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Abstract

The management of organic waste in mining operations located in remote regions poses
considerable logistical challenges, primarily because of the long distance to available landfill
sites and the associated high costs. In addition, substantial environmental concerns arise
from greenhouse gas emissions generated during waste processing and transportation.
This study evaluated the implementation of an accelerated and automated composting
process for the on-site treatment of organic waste at a mining operation. Operational
performance indicators were established and evaluated over a 14-month period, including
waste-to-compost conversion ratios, environmental indicators comparing emissions from
conventional waste management with on-site treatment, and an economic profitability
analysis. The quality of the produced compost was also assessed. The results showed an
average conversion rate of 32 & 7%, resulting in a 38% reduction in emissions compared
with landfill disposal, equivalent to 0.17 kg CO,e per kg of food waste treated. From an
economic perspective, the process generated savings equivalent to USD 41.52 per Mg of
food waste. Overall, the quality of the compost produced was adequate and met most
regulatory and hygiene requirements. The comprehensive evaluation demonstrated that
the improvements achieved by this management model offer an opportunity for treating
organic waste in mining contexts and in communities with limited access, as well as under
operational or environmental conditions that restrict conventional composting alternatives.

Keywords: food waste; compost; environmental management; circular economy; valorization;
sustainability

1. Introduction

The management of solid waste, particularly organic food waste, is a major challenge
for modern societies and urban development [1], as well as for mining operations. The
challenges faced by many mining units in managing food waste (FW) can be compared to
the problems encountered in island or isolated communities, where limited infrastructure
and logistical constraints make the implementation of efficient waste management strategies
essential [2]. This need is especially relevant for the organic fraction of general or municipal
solid waste, which accounts for approximately 60-70% of the total waste generated in many
developing countries [3,4].
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In mining operations, FW is usually sent to landfills, a practice associated with com-
plex logistics, high transportation and disposal costs, and significant environmental risks,
including greenhouse gas (GHG) emissions throughout the management chain. In high
Andean regions, these limitations are magnified by adverse weather conditions and poor
road access, making it necessary to establish management strategies that minimize impacts
and promote long-term sustainability.

Composting is one of the most widely used alternatives for treating and valorizing
biodegradable waste and has demonstrated economic and environmental viability in
different regions of the world [5-7]. Composting contributes to reducing GHG emissions
compared with landfill disposal [3,5] and provides several economic benefits [8]. This
treatment approach aligns with the principles of the circular economy by enabling nutrient
recirculation, reducing the amount of waste sent for final disposal, and replacing external
inputs such as organic fertilizers [9-14].

However, the effectiveness of conventional composting is strongly affected by envi-
ronmental conditions, because the biological processes involved depend on temperature,
moisture, and aeration. In regions with unfavorable environmental conditions, such as low
temperatures or limited or excessive rainfall, in-vessel composting systems offer substantial
advantages by enabling greater process control and reducing treatment times through
the regulation of key operational parameters [15,16]. Nevertheless, information remains
limited regarding the performance of accelerated composting systems under the logisti-
cal and environmental constraints typical of remote mining operations, as well as their
environmental and economic benefits relative to conventional disposal practices.

Therefore, this study evaluates an accelerated composting system specifically imple-
mented to treat food waste generated at a mining unit. Unlike assessments that focus solely
on process performance, this study integrates operational, environmental, economic, and
product quality perspectives to provide a comprehensive evaluation of the technology
under real operating conditions. The objectives were to: (i) assess the operational effi-
ciency, environmental impact, and economic viability of the system compared with landfill
disposal; and (ii) evaluate the quality of the compost produced by the treatment process.

2. Materials and Methods
2.1. Assay Conditions, Equipment and Materials

The study was conducted at the Cerro Corona mining unit, operated by Gold Fields La
Cima S.A., located in the high Andean region of Hualgayoc, Cajamarca (Peru). The area is
characterized by average temperatures of 7 °C, with minimums from 2.6 °C in July—October
and maximums in November—January at 14 °C. Annual precipitation ranges from 1100 to
1400 mm, corresponding to a temperate climate with mild to moderate winters and a non-
xeric aridity regime [17], with Citrus-type winters, Triticum-type summers, and a high and
humid cold-earth humidity regime according to Papadakis [18]. The food waste (FW) used
in the study was obtained from the mining camp dining hall and treated in an accelerated
composting unit, the Ecobot EB-1000 (Maharashtra, India, ISOKLIN Fine Chem®). The unit
has a maximum capacity of 1000 kg FW /day, an average power consumption of 31 kW,
and performs shredding, microbial inoculation (Bioactive Isoklin©®; 10! CFU/g), mixing,
and an accelerated thermal phase at an operating temperature of 75 & 3 °C.

The evaluation period for the accelerated composting treatment covered 14 months,
from May 2024 to August 2025, to ensure seasonal representativeness of the food waste.
This waste consisted of a mixture of processed and unprocessed food residues, including
vegetable scraps, eggshells, meat trimmings, rice and bread, with it having a moisture
content ranging from 50 to 85%. During this period, 215 production records were obtained
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and used to evaluate the operational, environmental, and economic efficiency of the process,
as well as the quality of the final product.

2.2. Evaluation of Operational, Environmental and Economic Efficiency

Operational efficiency was determined by quantifying the amount of compost pro-
duced per equipment operating cycle and by evaluating both the conversion rate (com-
post/FW) and the variability of production per unit of time to determine operational yields.

Environmental efficiency was assessed by determining the carbon footprint associated
with the composting process and comparing it with that of landfill disposal. For the
accelerated composting process, emissions derived from electricity consumption were
considered using the Peruvian electricity mix emission factor of 0.218 kgCO,e/kWh [19].
This calculation considered the total equipment operating time and the amount of food
waste (FW) managed.

To determine the carbon footprint associated with the landfill disposal, emissions from
waste transport outside the mining unit (1) and emissions generated by waste degradation
in the landfill (2-5) were considered. For both calculations, the following considerations
and equations from the IPCC were considered [20-22]:

Emissions = Fuel - EF (1)

where Fuel is the amount of fuel consumed (17), and EF is the emission factor (kg/TJ]).
For this, the calorific value of diesel (43 T]/Mg) was considered, as shown in Table 1.2 of
IPCC, Vol. 2 [20], along with the following emission factors (in kg/TJ: CO, 74,100; CHy
3.9; NoO 3.9), as shown in Tables 3.2.1 and 3.2.2 of Vol. 2. IPCC [20]. The transport’s
operating capacity was 5 Mg, with an average consumption of 0.40 L/km, and a final
disposal distance of 327 km.

DDOCm = W - DOC - DOCf - MCF )

where DDOCm is the mass of decomposable DOC deposited (Mg); W is the mass of
waste deposited (Mg); DOC is the degradable organic carbon in the year of deposition,
(fraction = 0.05) (Mg); DOCT is the fraction of DOC that can decompose (fraction = 0.7);
and MCF is the CHy4 correlation factor for aerobic decomposition in the year of deposition
(0.5) [21].

DDOCma, = DDOCmd; + (DDOCmay_1 - e ¥) ©)

DDOCm decomp; = DDOCmay_; - (1 — e %) (4)

where t is the inventory year; DDOCma; is the DDOCm accumulated in the landfill at
the end of year t (Mg); DDOCmar_; is the DDOCm deposited into the landfill in year t,
(Mg); DDOCmd; is the DDOCm decomposed in the landfill in year T (Mg); k is the reaction
constant, being k = In(2)/t; /» (y_l) (k = 0.06); t1 /7 is the half-life time (12 years) [21].

CH, generated = DDOCm decompy - F - 16/12 )

where CHy generated is the amount of CHy generated from decomposable material;
DDOCm decompot is DDOCm decomposed in year t (Mg); F is the fraction of CHy,
by volume, in generated landfill gas; 16/12 is the molecular weight ratio CH4/C [21].

According to the IPCC (AR®6), the global warming factors (GWP100) for CH, from
fossil origin and biogenic origin were 29.8 and 27.2, respectively, and the GWP for N,O
was 273 [22]. The methodology used for the uncertainty analysis and the results obtained
are presented in the Supplementary Material.
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The economic efficiency of the process was evaluated by comparing the direct pro-
cessing costs of accelerated composting with those of landfill disposal, including operating
costs and the economic value associated with environmental benefits and the generated
product. The energy use of methane in landfills has not been evaluated, as it is not the
existing system in the study area; therefore, it is excluded from the environmental and
economic analysis.

2.3. Physicochemical and Microbiological Characterization of the Compost

For the physicochemical characterization of the compost, 12 composite samples were
collected, dried at 40 °C, homogenized, and sieved at 2 mm [23]. The bulk density was
determined [24]. The following physicochemical analyses were performed on the fraction
smaller than 2 mm: moisture [25]; electrical conductivity (EC) [26] and pH in water [27];
organic matter (OM) [28]; total N by Kjeldahl method [29]. The elemental contents in
the pseudo-total fraction were obtained by acid digestion [30]. The different elements in
the pseudo-total fractions (P; As; Pb, Hg, Cr, Cd and Ni) were quantified by inductively
coupled plasma optical emission spectroscopy (ICP-OES) and (Ca; Cu; Fe; K; Mg; Mn; Na
and Zn) by Flame Atomic Absorption Spectroscopy (FASS).

The microbiological characterization consisted of determining the content of
Salmonella [31]; fecal coliforms [32], and helminth ova enumeration [33]. All analyses
were carried out in ISO 17025 certified laboratories, whose limits of quantification for the
main indicated methodologies are presented in the Supplementary Material (Table S2).

2.4. Statistical Analysis

The study data allowed calculations and analyses of operational feasibility, environ-
mental value, and economic impact, with the data processed in Office Excel. For numerical
processing of compost quality data, element content below the detection limit of the equip-
ment was considered equal to the limit value. Quality control of the analyses was performed
using analytical replicates, certified standard solutions, blanks, and laboratory standards
(ALS LS Peru S.A.C).

3. Results and Discussion

3.1. Comprehensive Evaluation of the Operational, Environmental and Economic Efficiency of the
Composting Process

The evaluation of the 215 accelerated composting production records enabled the
establishment of several operational indicators. During the assessment period, a total of
186.9 Mg of food waste (FW) was treated, producing 60.45 Mg of compost. The compost/FW
conversion rate was 32 £ 7%, with mass losses consistent with dehydration and organic
matter oxidation processes (Figure 1a). The average processing time per cycle was 35.67 h,
corresponding to an operational efficiency of 24.71 & 3.54 kg FW /h (Figure 1b), equivalent
to an approximate daily operating capacity of 590 kg of food waste. It should be noted
that the product resulting from the accelerated composting process and which has been
sanitized is not subjected to any further curing or maturation process; it is simply stored
or used.

The results of the evaluation of emissions avoided by the rapid composting process
compared with conventional landfill disposal are presented in Table 1. Internal trans-
port processes, which were considered equivalent for both management alternatives, and
emissions from the composting process itself, which were negligible based on direct mea-
surements (Table S3), were excluded from the quantification. Over the full assessment
period, rapid composting avoided 32,630 kg CO;, equivalent to 0.17 kg CO,e per kg of
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food waste treated, representing a 38% reduction relative to landfill disposal. These values
are consistent with those reported in previous studies [34-36].
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Figure 1. Operational evaluation: (a) conversion rate; (b) performance, in kg FW /h.

Table 1. Calculation of emissions from landfill disposal and rapid composting processes. Input
variables are presented, and total emissions are expressed as Mg CO,e and as emissions per kg of

food waste (FW).
Landfill Disposal Rapid Composting
Food Waste (Mg) 186.19 Food Waste (Mg) 186.19
Number of trips 37 Power (kW) 31.0
Fuel consumption per trip (L) 261.60 Operating time (h) 7420.40
Distance ! (km) 654 EF (Kg COe/kWh) 0.218
Fuel per trip (TJ) 0.00956
Transport emissions (Mg . El ectricity
COye) emissions (Mg
2 COse)
CO, 26.215 CO, 50.15
CHy 0.041
N,O 0.377
CHj4 generation landfill (Mg
COze)
CH,4 56.14
Total Emissions (Mg COe) 82.78 Total Emissions 50.15
&~ : (Mg COse) :
CF (kg COpe/kg FW) 0.4 Cr ke O 027

1 Round trip distance (327 km x 2). EF: Emission Factor; CF: carbon footprint.

For the economic evaluation of the accelerated composting management model, annual
depreciation was considered together with the operating costs associated with managing
186.19 Mg of food waste, resulting in a total cost of USD 99,719.71 (Table 2). This value
represents an increase of USD 27,269.03 compared with landfill disposal. Although the
total operating cost was higher for accelerated composting, the valorization of the treated
material generated a marketable compost product, resulting in a final project balance of
USD 7731.52 and an improvement of USD 41.52 per Mg of FW (Table 2). It should be
noted that operating costs accounted for 53% of the total cost of the composting model,
indicating an opportunity to improve process efficiency and increase the profitability of
FW valorization and management.
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Table 2. Economic analysis of food waste management through landfill disposal versus accelerated
composting, expressed in US dollars (USD).

Landfill Disposal Rapid Composting
Food Waste (Mg) 186.19 Food Waste (Mg) 186.19
Number of trips 37 Equipment + installation (USD)  117,306.32
Cost per trip (USD) 1279 Depreciation (years) 10
Cost per landfill disposal (USD) 500 Annual depreciation (USD) 11,730.63
Carbon Price/Mg (USD) 80 Energy price (USD/MW-h) 92.07
Total Emissions (Mg COye) 82.78 Carbon Price/Mg (USD) 80.0
Total Emissions (Mg COze) 50.15
Compost price (USD/Mg) 579
Quantity of compost (Mg) 60.45
Transport and disposal cost (USD)  65,828.28 Electricity cost (USD) ~ 21,179.08
Emissions offsetting cost (USD) ~ 6622.40 Maintenance cost (USD) 9798.00
Operating cost (USD)  53,000.00
Emissions offsetting cost (USD) 4012.00
(A) Total project cost (USD)  72,450.68 Total project cost (USD)  99,719.71
Compost Sales (USD)  35,000.55
(B) Final project balance (USD)  64,719.16
Profit (A-B) 7731.52

3.2. Comparison with Conventional Decentralized Composting Systems

Although the accelerated composting system showed clear environmental and eco-
nomic benefits compared with landfill disposal—the management approach previously
used by the mining company—a comparison was also conducted with conventional decen-
tralized composting technologies, particularly windrow composting and aerated static piles,
which are widely used for organic waste management (Table 3). Conventional windrow
systems generally require larger land areas and periodic mechanical turning to maintain
adequate temperature and moisture conditions for microbial activity, and they are more
dependent on environmental conditions [37-39]. These limitations are particularly relevant
for many mining projects in the Andean region, as well as for isolated communities, many
of which are located above 3500 m.a.s.l., where low temperatures and climatic variability
may slow biodegradation processes and affect process stability.

Table 3. Comparative aspects between conventional on-site treatment systems and the accelerated
composting model.

Parameter Windrow Composting Rapid Composting
Land requirement High Low
Climate dependence High Low
Odor control Moderate High
Pathogen reduction Variable High
Process monitoring Limited High
Treatment time Weeks—months ~36 h active cycle

Energy consumption Low Higher

Capital cost Low Higher
Suitability for remote Moderate High

mining operations

By contrast, accelerated composting operates under controlled aeration and tempera-

ture conditions, maintaining thermophilic temperatures throughout the processing cycle.
This level of control promotes more efficient pathogen inactivation, improves process
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stability, and reduces sensitivity to climatic variation, compared with open composting
systems [37].

Another important difference is related to the operational footprint and processing
time. Windrow composting typically requires extended treatment and maturation periods
ranging from several weeks to several months, depending on the characteristics of the
feedstock and local environmental conditions [37,40]. In contrast, the accelerated system
completes its treatment cycle in approximately 36 h, reducing space requirements and
enabling continuous operation close to the source of waste generation. These attributes
are particularly advantageous in remote mining facilities or communities where land and
labor availability, and transport logistics may represent major operational constraints.

However, the accelerated composting system requires a higher initial investment
and greater energy consumption for process control than conventional systems. Table 3
summarizes the main comparative aspects of the evaluated systems.

3.3. Quality of the Compost Produced

The physicochemical and microbiological characterization of the compost produced
during the 14-month evaluation period showed generally suitable quality, meeting most
of the parameters established in Peruvian regulations, specifically the Peruvian Technical
Regulation (NTP 201.207:2020) for fertilizers [41], and showing values comparable to the
international reference standard for Class A compost quality in Canada [42]. The compost
quality assessment was based not only on the content of potentially toxic elements, but also
on parameters such as pH, electrical conductivity, and the C/N ratio, which are relevant
indicators of compost stability and agronomic suitability [43].

The compost batches produced using the implemented system did not exhibit unpleas-
ant odors or the presence of impurities, such as inert materials larger than 16 mm. The
absence of unpleasant odors is a useful indicator of compost stability [44], which is also
supported by parameters such as moisture content and bulk density [45]. Compost maturity
and stability are not defined by a single parameter; rather, they are commonly assessed us-
ing complementary indicators such as the nitrification index [44], germination indices [45],
phytotoxicity indices [46], or particle size [44], among others. The moisture content is a
key parameter for compost stabilization, as well as for microbial activity, showing values
in the compost between 7 and 22%, lower than the normative reference values [41,42],
but characteristic of adequate compost stabilization [9]. Bulk density also showed low
values, below the NTP limits [41], indicating good physical structure and porosity. These
characteristics may contribute to soil aeration, facilitating root penetration and water infil-
tration. Parameters such as respiration activity, germination indices, or nitrification were
not measured in this study, which may limit the understanding of the product’s maturity,
even though these parameters are not included in national or international regulations
applied to compost.

The average pH of compost was 5.38, with a range between 4.60 and 7.80 (Table 4),
indicating acidic to neutral reaction conditions, although within the ranges established
in the quality reference standards [41,42]. Lower pH values are commonly associated
with the presence of acetic and lactic acids during the early or intermediate stages of
decomposition [34,47-49]. Electrical conductivity also showed substantial variability, with
several elevated values that exceeded the thresholds established in national regulations [41]
and were categorized as high salinity [50]. This may limit direct agricultural application.
High salinity can negatively affect crop growth and yield by reducing plant water uptake
due to osmotic stress, as well as inducing toxicity or nutrient imbalances, particularly in
salt-sensitive species [51,52]. This salinity was also related to the high sodium content, with
average values of 11.23 g/kg (Table 4). Excessive sodium accumulation can contribute to
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soil structural degradation and reduce water infiltration. However, these limitations can be
mitigated through appropriate management practices, such as blending with low-salinity
soils or other materials, applying the material at controlled rates, promoting salt leaching
under adequate drainage conditions, or using salt-tolerant crops [51,52]. Therefore, while
the material may not be suitable for direct application at high doses, it could be used in
agriculture when appropriate salinity management strategies are implemented.

Table 4. Main physicochemical and microbiological characteristics of the produced compost and
reference values from Peruvian Technical Regulation (NTP) 201.207:2020 for fertilizers [41] and
the Canadian Council of Ministers of the Environment (CCME) Compost Quality—Class A [42]
(minimum-maximum, median; n = 12).

Parameter Unit Compost NTP CCME
Moisture % 7.01-21.68 (9.02) 15-35 30-65
Bulk density g/ cm’ 0.40-0.68 (0.47) <0.70 -
pH - 4.60-7.80 (5.38) 5-8.5 5.5-8.5
EC* uS/cm 708.5-8615 (6612) 5000 -
OM ** g/kg 676.6-899.8 (817.2) >200 >250
N g/kg 19.6-44.3 (29.7) 3-15 -
C/N - 10.72-24.10 (17.14) 10-25 -
Ca g/kg 12.38-54.99 (19.37) - -
Mg g/kg 0.66-98.46 (0.92) - -
Na g/kg 7.00-15.85 (11.23) - -
K g/kg 4.39-7.09 (5.76) 3-10 -
P g/kg 0.02-8.94 (3.29) 1-10 -
Fe mg/kg 39.12-348.3 (78.40) - -
Mn mg/kg 0.33-16.90 (7.97) - -
As mg/kg <2.67 <20 13
Cd mg/kg <0.33 <1 3
Cu mg/kg <1-7.12 (4.24) - 400
Cr mg/kg <1.33-18.8 (<1.33) <100 210
Hg mg/kg <0.50 <1 0.8
Ni mg/kg <1.67-7.00 (<1.67) <60 62
Pb mg/kg <3.33-11.23 (<3.33) <150 150
Zn mg/kg 0.67-34.72 (18.71) - 700
Cof;garlms NMP/g <3.00-900 (<3.00) <1000 -
Salmonella spp. NMP/g <3.00 3 absence
Helminth oval NMP/2g <1.00-15.00 (<1.00) 1 -

* EC: electrical conductivity; ** OM: organic matter.

Organic matter content was very high, with an average value of 817.2 g/kg, as was total
N content (29.7 g/kg; Table 4). These values met the minimum requirements established
in the reference standards [41,42], and exceeded the N content specified by Peruvian
regulations [41]. Despite the high N content, the C/N ratio is high, with low N losses [9,50].
The C/N ratio is also considered an indicator of compost maturity, although many authors
regard it as a misleading measure because it depends largely on the C/N ratios of the initial
materials used. While there is no established limit for this parameter, a review by Azim
et al. [53] identified the most common range as 7.8-20.5. Other authors, however, associate
stability with lower C/N ratios, in the range of 10-15 [54-56]. Singh and Amberger [57]
demonstrated the importance of a good balance of P content in the composting process,
since an adequate supply and nutritional ratio promotes sufficient microbial growth. These
authors established that the C/P ratio for composting is optimal between 75 and 150, while
the N/P ratio should be between 5 and 20. The results of the process obtained average
values in that range, of 131.50 for C/P and 8.44 for N/P.
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The P and K contents were adequate and met the NTP reference values [41], while Ca
and Mg contents were also high. The Ca/Mg ratio was very high (>20), which may limit
Mg availability to plants [50].

Regarding the content of the main trace elements and potentially toxic elements, most
risk elements, including As, Cd, Hg, Cr, Pb, and Ni, showed concentrations below the
detection limits or well below the reference values [41,42] (Table 4). The Cu and Zn, which
are essential micronutrients, were also below the reference thresholds and within ranges
suitable for agricultural use [58].

Finally, the microbiological quality of the compost showed compliance with regula-
tory safety standards [41,42], with only one sample showing values above the analytical
detection limits for helminth ova. These results confirm the adequate quality of the product
obtained, and limitations such as salinity or high nutritional content, such as N, must be
considered when determining the dosage for its use.

4. Conclusions

This study demonstrates that accelerated automated composting is a viable solution
for on-site food waste management in remote mining operations. The approach may also
be scalable to other contexts, such as high Andean communities or island systems, where
logistical constraints, limited processing space, and restricted access to conventional waste
management infrastructure are major challenges. It may also be suitable for areas with
unfavorable environmental conditions (e.g., low temperatures or excessive or insufficient
precipitation), which can make conventional composting or waste valorization models
impractical. The system achieved stable operational performance, reduced greenhouse
gas emissions by 38% compared with landfill disposal, and generated economic benefits
through waste valorization. The compost produced met most national and international
quality standards, with limitations such as salinity and high nutrient content requiring
adjustment. However, this allows for its use in agriculture or land restoration. Overall,
the proposed management model supports the principles of the circular economy and
offers a replicable approach for processing organic waste in isolated industrial settings with
significant logistical constraints.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app16157440/s1, Table S1. Sensitivity classification and uncertainty
calculation; Table S2. Limits of quantification for the main laboratory analyses performed by the
accredited laboratory ALS LS Peru S.A.C; Table S3. Measurement of combustion gases during the
accelerated composting process.
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