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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.
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1. Introduction

Agriculture is responsible for an essential portion of global emissions, contributing to 45% of their methane (CH )

emissions globally, impacting climate change . In addition, gas concentrations act as indicators that show

biological degradation, and this guides optimization possibilities of developing new strategies for emissions

reduction . Therefore, 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 . 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 . The detection of gaseous emissions during composting coffee by-

products is one of the most critical tools to meet the challenge of reducing CH  emissions from the waste residues

generated in the coffee processing industry . 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 . In coffee processing,

the production chain comprehends 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 . 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 . CP is one of the main by-products generated during the process . 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 . 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 . In 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 .

Currently, the country has a top priority: reducing GHG emissions in the coffee industry, together with a National

Decarbonization Plan 2050 . 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 operational expenses . Aerobic composting
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involves the changes in the properties and degradation of the substrates . In addition, the existence of aeration

in the system gives biological products from the metabolism of the process, such as carbon dioxide, water, and 

 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)  The first stage is

linked with the microbial activity of the material and is followed by a second stage, where the conversion of the

organic material occurs . 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) . Even if a

composting technique is beneficial to the environment, GHG is present during the process, enhancing global

warming . The emissions will depend on the waste type and composition, key composting parameters such as

C/N, temperature, moisture, pH , and the final use of the compost .

2. Methane Gas Emissions

The CH  is influenced by different factors such as temperature, moisture, and pH directly . When the aeration is

not proper and the moisture content increases in the windrow, this can result in high CH  emissions affecting the

oxygen restrictions in the microbiological metabolism in the windrow . Methane emissions rates shown in

Figure 2A were measured during the first six weeks of the composting process and compared if the addition of

green waste (GW) influences their emissions in the windrows. The highest value is TC with 38 g × m  × h  in the

first week of composting. Comparing Figure 1 of moisture content (MC) and Figure 2, the first week of composting

process possesses the highest value for moisture content among the study. Thus, the production of CH  is also

increased exponentially with the moisture level, allowing the formation of undesirables anaerobic zones enhancing

the methanogenesis and anaerobic metabolism in the windrow . 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 .
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Figure 1. Moisture content and pH profiles in all the types of windrows throughout CP composting. Values are the

means (n = 3).
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Figure 2. (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).

The reduction of CH  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  × h  and 3.3 g × m  × h ,

respectively. Each value was found during the fourth week and for T3, T4, T5 with 6.4 g × m  × h , 3.6 g × m  ×

h , and 1.8 g × m  × h , respectively in the fifth week. Emissions formation increases faster when temperatures

are over 65 °C . 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 CH

emissions, indicates that anaerobic conditions have been since the initial formation of the windrow pile . The

reduction of total emissions CH  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 . 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 . 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 CH  emissions are present during the initial stage of

the thermophilic phase since there is an oxygen solubility reduction, enhancing anaerobic zones in the windrow .

During CH  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 CH  formed in the windrow) .

A previous study  shows the magnitude of the CH  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  × h . Equivalent emissions are seen in the first and the fifth year of field

deposition with 25.6 and 24.4 g × m  × h . 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 CH

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 m  of surface area; therefore, the high levels of
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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 accomplishing 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 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 thoroughly 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 shows 4 g CH /kg solid waste , 4 g CH /kg waste treated , 2.2 g CH /Mg GW FM

, 4.7 and 7.6 g CH /kg GW .

The emissions factors shown in Table 1 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 CH /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 1. Emissions factors from all the treatments proposed.
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Treatment EF (g CH /kg CP) EF (g CH /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
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3. 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 German Quality Assurance Organization standards for

Compost (BKG) standards. Overall, it 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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