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Abstract: In the last 20 years, the demand for coffee production has increased detrimentally, height-
ening the need for production, which is currently driving the increase in land cultivation for coffee.
However, this increase in production ultimately leads to the amplification of waste produced. This
study aims to develop an experimental methodology for sustainable coffee by-products (Pulp (CP)) in
Costa Rica for nutrient-rich compost. The performance of the experiments is to explore and optimize
composting processes following its key parameters. This will allow quantifying the emissions rate to
obtain an emission factor for CP during the open composting process and optimizing the conditions
to minimize CH4 emissions using P and green waste (GW) materials. Five CP and GW mixtures were
analyzed for the composting process for ten weeks, acting P as primary input material as a by-product.
Quantification of the methane emissions was performed in two areas: composting area and open
field deposition. Peak temperatures of compost appeared at twenty-five days for control and five
days for GW added treatments. CP emission factors provide a similar result with the standard values
recommended by the literature, accomplishing the emission reductions. Thus, this study designed
and validated a sustainable protocol for transforming coffee by-products into compost.

Keywords: coffee pulp; coffee by-products; composting; methane; emissions rate; emissions factor

1. Introduction

Agriculture is responsible for an essential portion of global emissions, contributing to
45% of their methane (CH4) emissions globally, impacting climate change [1]. In addition,
gas concentrations act as indicators that show biological degradation, and this guides
optimization possibilities of developing new strategies for emissions reduction [2]. There-
fore, it is required to estimate greenhouse gas (GHG) emission rates as they are the flow
of a pollutant expressed in weight per unit of time [3]. Emissions rates are necessary to
calculate an emission factor, a representative value that attempts to relate the amount of a
pollutant released into the atmosphere with an activity associated with the release of that
pollutant [4]. The detection of gaseous emissions during composting coffee by-products
is one of the most critical tools to meet the challenge of reducing CH4 emissions from the
waste residues generated in the coffee processing industry [5,6]. Coffee is a worldwide used
product and of the most valued commodities in trade, being one of the most important
agricultural exports in Costa Rica [7]. In coffee processing, the production chain compre-
hends several steps. Firstly, the berries from the coffee plants are transported to be washed
and peeled (de-pulping), separating the green beans from the pulp or husk [8]. The outer
membrane that envelops the coffee bean is called the pulp (CP) (mesocarp), which contains
43% w/w of the morphology of the coffee fruit [9–11]. CP is one of the main by-products
generated during the process [11]. It contributes to pollution, environmental and health
problems of the surrounding waters, soil, and atmosphere when the coffee berries are
ripe and processed during the wet method and mishandled [12,13]. Some researchers
and the Costa Rican Coffee Institute (ICAFE) indicate CP management has been one of
the challenged coffee by-products with the most significant volume of waste [9,14]. In

Atmosphere 2021, 12, 1153. https://doi.org/10.3390/atmos12091153 https://www.mdpi.com/journal/atmosphere

https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-1187-6134
https://orcid.org/0000-0002-3335-0758
https://orcid.org/0000-0003-3614-7920
https://doi.org/10.3390/atmos12091153
https://doi.org/10.3390/atmos12091153
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12091153
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos12091153?type=check_update&version=3


Atmosphere 2021, 12, 1153 2 of 16

addition, it accumulates for long periods, and it leads to the generation of foul odors, being
a favorable environment for reproducing flies and other pests responsible for multiple
diseases [15,16]. Currently, the country has a top priority: reducing GHG emissions in the
coffee industry, together with a National Decarbonization Plan 2050 [17]. Hence, studying
methane emissions during the composting of the coffee by-products and finding new
approaches will be crucial to achieving future goals and mitigating the current challenges
with coffee by-products each harvest.

Composting has been a promising technique for waste treatment in converting organic
matter and agricultural residues into compost, even using minor technologies and oper-
ational expenses [18,19]. Aerobic composting involves the changes in the properties and
degradation of the substrates [20]. In addition, the existence of aeration in the system gives
biological products from the metabolism of the process, such as carbon dioxide, water,
and [21,22] heat. During the composting process, three phases are observed in the aerobic
decomposition: initial and degradation, conversion, and maturation. In addition, possess
two types of microbial activity during this decomposition: thermophilic stage (45–70 ◦C)
and mesophilic stage (15–45 ◦C) [21,23–26] The first stage is linked with the microbial activ-
ity of the material and is followed by a second stage, where the conversion of the organic
material occurs [27]. The final stage is the maturation process, which occurs at ambient
temperature and mesophilic micro-organisms play a role in finishing the product (mainly
bacteria and fungi) [28]. Even if a composting technique is beneficial to the environment,
GHG is present during the process, enhancing global warming [29]. The emissions will
depend on the waste type and composition, key composting parameters such as C/N,
temperature, moisture, pH [27,30], and the final use of the compost [31].

This study aims to develop an experimental methodology for sustainable coffee by-
products for nutrient-rich compost following key composting parameters and quantify
CH4 emissions rate to obtain an emission factor for CP from open composting processes to
optimize operating conditions CH4 emissions. Furthermore, with the usage of improved
management of coffee by-products, it will grand new approaches of the residue in the
coffee industry. This will allow the communities and the coffee sector to receive a positive
environmental impact where the aim is to reduce GHG emissions, odors, and pathogens
generated. On the other hand, the farmers could make sustainable use of the compost in
the future, returning soil amendment into their coffee plantations.

2. Materials and Methods
2.1. Compost Pile Construction and Mixing in the Study Area

The study was conducted in the biggest Costa Rican coffee mill in the country and lo-
cated about 70 km south of the Capital San Jose, between 9◦39′25.41′ ′ N and 84◦01′32.08′ ′ W.
The performance of the experiment was during the harvest and dry coffee season of 2019–
2020 at an altitude of 1200–1900 m.a.s.l. [32]. The status quo of the current mill of study
generates about 37,000 tons/ harvest of coffee by-products (1 harvest per year) and, 80–90%
of CP is used for composting purposes. The so-called open field depositions are fields
where CP is buried every harvest without composting treatment due to the lack of space
for composting.

Currently, in the mill, the composting process is carried out just with CP as an input
material; therefore, this current technique is taken as the control (TC). Open Windrow
composting trials were formed using five different percentages of two types of feedstock:
CP as a coffee by-product and green waste (GW) (Table 1). CP was collected directly from
the mill after the industrial de-pulping process of the coffee cherries and transported into
the composting area by trucks. The collection of GW was from the surroundings of the
mill and shredded for the trials and windrow formations. GW was a mixture of wood
sticks, Elephant grass (Pennisetum purpureum), African Stargrass (Cynodon plectostachyus),
and pruning of trees from the surroundings, including coffee plants. The feedstock was
in a triangular cross-section formed (approximately 1.2 m high, 2.6 m wide, and between
15–25 m long for all the treatments). The windrows were operated without forced aeration
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and turned weekly using a mechanical turner (Backhus® windrow turner) for the entire
process. Previous studies [10,33] have shown that the optimal turning frequency for CP
during the composting process was once per week to avoid anaerobic conditions inside
the windrow and methane emissions. Therefore, these considerations were also taken into
account for this study.

Table 1. Overview of the treatments based on volume and amount of pulp used for each treatment for 23 windrows.

Treatment Windrow Percentage
Based on Volume

Total CP in Mg
per Treatment

Total Number of
Windrows

Total of Fanegas
per Treatment **

T1 80% CP–20% GW 98.54 7 937
T2 75% CP–25% GW 36.95 3 351
T3 70% CP–30% GW 49.27 4 468
T4 60% CP–40 % GW 18.48 2 176
T5 50% CP–50% GW 9.24 1 88
TC 100% CP (Control) 105.58 6 1004

CP: coffee pulp, GW: green waste (grass clippings and weeds + structural materials), ** Fanega: typical Costa Rican coffee measure, where
one Fanega corresponds to 105.2 kg of P and 253 kg of coffee fruit [34,35].

The primary input material was CP as a coffee by-product (>50% of input). A total of
318 Mg of CP and 74 Mg of GW was used to form 23 windrows for ten weeks (Figure 1).
The treatments (percentage based on volume) were decided according to the feasibility
of the mill in collecting the input materials of GW. Since the interest of the mill is the
implementation of the proposed treatments, this information was considered for the
windrow formation. Table 1 shows that the total of windrows was different for each
treatment. The study was performed during the summer season in an open space in the
mill. Hence, water loss and depletion to avoid a decrease in the activity of the micro-
organisms were important factors to consider. Irrigation starting from week three until
week six before each turning was needed to maintain the proper moisture content in
the process for T1 to T5. The irrigation was based on the WC monitored weekly and
temperature profiles for all the treatments.
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2.2. Compost Sample Analysis

Fresh Compost samples were used to quantify the gravimetric moisture content (MC),
pH, bulk density (ßt), volatile solids (VS), and carbon to nitrogen (C/N) ratio during the
process shown in Table 2. These results were analyzed in an accredited laboratory in Costa
Rica for compliance with INTE ISO/IEC 17025 standards. The analysis was performed
to obtain the properties of the raw materials and microbial population counts by a serial
dilution technique. The procedure was made for pH and EC in water 10:25; Acidity, P, and
K with Olsen Modified pH 8.5 (NaHCO3 0.5 N, EDTA 0.01M, Superfloc 127) 1:10. Acidity is
determined by titration with NaOH; P by Colorimetry with Flow Injection Analyzer (FIA),
and the rest of the elements by Atomic Absorption Spectrophotometry (AAS). Total %C
and %N were determined with the C/N auto analyzer by dry combustion.

Table 2. Properties for the raw material used for the composting process.

Parameters MC (%) pH CE
(mscm 1) C/N VS (%)

DM * C (%) N (%) P (%) K (%) ßt g/L

SM 1 55 6.2 2.7 59.3 77.2 47 0.8 0.08 0.7 95.4
CP 2 82 4.9 3.9 16.1 94.76 44 2.3 0.11 3.17 432

DGW 3 7.9 7 5.8 35 91.27 38 1.1 0.39 2.5 31.4

DM *: dry matter; SM 1: structural material; CP 2: coffee pulp; DGW 3: dry grass clippings and weeds.

Once the windrow piles were formed, the MC, pH, and C/N ratio were measured
weekly, and the temperature was taken manually daily by triplicate in all the windrows.
The weekly samples were collected from five different locations and depths along the
windrow. Thereafter, a representative sampling over the entire windrows to analyze MC
and pH was obtained. All the sample analyses followed the German Quality Assurance
Organization standards for Compost (BKG) [36]. Water content was calculated from field
moist and oven-dry (105 ◦C for 48–72 h) mass of compost according to the DIN EN 1304.
The pH was extracted from 20 g (wet weight) of compost with 180 mL of CaCl2 and
assessed by potentiometric measurements. VS were performed and calculated according to
the Federal Compost Quality Assurance Organization (FCQAO) and the DIN 18128. C/N
ratios were analyzed using a Vario Max CN element analyzer elementar Analysensysteme
GmbH® following the DIN ISO 10694. Three replicates of 10 g were inserted into a porcelain
crucible into a muffle furnace at 550 ◦C. The samples were burned until constant weight
according to the DIN 18128 and determined as sample weight loss.

After ten weeks, once the compost was finished, samples of each treatment were
shipped to Germany to analyze each nutrient content and chemical parameters. A certified
laboratory (PLANCO-TEC, Neu-Eichenberg) performed the mature compost analysis
in Germany, following the BKG standards. The following methods were used for each
parameter enlisted in Table 3: total nitrogen, MB BGK: 2013-05; total phosphate, potassium
and magnesium DIN EN ISO 1 1885: 2009-09; soluble nitrate, ammonia, phosphate and
potassium, VDLUFA I A 6.2.4.1: 2012; organic substances, DIN EN 13039: 2000-02; alkaline
active ingredients MB BGK, 2006-09, soluble magnesium VDLUFA I A 6.2.4.1: 1997; Rotting
degree, Methodenbuch (MB) BGK; Salinity, DIN EN 13038; Bulk Density, Plant tolerance
(25% and 50% Substrate), MB BGK, 2006 and C/N ratio, QMP_BIK_C3808: 2018-09.
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Table 3. Final parameters of plant nutrients, soil amendment, and physical parameters of the compost treatments.

Parameters Units TC T1 T2 T3 T4 T5

Plant Nutrients

Total Nitrogen (N) % * 1.61 1.14 1.06 1.37 1.36 1.31
Total Phosphate (P2O5) % * 0.59 0.44 0.46 0.46 0.44 0.47
Total Potassium (K2O) % * 4.28 2.95 2.87 3.19 2.96 2.93

Total Magnesium (MgO) % * 0.36 0.29 0.36 0.35 0.33 0.33
Nitrate CaCl2-soluble (NO3-N) mg/L ** 8 114 128 103 276 162

Ammonia CaCl2-soluble (NH4-N) mg/L ** 45 40 22 23 66 108
Phosphate CaCl2-soluble (P2O5) 1 mg/L ** 298 133 150 122 65 51

Potassium CaCl2-soluble (K2O) mg/L ** 10,700 10,900 11,400 9750 9920 10,400

Soil Amendment

Organic Substances % * 60.4 43.9 37.5 47.3 45.1 40.4
Alkaline Active Ingredients (CaO) % * 2.4 2.31 2.25 2.69 2.28 2.18

Magnesium CaCl2-soluble mg/L ** 19 27 44 30 48 43

Physical Parameters

Degree of Rotting - 3 4 4 5 5 5
Salinity g KCl/L ** 5.97 5.14 3.96 3.76 4.53 3.68

Bulk density g/L ** 345 502 520 414 464 504
PC 1 50% Substrate % * 75 97 95 103 100 102
PC 25% Substrate % * 52 82 90 87 88 95

C/N Ratio - 22 22 21 20 19 18
1 PC: plant compatibility (relative yield); * Fresh mass. ** Dry Mass.

2.3. Methane Gas Sampling System

The measurements were carried out in open windrows and open field depositions.
First, the focus was on whether the different windrow mixtures with coffee by-products
could be comparable or compatible. Second, the differences in terms of gaseous emissions
and when the volume mixture is distinct. Third, the results were compared with the mill
(TC) current treatment where the composting occurs using CP as a raw material. Moreover,
the determination of methane concentration was measured in the windrows and the field
depositions. In this last one, the main focus occurred on determining the emissions over
time (years), with the purpose to estimate how long the coffee by-products emit methane
gaseous emissions when the CP is not treated.

Field deposition and TC are common practices in the country; therefore, it is a quan-
tification essential to consider. A flux chamber was placed on top of the windrow piles
and inserted approximately 5–10 cm deep into the windrow. This was made to seal the
chamber against atmospheric influences to quantify the emissions. The upper part of the
flux chamber is designed with two ports (Figure 2), one inlet connected to a hose, allowing
the ambient air to enter and be mixed inside the chamber, producing a constant airflow.
The second port is an outlet to connect the gas analyzer in the chamber to collect the inner
gas. Then, with a gas detector device, the methane concentrations are determined.

Before the gas detection, an estimation of time for the measurements was made. The
estimation was considered until the emissions remained permanently constant; therefore,
no variation during the measurements could occur. The measurements were conducted
weekly for 15 min by quadruplicate before turning the piles in two different windrows
per treatment. The methane emissions sampling took place during the first six weeks of
the composting process. Measurements were halted during summer without rain events.
According to the manufacturer, the sensitivity of the gas detector device was from 0 ± 1 to
60 ± 3, represented in volume percent [37]. The calculation of the methane concentrations
is crucial to determine the emission rates and the emission factors.
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2.4. Emission Rates and Emission Factors

The flow quantifies emission rates through the flux chamber related to the treatment
and quality of composting. After identifying a spot, the area is encapsulated to form an
aerated chamber. A defined amount of air is extracted, covering the entire area required
for sampling to function the constant flow of emissions and supply of ambient air. The
flux chamber allows the flux gas to diffuse, which can measure the methane concentration
over time and estimate the flux gas emission [38,39] The result is the volumetric flow rate
extracted per unit of time [40]. Several factors were considered for the emissions rate calcu-
lation: the sampling chamber and chamber area, the volume, and flow volume. Methane
emissions rates were calculated in g×m−2 × h−1 with following the equation [10,33,41,42]:

qCH4 =
CCH4 ∗ Vgas

A
(1)

qCH4—the emission rate of methane (g × m−2 × h−1); CCH4—methane concentration in
(mg ×m−3); A—flux chamber area in (m2); Vgas—gas flow volume, (L × h−1).

The emission factor from a given source can be calculated as the mass ratio of gas
emitted to initial fresh matter mass (kg × Mg–1). However, sometimes the feedstock is
reported in units of dry mass. Emission factors related to the mass of CP treated in each
treatment and calculated as:

EFCH4 =
qCH4 × ttreat × Atreat

mtreat
(2)

EFCH4—the emission factor of methane related to the mass of CP treated (g × kg−1);
qCH4—the emission rate of methane (g ×m−2 × h−1); ttreat—duration (time) of treatment
(h); Atreat—area of treatment (surface area of the emission) (m2); mtreat—the mass of treated
material (mass of CP at the pile) (kg).
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2.5. Statistical Analysis

A one-way analysis of variance (ANOVA) test was carried out to investigate the corre-
lations between emissions rates and the period in weeks of composting in the windrows. A
significance level of p ≤ 8.9 × 10–8 for the composting treatments was used for all mean
values. In addition, the Tukey HSD test (α = 0.05) was used to assess significant differences
between treatment means at a 5% probability level.

3. Results and Discussions
3.1. Environmental Conditions: Temperature, Moisture, and pH

At first, all the material is nearly identical, but heat is generated by increasing the
temperature as the micro-organisms grow [43]. One of the indicators of microbial activity
is the increase in temperature inside the windrow, where the temperature has traditionally
been considered a fundamental variable in the control of composting [44]. Figure 3 shows
the temperature profiles for all the windrows. TA refers to the ambient temperature.
Additionally, during those 70 days of the composting process, the windrows experienced
no rain events. Figure 3 shows a typical development for composting processes containing
self-heating, cooling, and stabilization phases. The turning of the material caused low
peaks, reflected in the graphs. Sanitation or hygiene is crucial to destroy pathogenic
micro-organisms, seeds, and plant components for future sprouting [30,45]. The sanitation
process in a windrow should experience at least 14 days of high temperatures (above
55 ◦C) to enhance the sanitation process [24,46]. The sanitation process was achieved in the
temperatures profile for all the treatments maintaining the high temperature at least for the
recommended period. The addition of green waste produced different behavior regarding
temperature profiles and thermophilic stages within the windrows.
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the mean (n = 4).
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Comparing the temperature increased in the treatments, T1 accelerated the tempera-
ture profile by 38%, T2, T3, and T5 by 72%, and T4 is the most notorious by 83% compared
with TC. During the maturation phase, the temperature in the windrows began to decrease
until it reached temperatures of 35 ◦C among the windrows. TC experienced the increase
in temperature and the thermophilic stage after 29 days, T1 after 18 days, T2, T3, and
T5 after eight days, and T4 after five days of the composting process. The addition of
green waste into the windrow has accelerated the degradation, microbial activity, and
temperature profile within the windrows. T1 experienced the most extended period for
reaching the thermophilic stage, attributed to the CP percentage in the piles (80% P). The
observed variation in periods of high temperature could be attributed to the variation in
the percentages of GW in each treatment [47]. For example, the behavior of T1 is the closest
to the profile of the control TC. This is attributed toT1 containing the highest amount of CP
in the composting treatment.

During aerobic windrow systems, moisture and aeration are important parameters
to consider to enhance the biological activity inside the windrow [48]. It is recommended
during the composting process to maintain a moisture content between 50–60% for favor-
able results [23] and the avoidance that water fully occupies the pores of the composting
mass [44]. This parameter is essential for CH4 emissions control during composting and
affects degradation and end-product features [5]. Furthermore, evaporation is linked to
the lack of porosity and aeration in the system and the relationship between air to water
ratio [30,49].

Microbial activity, including bacteria, fungi, and yeast, depends on temperature and
moisture content [27]. The aim of this study was not the microbial counts weekly during the
composting process. Instead, a general overview of the microbial activity was considered
important to control the microbes in at least two treatments to ensure that the activity is
higher than the control TC with the proposed technique. Quantitative analysis was based
on colony counts and subsequent calculation of colony-forming units per gram (CFU/g) to
estimate the viable number of bacteria, fungal cells in the samples during the third week of
composting process for TC, T1, and T3 (Figure 4).

Results show that the microbial activity is higher for T1 and T5 than for TC. During the
third week of composting, T1 and T2 reached thermophilic temperatures, and the amount
of yeast from Figure 4 compared to TC can be linked to this event. Some studies show
that higher temperatures for T1 and T5 induced an earlier microbial activity [50]. For this
case, Figure 4 shows that temperature during the third week was below 50 ◦C, whereas T1
and T5 had temperatures above 50 ◦C. Low moisture content (below 40%) limits microbial
activity [21].

On the other hand, very high moisture enhance anaerobic conditions because the
pore spaces are filled with water rather than air [51]. Among those variables, the moisture
content is considered one of the key parameters affecting the biodegradation process.
Furthermore, some studies have suggested an important influence on microbial activity
linked with MC than with the temperature [50]. In addition, the number of input materials
can change the microbial communities, where T5 possesses the highest amount of green
waste material among the piles. This ensures that adding materials to P improves the
activity of the micro-organisms, enhancing the composting process.

Each windrow treatment varied regarding the response to water consumption and
evaporation. The monitoring was important during the composting process to obtain
sufficient conditions for T1–T5 and compare with the current treatment at mill TC. Over
ten weeks, moisture content was measured among the different windrows represented in
Figure 5. During the first week, all the treatments showed a high moisture content due to
the high levels of moisture that CP possesses by itself (Table 2). After the second week,
all the windrows except TC reached the recommended moisture content levels for the
composting process. Thus, TC has reached the levels recommended after six weeks of
the process. In TC occurred no variation during four weeks of pile age. The high value
is attributed to the high MC of the coffee by-product. T1–T5 had rapid absorption with
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the percentages of the mixture of GW and CP. It was observed that the highest amount
GW added in the windrow, the fastest was the reduction of the MC in the system after the
second week of the composting process.Additionally, pH directly influences composting
due to its action on the dynamics of microbial processes [52]. For this study, pH in all
windrows rapidly increases within three weeks of all the treatments (Figure 5), showing a
tendency. Subsequently, an alkaline state was seen for the rest of the composting process.
Some authors have seen a link between the loss of organic acids and the generation of
ammonia from the decomposition of proteins and this alkaline state [10,53–55]. In all the
windrows, at the end of the process, the pH of the treatments was basic (8.8–9.8), indicating
maturity since lower pH values would indicate anaerobic processes [56].
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Figure 4. Comparison of mean colony-forming unit (CFU/g) for samples T1, T5, and TC during the
third week of the composting process.

Some studies have shown that the alkalinity can be attributed to the high potassium
(K) content of the input materials [57], such as using the CP as the primary raw input
material for the process (Table 2) [58]. This observation was consistent with the results of
this study, showing that the highest pH values were obtained in TC for the last week of the
process. The windrows T1–T5 show results as a mature compost, whereas TC indicates an
immaturity. The turning and aeration are also important to factor during the pH behavior
in the window systems. Having good aeration and oxygen concentration is obtained low
concentrations of organic acids enhancing the decomposition of these acids and giving a
faster rise in the pH [59].
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Once the ten-week composting period was achieved, and the low temperatures re-
mained constant, the samples were shipped to Germany. They were delivered to an
accredited testing laboratory for the BGK to analyze plant nutrients, soil amendment, and
final physical parameters for the windrows. These results are summarized in Table 3. The
elements include nitrogen (N), phosphorous (P), and K, which are fundamental macronu-
trients for microbial growth. [60]. The total of nutrients is essential since it can vary and
allows the mill to determine an appropriate end-use for the compost. N, P, and K are the
macronutrients that make the biggest uptake [61]. N is assimilated by the plants in the
forms of nitrate (NO3

−) and ammonium (NH4
+), P in forms of orthophosphate (H2PO4

−),
and K in the forms of potassium oxide (K2O) [62]. Nevertheless, attention must be focused
on the availability of these nutrients, which is known as a limiting growth and uptake fac-
tor [62]. In this case, T4 presents high levels of N and NO3

−, which the plant can assimilate
immediately. It also contains high NH4

+ levels, which need a process in the soil for the
plant to absorb [60], giving a good combination of NO3

− and NH4
+. Finally, it contains

the highest value of soluble magnesium (Mg), meaning practical use in crops in the future
since the soils of coffee production possess a common Mg deficiency [63]. Furthermore,
Mg gives color to the plant as it is the central atom of the chlorophyll molecule [64]. To
summarize, T4 shows the best performance in the nutrient content, and it is suggested
for future usage in the coffee plantations as an additional amendment. It contains high N,
NO3

−, and Mg, which could be used as a plant stimulant in some phenological parts of
the crop.

High salt levels can be unfavorable for seeds and plants when compost is for a nursery
medium [65].TC showed the lowest plant compatibility test associated with the degree of
rotting and the salt levels; meanwhile, the rest of the treatments proposed showed a >95%
for plant compatibility and low salt content. Bulk density among the proposed treatments
fulfills the BKG limit values (between 400–900 g/L); meanwhile, the control obtained the
lowest bulk density value. This could carry consequences in compost application since the
material can suffer high pore space and common water retention values, causing difficulties
in future compost applications. The lowest C/N ratio was obtained in T5, whereas TC
possesses the highest value. Even though CP owns low C/N, this increase is linked to the
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mineralization of organic N, promoting the ammonia emissions, leading to a high N loss
when the initial C:N is low. [66].

On the other hand, the results show high total K values. They are attributed, as
previously mentioned, to the high potassium content of the CP since it contains more
nitrogen and K than other common finished materials as compost [9]. Regarding the
organic substances, BKG recommends values higher of 30% based on dry mass for finished
compost. Higher levels indicate that the compost is not finished, as is the case of TC. The
rotting degree or self-heating test is considered an important parameter indicating heat in
the windrow, showing signs of immaturity. The five categories of the interpretation scale
are grouped, often made by professionals and European agencies, into three main classes.
The lowest grade (I) is called “fresh compost”, the two intermediate grades (II, III) are
called “active compost,” and the top two grades (IV, V) are called “finished compost” [36].
For all the treatments, the grade was IV and V except for the control.

3.2. Methane Gas Emissions

The CH4 is influenced by different factors such as temperature, moisture, and pH
directly [67]. When the aeration is not proper and the moisture content increases in the
windrow, this can result in high CH4 emissions affecting the oxygen restrictions in the
microbiological metabolism in the windrow [5,68,69]. Methane emissions rates shown in
Figure 6A were measured during the first six weeks of the composting process and com-
pared if the addition of GW influences their emissions in the windrows. The highest value
is TC with 38 g ×m−2 × h−1 in the first week of composting. Comparing Figure 5 of MC
and Figure 6, the first week of composting process possesses the highest value for moisture
content among the study. Thus, the production of CH4 is also increased exponentially with
the moisture level, allowing the formation of undesirables anaerobic zones enhancing the
methanogenesis and anaerobic metabolism in the windrow [30,33]. Even if the composting
treatment is under aerobic conditions, the diversity of the input materials, moisture content,
temperature, biological microbial activity, and redox requirements could be developed in
the window [2].
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Figure 6. (A) Methane emissions rate for all the treatments using coffee pulp for composting and (B) methane emissions
rate in field deposition. Bars represent the standard error of the mean (n = 4).

In this study, the reduction of CH4 during composting is accomplished if additional
material is used, such as GW. The weekly highest values among the treatments were
found for T1 and T2 with 3.1 g × m−2 × h−1 and 3.3 g × m−2 × h−1, respectively. Each
value was found during the fourth week and for T3, T4, T5 with 6.4 g × m−2 × h−1,
3.6 g ×m−2 × h−1, and 1.8 g × m−2 × h−1, respectively in the fifth week. Emissions
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formation increases faster when temperatures are over 65 ◦C [3]. Furthermore, a correlation
between the temperature profiles and the emissions peaks is shown since the highest peaks
of temperatures and emissions were found for the windrows during the same weeks of the
composting process.

The presence of low pH, which illustrates the presence latency of organic acids, and
the present of also CH4 emissions, indicates that anaerobic conditions have been since
the initial formation of the windrow pile [68]. The reduction of total emissions CH4 was
between 89–95% compared to the control treatment, which shows the difference of aeration
and proper management within the treatments compared to the control. Researchers
recommend that increasing the oxygen level available in the system is necessary during the
first week [3]. In the fifth week, methane emissions were higher than in the first week for
T1–T5. This could be attributed to the moisture suppressing the airflow since the material
at that week is more compact. The pores in the feedstock are filled with water, favoring the
formation of anaerobic conditions and methane emissions [31]. The emissions in the fifth
week were the highest among the treatment compared to the control TC. The reduction
of emissions with GW is added in the window is seen. In other studies, it has been found
that CH4 emissions are present during the initial stage of the thermophilic phase since
there is an oxygen solubility reduction, enhancing anaerobic zones in the windrow [70].
During CH4 emission exists other microbial factors affecting the gas transport and gas
diffusion, including the presence of methanotrophic bacteria (these bacteria are colonizing
the area nearby anaerobic zones being able to oxidize up to 98% of the CH4 formed in the
windrow) [71].

A previous study [10] shows the magnitude of the CH4 emissions in open field
depositions when the CP is not composted or pre-treated before field deposition, generating
serious environmental concerns. Figure 6B shows the behavior of the methane emissions
over the years when the CP is buried for a lifetime. The highest emission was in the second
year with 53.7 g ×m−2 × h−1. Equivalent emissions are seen in the first and the fifth year
of field deposition with 25.6 and 24.4 g ×m−2 × h−1. These results imply that the material
is not degraded over time, producing continuous emissions of great magnitude when
not treated correctly. This behavior of high CH4 emissions over this period is due to the
properties of the CP. When it is buried with high moisture content, high material density,
and a lack of aeration, anaerobic zones are created, enhancing the methane emissions.

Given this problem and its emissions, the mill aims for successive harvests to avoid
this practice. For example, during the 2019–2020 harvest, open field depositions were made
with about 630 Mg (6000 fanegas). In previous years, a minimum of 1500 Mg of CP was
transported in the fields. It is clear that the depositions are a risk and a focus of emissions
since they are large spaces of at least 925 m2 of surface area; therefore, the high levels of
emissions over the years can be attributed to the surface area, amount of material, and the
management in that area.

For the estimation of EF among all the treatments, it is shown in two different options.
Firstly, a calculation of EF regarding the amount of CP added in each treatment. It is crucial
to establish since there is no EF associated directly with CP in the literature, where the
results show that the more CP added into the system, the higher EF is obtained. After this,
an EF calculation was input to represent the treatments better and was compared with
literature regarding green waste from some regulations in composting plants.

The government is currently developing a new national composting plan accomplish-
ing the strategic guidelines of the National Decarbonization Plan 2050. The inventories of
GHGs in Costa Rica regarding waste management are made by the National Meteorological
Institute (IMN for its abbreviation in Spanish). Therefore, the results in this research are
compared with the National Inventory’s values; nevertheless, it is necessary to be analyzed.
These inventories are for municipal solid waste; therefore, these results cannot be thor-
oughly compared since the country does not explicitly relate to agricultural waste. On the
other hand, there is no emission factor directly linked to CP; a comparison in the literature
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shows 4 g CH4/kg solid waste [72], 4 g CH4/kg waste treated [73], 2.2 g CH4/Mg GW
FM [5], 4.7 and 7.6 g CH4/kg GW [74].

The emissions factors shown in Table 4 show the decrease of emissions comparing TC
with the rest of the treatments. The utmost emission values found were in T3 and T4 with
14 g CH4/kg CP. The closest value compared to the literature is T5. One of the reasons
could be the amount of GW added since it had the most significant amount of material in a
pile. Compared with the literature values of biological treatments, these results present
elevated values. However, with the proposed methodology for all the five treatments, these
values are approaching the values recommended by the literature for composting. For the
open field depositions, even if there is no management involved, the emissions factors
represented the highest values among all the treatments, including the current treatment of
the mill.

Table 4. Emissions factors from all the treatments proposed.

Treatment EF (g CH4/kg CP) EF (g CH4/kg Input) SD *

T1 43.9 35.1 0.23
T2 14.4 10.8 0.17
T3 20 14 0.23
T4 23.4 14 0.24
T5 11.6 5.8 0.14
TC 129 129 2.96

D *: standard deviation of the mean values (n = 4).

4. Conclusions

The study achieved the development of an experimental methodology using coffee
by-products and GW. An improvement in the key parameters of composting was observed,
such as temperature, pH, and WC profiles, when coffee by-products were mixed with GW
for composting treatment. Therefore, waste valorization within the process is concluded
together with the reduction of methane emissions. The proposed treatments experienced
fewer methane emissions rates than the control; hence, implementing this technique
suggests a good practice in the future for the coffee sector and the mill in Costa Rica. Results
show that T2–T5 are strongly recommended treatments involving methane emissions,
physical parameters during the process, plant nutrient content, and finished compost
classified (Grade IV and V) following the BKG standards. Overall, this study promotes a
better understanding of the performance of CP when the material is composted and their
methane emissions during the process. This approach might be necessary for the future
to guide a national mitigation plan in the agricultural and coffee sector of the country.
In addition, it will be a helpful tool for the future calculations of the global emissions
using a technology already studied in another place or another treatment plant. Suppose
it is considered the agronomic and environmental aspects in an integrated manner. It is
recommended to investigate further the benefits of using the compost and the relationship
between GHG emitted during the process. The compost utilization can also compensate
for this reduction in the long term in the coffee plantations. Continuous but robust research
is suggested to develop emissions and factors that adequately cover national conditions
to establish new inventories, especially for the coffee sector, including coffee by-products
and management.
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