters and ‘score values’ to 
each parameter. Source adapted 
from Saha et al. [23]

Parameters Score value  (Si) Weighing factor

5 4 3 2 1 (Wi)

Total organic C (% db) >20.0 15.1–20.0 12.1–15.0 9.1–12.0 <9.1 5
Total N (% db) >1.25 1.01–1.25 0.81–1.00 0.51–0.80 <0.51 3
Total P (% db) >0.60 0.41–0.60 0.21–0.40 0.11–0.20 <0.11 3
Total K (% db) >1.00 0.76–1.00 0.51–0.75 0.26–0.50 <0.26 1
C:N ratio <10.1 10.1–15 15.1–20 20.1–25 >25 3
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Fig. 1  Temperature profile in 
the center of both piles of treat-
ment A (100% GW)

Fig. 2  Temperature profile 
in the center of both piles of 
treatment B (60% GW + 40% 
UPFW)

Fig. 3  Temperature profile in the center of both piles of treatment C (50%GW + 30%UPFW + 20%PFW)
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None of the treatments reached 65 °C, which is the tem-
perature required for sanitization and destruction of insect 
larvae and seeds [12, 36]. However, the requirement by Haug 
[37] stating that the length of thermophilic temperatures in 
all piles must be greater than or equal to 4 days was fulfilled. 
Also, only treatment C had temperatures above 55 °C for 
more than three days, a criterion that according to Stentiford 
and de Bertoldi [33] aids in material sanitization.

The highest temperatures (58–59 °C) were reached in 
the piles that had a mixture of UPFW and PFW (treatment 
C), although there was a strong temperature oscillation in 
the first 10 days of the process, possibly due to the lack of 
turning between days 5 and 13. Treatment B had maximum 
temperature values of 56 °C, while treatment A (i.e. made 
only with GW) reached 55 °C. In general, treatment C stayed 
longer in the thermophilic range of 45–55 °C, which is 
where the highest rate of degradation typically occurs [33]. 
This behavior agrees with Pandey et al. [14], who indicated 
that reaching temperatures higher than 55 °C in the com-
posting of food waste mixed with GW is a challenge that, 
if achieved, can favor the reduction of pathogens such as 
salmonella and fecal coliforms.

In relation to the capacity to maintain temperatures in 
the thermophilic range (>45 °C), in treatments B and C this 
condition lasted 18–21 and 25 days respectively, compared 
to treatment A, where the condition lasted 17–21 days. This 
is associated to the fast decomposition of easily-degradable 
organic matter present in those substrates (e.g. treatment C), 
as opposed to GW, in which the predominant lignocellulosic 
compounds induce low rates of degradation. This makes it 
difficult for such materials to reach and maintain thermo-
philic temperatures for long periods of time [12]. Treatment 
C behaved in accordance to Cáceres et al. [9], who argue 
that high temperatures for several consecutive days indicate 
a process efficiency in the composting process. Therefore, 
high temperatures should be maintained as long as possible.

Figures 1, 2 and 3 also show continuous temperature 
oscillations during the first 20 days in all treatments, that 
alternate between the thermophilic and mesophilic range. 

These temperature oscillations may be related to the pres-
ence of slowly degradable compounds, such as lignin (i.e. 
contained in tree branches and leaves) that are resistant to 
microbial degradation [38]. However, during wetting and 
turning of piles, these materials can be exposed to the attack 
of the microorganisms, that can reactivate their degradation 
[39]. Likewise, turning activities immediately reduce the 
temperature. However, the temperature is rapidly recovered 
according to the specific stage of the process [9].

On the other hand, treatment B reached ambient tem-
peratures in a shorter time (days 47 and 51), compared to 
treatments C (day 57) and A (day 65). Thus, the cooling 
phase was smaller in treatments B and C. This shows that 
the incorporation of UPFW and the mixture with UPFW and 
PFW decreased GW composting times. The longer cool-
ing time in treatment A, is associated to the higher content 
of compounds such as cellulose and lignin in GW, which 
typically slows down the degradation process compared 
to the substrates in treatment B and C that contain more 
readily degradable material. According to Chiumenti et al. 
[31], materials containing cellulose and lignin take longer 
to decompose. Since easily degradable materials have been 
metabolized during the mesophilic and thermophilic phase 
(i.e. generating a lack of food and subsequent death for an 
important portion of the microbial population), the decom-
position process is performed on more complex organic mol-
ecules, slowing down the process. Similarly, the low degra-
dability of lignin, which is extremely resistant to chemical 
and enzymatic degradation, can significantly extend the 
length of the process [40].

pH

Figures 4, 5 and 6 show pH behavior in treatment A, B and 
C, respectively. pH started on the acidic range; treatments 
B and C, those that included PFW and the mix of PFW and 
UPFW, having the lower values. This is due to the fact that 
from the storage, at the beginning of the composting process, 

Table 4  Temperature behavior for each replicate per treatment

TMAX maximum temperature, TAMB ambient temperature

Pile Added 
water (L)

Initial pH Time to the initiation of the 
thermophilic phase (days)

TMAX (°C) Time to 
 TMAX (days)

Thermophilic 
phase duration 
(days)

Time to  TAMB ± 3 °C from the 
initiation of the process (days)

A1 336 6.0 4 52 5 21 65
A2 358 6.0 4 55 4 17 65
B1 187 4.4 2 51 7 21 51
B2 186 4.4 2 56 11 18 47
C1 148 5.3 3 58 4 25 55
C2 134 5.3 3 59 4 25 55
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Fig. 4  pH profile in treatment 
A (100% GW)

Fig. 5  pH profile in treatment 
B (60% GW + 40% UPFW)
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Fig. 6  pH profile in treatment 
C (50%GW + 30% UPFW + 20% 
PFW)
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food wastes generate organic acids as intermediate products 
from the metabolic process of the bacteria [34].

Subsequently, pH increased to values between 8 and 9 
units, as a result of the  CO2 release, the complete miner-
alization of the intermediates metabolites, aeration of bio-
mass, and ammonia production from protein degradation [2, 
34]. At the end of the process, values between 7.6 and 8.9 
units were reached, B treatment having the highest values. 
In treatment A and B, the increase in pH was faster than in 
treatment C, which may be associated with a higher decom-
position rate of organic acids due to the increase in the  O2 
concentration [30], promoted by a higher turning frequency 
in treatment A and B during the first days of the process 
(see Figs. 4, 6).

Product Quality

Table 5 shows product quality obtained from the differ-
ent piles and comparison with the Colombian Technical 
Standard (NTC) for use of organic products as fertilizers. 
In addition, results of product quality from GW composting 
reported by other studies are included [13, 24, 41]. The table 
indicates that a very good agreement between the replicate 
piles per treatment exists for almost all parameters.

Regarding pH, products had neutral values, adjusted to 
the values required by the NTC for soil improvers [19]. A 
notable influence on the pH of the products due to the addi-
tion of UPFW and PFW to GW was not observed. Other 
studies using GW, reported similar pH values in the product 
[13, 24].

Although several authors recommend moisture levels 
lower than 35% at the end of the process, all treatments had 
higher values, which could be associated with the fact that 
before the end of the experiment, the piles were moistur-
ized to determine possible self-reheating of the material. 
Moisture levels as those obtained (approximately 50%) in 
products that are already stable, are not inconvenient for the 
maturation process, but they could be for product marketing 
activities (handling, transport and application).

Regarding the TOC content, the results show that it was 
above the NTC requirements for use as soil improver [16]. 
This may be associated with the fact that these materials 
were not completely stable (i.e. they required more time in 
the maturation phase). Particularly noteworthy is the high 
TOC content in treatment C treatment. This higher value is 
possibly associated to the UPFW organic matter input, as 
evidenced in Table 3.

In relation to the  NTotal concentration, it was observed that 
in all cases, the values were higher than those required by the 
NTC. Likewise, a higher value was observed in the products 
compared to the substrates, possibly due to the  NTotal con-
centration from the mass transformation  (CO2,  H2O), and/or 
nitrogen fixation or immobilization, which may occur dur-
ing composting processes [12, 14, 33]. Products with these 
characteristics are suitable for use in agriculture [23].

The C/N ratio according to Saha et al. [23] should be 
below ten, while authors such as Sullivan and Miller [21] 
suggest it should be between 10 and 15. According to Diaz 
and Savage [34], if compost has a high C/N ratio and decom-
poses rapidly in the soil, it can uptake nitrogen from the 

Table 5  Quality of the obtained products in the piles and comparison with other products

Fertility index is calculated in a scale from 1 to 5 with five indicating the most beneficial effect to plant growth. One measurement per replicate 
in each treatment was performed for the initial physicochemical parameters
GW Green waste
a Eggerth et al. [24]
b Boldrin et al. [41]
c Zhang and Sun [13]
d Adapted from Saha et al. [23]

Parameter Units Treatment A Treatment B Treatment C NTC 5167 norm GW derived composts

A1 A2 B1 B2 C1 C2 [24]a [41]b [13]c

pH – 7.61 7.50 7.21 7.22 7.61 7.60 >4 and <9 5.8–7.2 – 7.9
Moisture % (wb) 48.6 56.9 47.5 42.3 52.0 57.1 <35 34–61 29–44 –
TOC % (db) 18.6 19.9 19.4 26.3 23.1 23.1 >15 32.5 10–19 25
Ntotal % (db) 2.0 2.1 1.7 1.5 2.8 1.9 >1 0.7 0.7–0.9 3.0
C/N – 9.32 9.23 11.2 18.1 8.5 12.5 – 46.4 11–27 8.3
Ashes % (db) 46.3 45.2 50.0 45.5 25.8 26.1 <60 – 72–79 –
Ktotal % (db) 3.37 2.92 2.65 2.67 2.23 2.08 >1 0.18–3.6 1.5–1.9 0.28
Ptotal % (db) 0.6 0.5 0.5 0.4 0.8 0.8 >1 0.04–0.28 0.15–0.23 0.30
Electrical conductivity mS/cm 9.07 6.73 5.07 5.73 1.80 1.44 – 0.8–4.07 – 2.61
Fertility  indexd Unit 4.47 4.47 4.27 4.40 5.0 4.8 – – – –
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soil to sustain plant growth. In contrast, a low C/N, releases 
ammonia that can be phytotoxic to the roots of plants. This 
study found that in the case of treatment A, values below ten 
occurred, while in the remaining treatments, the ratio was in 
a range between 10 and 15. Likewise, it was observed that in 
all cases lower values of C/N were obtained for the products 
compared to the substrates, due to the transformation of the 
TOC during the process [12, 40] (i.e. approximately 60% of 
the biodegradable organic matter is transformed).

The content of nutrients, such as P, in the product was 
limited. This is likely associated to the low P concentra-
tion in the initial substrates (see Table 3). However, higher 
concentrations were observed in the product, due to the 
mineralization of organic matter and mass transformation, 
which generate an apparent increase in its concentration 
after composting [42, 43]. None of the products reached the 
minimum value reported in the NTC so that it is used as a 
soil improver, although it is worth noting the higher concen-
tration of  PTotal found in treatment C. Likewise, the values 
found are consistent with values from products reported in 
other studies for GW [13, 24, 41]. From an agronomic point 
of view, the  PTotal content was low for crop production, rati-
fying the need to supplement crop fertilization where high 
yields are expected. Strategies such as the incorporation of 
phosphoric rock into the product or the addition of P-rich 
amendments could be effective in increasing the agronomic 
quality of the product.

The  KTotal content was in all the treatments greater than 
the minimum report value suggested by the Colombian NTC 
to be used as soil improver [19]. The lowest values were 
those of treatment C, which were characterized by a low 
 KTotal concentration in the substrates (i.e. due to the low 
 KTotal values in PFW).

The ash content in the product, with values below 60% 
db, fulfills the Colombian NTC. The lower values were 
found in C treatment, which is related to the low ash con-
tent found in the substrates that made these piles (i.e. PFW 
and UPFW), therefore, resulting in better conditions for this 
type of products.

The conductivity values in the products obtained from 
treatments A and B were relatively high compared to those 
required for a stable and mature product (<4 mS/cm) [44]. 
In the case of treatments B and C, which had lower conduc-
tivity values, it can be attributed to the addition of UPFW 
and PFW which increased the temperature and improved 
the breaking of the food waste, which also could accelerate 
the production of inorganic compounds and the release of 
soluble salts [13]. Except for the product obtained from C 
treatment, the use of the products from treatment A and B, 
with their electrical conductivity values, could affect soils 
characteristics.

Finally, the adapted fertility index calculated according 
to Saha et al. [23] obtained values higher than 3.5 in all 

treatments, which according to the classification proposed 
by that author reveals a high potential for fertilization of 
soils by the end-products. The best conditions, however, 
were for the end-product obtained from treatment C (i.e. 
score of 4.8–5.0). Full-scale studies should be developed to 
study physicochemical and microbiologic parameters com-
plementary to product quality (e.g. other nutrients, calcium, 
sodium, cation-exchange capacity, water holding capacity, 
total coliforms and total fecal coliforms, heavy metals).

Conclusions

The conclusions obtained from this research are:

1. GW has characteristics that limit their composting 
alone. These characteristics are variable due to aspects 
such as the proportion of materials collected each day 
(e.g. leaves, branches, grass, soil), particle size and 
degree of degradation. The incorporation of PFW and 
UPFW contributed to overcome these limitations, allow-
ing adequate composting conditions from the beginning 
of the process.

2. The incorporation of the UPFW and PFW mixture 
(treatment C) allowed the GW composting to reach the 
temperatures of the thermophilic range in less time, 
also achieving higher temperatures, in comparison to 
GW composted alone (treatment A). It was also effec-
tive to maintain temperatures at the thermophilic range 
for longer periods (19 days) compared to the treatment 
with only UPFW (12 days) and only GW (9 days). The 
cooling phase of the process was also characterized by 
a shorter duration and the ambient temperature was 
reached at between 14 days (piles B) and 8 days (piles 
C) faster than the piles with only GW (piles A). This 
shows that the addition of UPFW and PFW provides 
greater effectiveness to the composting process with bet-
ter conditions to sanitize the final product.

3. An improvement in product quality was observed with 
the incorporation of the UPFW and PFW mixture (treat-
ment C) compared to GW alone. This was judged by 
the adequate final C/N ratio (i.e. 10.2 compared to 9.2), 
a lower proportion of ash (i.e. 25.98% compared to 
45.76%), higher concentration of  PTotal (i.e. 0.8% com-
pared to 0.55%), lower values of electrical conductiv-
ity (i.e. 1.62 mS/cm compared to 7.90 mS/cm) and a 
higher fertility index (i.e. 4.8–5.0 compared to 4.47). 
These characteristics make the product suitable for use 
in agricultural activities.

4. Although the addition of UPFW to GW (treatment B) 
resulted in improvement in the product quality (com-
pared to GW alone), the best composting conditions 
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were achieved when the UPFW and PFW mixture was 
added (treatment C).

5. It is important to develop field-scale experiments, 
instead of solely laboratory and pilot scale ones, to 
better evaluate the composting of GW with other eas-
ily degradable substrates. In addition, it is necessary 
to include a full set of parameters (e.g. micronutrients, 
heavy metals, stability, phytotoxicity and/or seed bioas-
says, microbiological parameters) to monitor the process 
and to adequately assess both the stability and maturity 
of the product.
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