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ABSTRACT

Eco-friendly coffee processing aims to minimize environmental impact, with emphasis on reducing water
consumption and wastewater pollution. In this context, this study evaluated the environmental impact and
efficiency of two green technologies used in the post-harvest process: Ecoline® (ECL) and Ecowasher® (ECW),
implemented on two coffee farms located in the department of Huila, Colombia. The variables analysed included
coffee cherry mass, pulping and washing time, water consumption, wastewater volume, processing throughput,
percentage of damaged beans, and physicochemical characteristics of the wastewater. The collected data were
analysed using descriptive statistics and graphical analyses to compare the repeated measurements obtained under
the evaluated operating conditions. Under the evaluated operating conditions, the ECL system demonstrated higher
processing throughput (359.7 vs. 316.6 kg h™* of cherry coffee), whereas the ECW system achieved lower water
consumption (0.25 vs. 0.76 L kg™ of cherry coffee) and a lower percentage of damaged beans (0.60% vs. 0.83%).
However, wastewater generated by both technologies did not meet several regulatory discharge limits. These
findings suggest that both evaluated processing systems can reduce water consumption compared with
conventional wet processing; however, the observed differences should be interpreted within the specific conditions
of the two farms evaluated.

Keywords: Wastewater, Eco-friendly post-harvest process, Water consumption, Green technologies.

Avaliacdo ambiental e eficiéncia de tecnologias verdes aplicadas ao processo de poés-colheita do
café

RESUMO

O processamento ecolégico do café tem como objetivo minimizar o impacto ambiental, com énfase na reducéo do
consumo de &gua e da poluicdo gerada pelas &guas residuarias. Nesse contexto, este estudo avaliou o impacto
ambiental e a eficiéncia de duas tecnologias verdes utilizadas no processo pds-colheita: Ecoline® (ECL) e
Ecowasher® (ECW), implementadas em duas propriedades cafeeiras localizadas no departamento de Huila,
Colémbia. As variaveis analisadas incluiram massa de café cereja, tempo de despolpamento e lavagem, consumo
de &gua, volume de &guas residuarias, rendimento do processo, porcentagem de gréos danificados e andlise fisico-
quimica da agua residual. Os dados coletados foram analisados por meio de estatistica descritiva e analise grafica
para comparar as medicdes repetidas obtidas nas condi¢cBes operacionais avaliadas. Nas condi¢cBes operacionais
avaliadas, o sistema ECL apresentou maior rendimento de processamento (359 kg h™ de café cereja), enquanto o
sistema ECW apresentou menor consumo de agua (0.25 vs. 0.76 L kg™ de café cereja) e menor porcentagem de
graos danificados (0.60% vs. 0.83%). No entanto, ambas as tecnologias geraram aguas residuarias que excederam
os limites de qualidade permitidos. Esses resultados sugerem que os dois sistemas de processamento avaliados
podem reduzir o consumo de agua em comparacdo com o processamento Umido convencional; entretanto, as
diferencas observadas devem ser interpretadas dentro das condicdes especificas das duas propriedades avaliadas.

Palavras-chave: Aguas residuais, Processo pos-colheita ecoldgico, Consumo de agua, Tecnologias verdes.
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2 Environmental assessment and efficiency of green technologies applied to the coffee post-harvest process

1. Introduction

In Colombia, coffee has a significant social,
environmental, and economic impact. According to the
Colombia Profile of the Ministry of Commerce,
Industry and Tourism (MINCIT, 2024), this crop
represents approximately 6% of the country's GDP and
constitutes its main export product. In addition, it
generates employment for more than two million
people, mainly in rural areas. Recent sector analyses
indicate that Colombia's coffee industry involves more
than 550,000 farming families and remains a central
pillar of rural livelihoods and national identity (FNC
and Minagricultura, 2024). Broader assessments
estimate that the sector supports the livelihoods of
around 2.5 million Colombians, underscoring its
relevance for socioeconomic stability and sustainable
development (World Economic Forum, 2025). The high
quality of Colombian coffee is attributed to several
factors, including the species and variety cultivated,
environmental conditions, agronomic management, and
processing method (Campuzano-Duque and
Wohlgemuth-Blair, 2022).

From an environmental perspective, coffee
production can generate positive impacts, particularly
through the conservation functions of shade-grown and
hillside coffee systems. Coffee plantations can sustain
high levels of biodiversity by providing habitat for
numerous species of plants, birds, insects, and soil
microorganisms, contributing to ecological functions
such as pest regulation and nutrient cycling (World
Economic Forum, 2025; Ochoa-Henriquez et al., 2024).
Additionally, coffee root systems enhance soil stability
and reduce erosion, a benefit of particular relevance in
Colombian coffee-growing regions where plantations
are commonly established on steep slopes
(Ovalle-Castiblanco et al., 2022; Rivillas, 2022).

However, this activity may also cause negative
environmental impacts, particularly related to water
contamination during the coffee processing stage.
Studies have shown that the traditional wet-processing
method generates wastewater with high organic loads,
low pH, elevated nutrient concentrations, and large
quantities of suspended solids, posing significant risks
to aquatic ecosystems and water quality (Leal -Echeverri
and Tobon, 2021; Iljanu et al., 2020). Recent
assessments in Colombia have confirmed that coffee
mucilage wastewater can reach chemical oxygen
demand (COD) values above 25,000mg L™, together
with high concentrations of total solids and other
pollutants, highlighting the need for improved treatment
alternatives for small producers (Montes et al., 2023). In
response to these challenges, Oliveros and Sanz (2011)
and Oliveros-Tascon et al. (2022) reported that the
National Coffee Research Center (Cenicafé) developed

several technological innovations aimed at improving
production efficiency, promoting responsible resource
use, and minimizing environmental impacts. These
efforts have led to ecological wet-milling technologies
that significantly reduce water use and pollutant loads
during pulping and mucilage removal (FNC, 2026).
Furthermore, it has been demonstrated that water is not
essential in the pulping process; by taking advantage of
the natural moisture of the coffee fruit, the seed can be
separated from the pulp, reducing by up to 72% the
pollution potential generated during this stage
(Gonzélez-Freire and Martinez-Hernandez, 2022).

During the 1990s, Cenicafé demonstrated that coffee
could be washed and classified using less than 5 L kg™
of dry parchment coffee (DPC), establishing the
technical basis  for  Colombia's  ecological
wet-processing systems. Subsequent studies have
shown that ecological technologies such as Becolsub®
and Ecomill® can further reduce water use and the gray
water footprint of coffee processing, in some cases
achieving blue water requirements below 1 m?t™ and
drastically lowering pollutant loads (Leal -Echeverri and
Tobon, 2021). These advances align with the broader
sustainability efforts of the National Coffee Federation
(FNC), whose environmental assessments report
significant reductions in water consumption and
contaminant discharge achieved through
Cenicafé-developed technologies, largely by optimizing
by-product handling and minimizing effluents (FNC,
2026). Together, these results reinforce earlier findings
that contamination can be reduced by more than 90%
when by-products are adequately managed during wet
processing (Rodriguez-Valencia et al., 2015), while
also highlighting the importance of engineering
innovations in mitigating the environmental impacts
associated with coffee production (ljanu et al., 2020).

Coffee processing comprises several stages,
including pulping, classification, and transport of the
coffee, preferably without the use of water, followed by
fermentation in tanks and finally washing using
mechanical systems. In  Colombia, post-harvest
processing is mainly carried out using three approaches:
the conventional or wet method, ecological processing
with wastewater discharge, and ecological processing
without discharge.

The conventional method corresponds to the
traditional process used to transform the coffee fruit into
seed and is characterized by intensive water use during
the pulping, transport, and washing stages. This system
can reach water consumption levels close to 40 L kg™
of DPC and generally does not include adequate
management of by-products such as pulp and mucilage
(Gonzélez-Freire and Martinez-Hernandez, 2022;
Hernéndez-Garcia, 2024).
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In contrast, ecological processing eliminates
unnecessary stages through the use of mechanical
washers or fermentation tanks and incorporates the
management of pulp, mucilage, and wastewater in order
to develop an environmentally sustainable process with
reduced generation of contaminant discharges. This
system uses mechanical washing that can consume less
than 0.5 L kg™ of DPC (Gonzélez-Freire and
Martinez-Herndndez,  2022).  Additionally,  wet
processing has a significant impact on the quality of dry
parchment coffee, since approximately 80% of the
defects present in the beans originate during this stage,
highlighting the importance of implementing techniques
that reduce contamination without compromising the
quality of the final product (Aristizdbal and Duque,
2005).

Several studies have evaluated post-harvest practices
in coffee production systems. In an analysis of good
practices on coffee farms in the municipality of Viota
(Cundinamarca), processing methods were
characterized, and the main stages of the process were
identified. The results showed that many producers did
not perform regular maintenance on their pulping
machines, which could generate mechanical damage to
the beans. Likewise, some producers were found to use
water volumes higher than necessary and lacked
wastewater treatment systems (Giraldo-Quintero et al.,
2017).

Similarly, in a study conducted in the rural area of
La Morena in the municipality of La Plata (Huila), 29
coffee farms were analyzed to evaluate crop
establishment,  processing  methods, and the
management of residues generated during pulping
(Fernandez-Cortés et al., 2020). These results highlight
the need to strengthen sustainable production practices

to reduce water pollution associated with residues from
coffee processing.

In this context, the present study aims to compare
the operational performance and environmental
indicators associated with two wet coffee processing
systems, from the harvesting of coffee cherries (CC) to
the production of dry parchment coffee (DPC). For this
purpose, variables such as coffee mass, water
consumption, processing time, number of damaged
beans, and wastewater volume were measured, and the
physicochemical characteristics of the wastewater were
evaluated on two coffee farms in the department of
Huila, Colombia.

2. Material and Methods

The study was conducted on two coffee farms
located in the department of Huila, Colombia. The first
farm, La Esperanza, is located in the Lourdes rural
district of the municipality of La Argentina (Figure 1). It
covers an area of 1 ha and has approximately 3,800
coffee plants. Its geographic coordinates are 2°1025" N
and 76°02'07" W. The area has a warm and humid
climate, with an average annual rainfall of 2,500 mm, an
average temperature of 20 °C, relative humidity of
approximately 80%, and an altitude of 1,730 m above
sea level.

The second farm, ElI Mirador, is located in the
Palmito rural district in the municipality of Timana, in
the department of Huila. It has an area of 1 ha and
approximately 5,100 coffee plants. Its geographic
coordinates are 1°52'41.5” N, 75°5822.6" W. Climatic
conditions are also warm and humid, with an average
annual rainfall of 2,800 mm, an average temperature of
24 °C, relative humidity of 85%, and an altitude of
1,567 m above sea level.
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Figure 1. Detailed description of the study region and the sampling area for coffee cherry (CC) samples.
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In terms of plant material, the two farms cultivate
different coffee varieties. La Esperanza farm grows F6,
Catimor, and Colombia varieties, while EI Mirador farm
cultivates Castillo, Colombia, and F6 varieties. These
varietal differences are relevant because they may
influence fruit characteristics such as size, mucilage
content, and mechanical resistance, which in turn can
affect the performance of the processing technologies
evaluated.

The sample size (M) was determined based on daily
coffee harvest records from the past three years for both
farms. The average of the minimum reported values was
calculated, establishing a sample size of M = 290 kg of
coffee cherry (CC) for evaluating the implemented
technologies. In this context, two coffee processing
systems implemented on different coffee farms were
evaluated under their respective operating conditions.

Processing System 1 (PS1), implemented at La
Esperanza farm, consisted of a single-stage process
integrating pulping, parchment separation, and washing
using Ecoline® (ECL) technology. In contrast,
Processing System 2 (PS2), applied at EI Mirador farm,
included pulping and parchment separation in a first
stage, followed by a 24-h fermentation period and,
finally, washing in a second stage using Ecowasher®

(ECW) technology. Both technologies are manufactured
by Penagos.

The evaluated variables included processing
throughput (kg min™ of CC) and water consumption (L
kg of CC), considering specific water consumption
(SWC) and the estimation of the Water Management
Index in Wet Coffee Processing (WMIWCP). Ten
replicate  measurements were collected for each
processing system for water consumption, processing
throughput, and damaged beans, while five repeated
measurements were obtained for wastewater volume.
Additionally, 10 samples of 1 kg of processed coffee per
processing system were collected to determine the
percentage of mechanical damage to the beans (%Bd).

Furthermore, the volume of wastewater generated (L
kg! of CC) was quantified with five repeated
measurements per farm, as presented in Table 1.
Subsequently, a physicochemical analysis of the
wastewater was conducted, evaluating the following
parameters: Biochemical Oxygen Demand (BOD),
Chemical Oxygen Demand (COD), fats and oils, pH,
settleable solids (SS), and total suspended solids (TSS).
These parameters were selected according to the criteria
established in Resolution 631 of 2015, in order to
determine the level of water contamination and the
potential need for treatment (Resolucion 631, 2015).

Table 1. Measurement scheme: variables, processing systems, measurement units, number of repeated measurements, and

measurement methods.

. Processing - Number of

Variable system Measurement Unit. repeated Measurement Method
measurements

Water consumption (LPS1 290 kg of CC harvested in the day 10 Flow meter
kg of CC) PS2 290 kg of CC harvested in the day 10 Flow meter
Output PS1 290 kg of CC harvested in the day 10 Stopwatch and scale
(kg min™ of CC) PS2 290 kg of CC harvested in the day 10 Stopwatch and scale
Damaged bean PS1 1 kg of washed coffee 10 Scale
(%) PS2 1 kg of washed coffee 10 Scale
Wastewater volume (LPS1 20 kg of CC 5 Graduated buckets
kg™ of CC) PS2 20 kg of CC 5 Graduated buckets

The yield (y) for PS1 was determined with respect to
the time taken to process the sample size (M) of CC
using Equation (1), based on the initially measured mass
and time.

Mc

Y~ )]

Where: Mc — mass of the coffee cherries (kg); T —
coffee processing time (min).

Next, Equation (2) shows the yield for PS2 based on
the sum of the times for each stage.

Mc

YT ©))

Where: Mc — mass of CC (kg); t; — time for pulping
and bean separation (min); t, — washing time.

Likewise, water consumption (WC) was calculated
by expressing the ratio between the volume of water
used and the mass of coffee cherries harvested during
the day, as shown in Equation (3):

%
WC_E 3)
Where: V — volume of water used (L); Mc — mass of
the CC (kg).

Meanwhile, specific water consumption (SWC) was
calculated from WC and the conversion factor (F) used
to convert coffee cherry (CC) mass to dry parchment
coffee (DPC) mass. A value of F =5 was used, based on
the recommendations of Marin-Lopez et al. (2003) and
Montilla-Pérez et al. (2008), as shown in Equation (4).
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SWC=WCH*F @)

On the other hand, the Water Management Index in
Wet Coffee Processing (WMIWCP) was calculated by
the relationship between the SWC and the maximum
water consumption calculated for the conventional
method, according to Rodriguez-Valencia et al. (2015),
as shown in Equation (5):

SWC)

WMIWCP=1- (T ()

Meanwhile, %Bd (percentage of damaged beans)
was calculated by expressing the ratio between the mass
of damaged beans and the total weight of the sample, as
indicated in Equation (6):

Mea 500, 6)
1000 gr

Where: Mgq — mass of the damaged beans (g)

Finally, to determine the volume of wastewater
(WR), 20 kg samples of CC were processed using the
corresponding processing method. At the end of the
process, the volume of wastewater generated by kg of
CC was measured using graduated buckets, as indicated
in Equation (7).

VI‘
 20kg

Where: Vr — volume of wastewater (L).

For the physicochemical analysis, a 2 L wastewater
sample was collected from each processing system
immediately after the processing stage and transported
to the laboratory for analysis. The following
determinations were performed: Biochemical oxygen
demand over 5 days (BODs) was determined using
Standard Method 5210B, and chemical oxygen demand
(COD) was determined using the Standard Method 5220

%Bd=

@)

D method, modified through solvent extraction followed
by gravimetric or infrared quantification.

The pH was measured using a calibrated
potentiometer following the SM 4500-H* B method;
settleable solids (SS) were determined by sedimentation
in an Imhoff cone according to SM 2540 F; and total
suspended solids (TSS) were quantified by filtration and
gravimetric determination following SM 2540 D
(APHA, AWWA & WEF, 2017).

Finally, water consumption, processing throughput,
and percentage of damaged beans were recorded for
each processing system. Descriptive statistics and
graphical analyses were used to compare the repeated
measurements obtained under the evaluated operating
conditions. Because the two processing systems were
implemented on different coffee farms, the analysis was
intended to describe observed differences rather than to
support inferential comparisons between technologies.
Microsoft Office Excel® was used to perform the
statistical analyses.

3. Results and Discussion

The results obtained under the evaluated operating
conditions are presented below.

When analyzing the processing systems, Table 2
shows that PS1 achieved a yield of 359.72 kg of CC h™,
with an average of 5.99 kg of CC min~.. In comparison,
PS2 presented a yield of 316.62 kg of CC h™ and an
average of 5.27 kg of CC min™. The results showed
standard errors of 0.05 and 0.01, and coefficients of
variation of 2.61% and 0.73% for PS1 and PS2,
respectively.

Table 2. Processing time and coffee processing throughput for PS1 (ECL) and PS2 (ECW).

PS1 PS2

Processing Performance Processing Processing t, Performance
T (min) (kg min™) t, (min) (min) (kg min™)
49.57 5.85 44.60 9.81 5.33
48.82 5.94 43.88 10.53 5.33
48.33 6.00 44.39 10.95 5.24
48.17 6.02 44.94 9.99 5.28
48.58 5.97 43.78 11.67 5.23
48.74 5.95 44.85 9.97 5.29
48.99 5.92 44.49 10.23 5.30
48.90 5.93 44.46 10.46 5.28
48.74 5.95 44.02 11.01 5.27
45.17 6.42 45.54 10.02 5.22
Average 5.99 5.27
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Figure 2. Coffee processing throughput (kg mint) for PS1 (ECL) and PS2 (ECW).

Based on the results obtained, the ECL technology
performed slightly below its optimal processing
capacity (400 to 450 kg of CC h™) (Penagos, 2019a).
Several factors could have influenced the results, among
them the quality of the cherry coffee. Low selectivity in
manual harvesting, which involves picking unripe fruits,
can hinder coffee processing. When the cherries are not
fully ripe, they are more prone to mechanical damage
and often have dry pulp and mucilage adhered to the
parchment, which may reduce the machine's efficiency
(Fajardo-Pefia and Sanz-Uribe, 2003). Maintenance and
operation of the machine are other key factors that can
affect its performance, as improper maintenance or
operation can prevent the machine from reaching its full
capacity. These performance levels are consistent with
national evaluations of ecological wet-processing
technologies, where modern systems such as Becolsub®
and Ecomill® have demonstrated stable throughput and
improved operational efficiency in Colombian coffee
farms (FNC, 2026).

On the other hand, the ECW technology, which,
according to its specifications, processes between 300
and 350 kg of CC h™, performed in line with those
expectations. However, it is also important to consider
other factors such as cost, ease of use, and maintenance
(Penagos, 2019b).

Figure 2 shows the processing performance recorded
for PS1 and PS2 under the evaluated operating
conditions. The average processing throughput recorded
for PS1 was 13.61% higher than that observed for PS2.

Table 3 presents the results for water consumption
by the evaluated technologies. For PS1, the average
water consumption was 0.76 L kg™* of CC, with a
standard deviation of 0.120 L kg™ and a standard error

of 0.038 L kg™. The coefficient of variation was 15.8%,
indicating moderate relative dispersion. The minimum
and maximum values recorded were 0.52 and 0.88 L kg
! of CC, respectively, with a range of 0.36 L kg™ of CC,
suggesting a normal distribution of the data.

In the case of PS2, average water consumption was
0.254 L kg™ of CC, with a standard deviation of 0.021 L
kg™ and a standard error of approximately 0.007 L kg™.
The coefficient of variation was 8.19%. The minimum
and maximum values were 0.237 and 0.299 L kg™ of
CC, respectively, corresponding to a range of 0.062 L
kg of CC, which also suggests an approximately
normal distribution. The substantially lower specific
water consumption observed for PS2 can be interpreted
in light of the operational configuration of the evaluated
processing system. Unlike PS1, PS2 separates the
fermentation and washing stages, allowing mucilage
degradation to occur before the final washing step. As a
result, less water is required to detach the remaining
mucilage from the beans, reducing the overall water
demand without compromising the completion of the
wet-processing  sequence. Previous studies have
similarly reported that ecological wet-processing
systems incorporating controlled fermentation and
optimized washing operations can substantially decrease
water consumption while maintaining processing
efficiency (Aristizabal and Duque, 2005; Hernandez-
Garcia, 2024; ECOM Agroindustrial Corp, 2023).
Nevertheless, because the present comparison involved
two processing systems operating under different farm
conditions, this interpretation should be regarded as a
plausible operational explanation rather than direct
evidence of causality.

Table 3. Total water consumption and water consumption per unit mass of coffee cherry (CC) for PS1 (ECL) and PS2 (ECW).

PS1 PS2
. . -1

Water consumption (L)  Water consumption (L kg™ CC) \(/X;i ter  consumption \(/:vé;[er consumption (L. kg
228.96 0.790 71.39 0.246

216.83 0.748 71.80 0.248

255.90 0.882 71.39 0.246

251.69 0.868 68.64 0.237

250.24 0.863 71.96 0.248
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243.69 0.840 86.57 0.299
225.97 0.779 82.86 0.286
195.52 0.674 71.39 0.246
179.66 0.620 69.88 0.241
150.66 0.520 70.34 0.243
Average 0.758 Average 0.254
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Figure 3. Water consumption per unit mass of coffee cherry (L kg™ CC) for PS1 (ECL) and PS2 (ECW).

Figure 3 shows that PS1 had an average water
consumption of 0.76 L kg™ of cherry coffee (CC), a
value that is higher than the consumption specified in
the ECL technology datasheet (0.2 L kg™ of CC) by
73.6%. It is important to highlight that, after adjusting
the main water inlet, an 11.9% reduction in
consumption was achieved during the last two
samplings compared to the overall average recorded for
PS1. Meanwhile, PS2 recorded an average consumption
of 0.25 L kg™ of CC, representing a 96.9% reduction
compared to the reference value provided by the
manufacturer for the ECW technology (0.5 L kg™ of
CC) (Penagos, 2019a; Penagos, 2019b). Similar
reductions in water use have been documented in
Colombia, where ecological wet-processing systems
such as Becolsub® and Ecomill® have reduced the blue
water footprint to values below 1 m?® t* of processed
coffee, confirming the substantial gains in efficiency
obtained when water-saving technologies are adopted
(Leal-Echeverri and Tobdn, 2021).

Figure 3 illustrates the difference in water
consumption observed between PS1 and PS2 under the
evaluated operating conditions. On average, PS2
required approximately 0.5 L less water per kilogram of
processed cherry coffee than PS1, whereas the average
water consumption recorded for PS1 was 198.7% higher
than that observed for PS2. These findings align with
recent sustainability programs in Colombia, where the
implementation of water-efficient wet mills has led to
reductions of up to 77% in on-farm water use during
coffee washing (ECOM, 2023).

According to Rodriguez-Valencia et al. (2015),
evaluating the efficiency of a coffee processing
technology requires quantifying the specific water
consumption and determining its savings and use
through the Water Management Index in Wet Coffee

Processing (WMIWCP). This indicator ranges from 0 to
1, where values above 0.75 reflect sustainable water-use
practices, while values near O indicate consumption
levels comparable to the conventional wet-processing
method, which typically requires more than 40 L kg™ of
dry parchment coffee (DPC). Scientific reports on
coffee wet processing describe the traditional method as
highly water-intensive, with substantial volumes
required for pulping, transport, and washing operations,
thereby exerting significant pressure on surface water
sources (Gonzalez-Freire and Martinez-Hernandez,
2022). In contrast, consumption below 10 L kg™ of DPC
is considered indicative of efficient water management
within the processing system.

Accordingly, the WMIWCP values for the systems
were determined to be 0.90 for PS1 and 0.97 for PS2,
indicating that the practices employed are sustainable,
as they exceed the 0.75 threshold. Likewise, the specific
water consumption (SWC) values were 3.79 L kg™ of
DPC for PS1 and 1.27 L kg* of DPC for PS2,
respectively, both below the reference threshold of 10 L
kg™ of DPC. The higher WMIWCP achieved by PS2 is
consistent with its lower specific water consumption.
Since this indicator integrates water use efficiency
during processing, reductions in water demand directly
improve the index, reflecting a more efficient use of the
resource rather than simply a reduction in absolute
water consumption. Consequently, improvements in
WMIWCP should be interpreted as evidence of more
efficient water management under the evaluated
operating conditions, which is consistent with the
objectives of sustainable wet coffee processing
promoted in Colombia (Leal-Echeverri and Tobdn,
2021; FNC, 2026).

These results are consistent with previous reports
indicating that ecological wet-processing technologies
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can substantially reduce water consumption compared
with conventional systems. According to Melo (2023),
high water consumption in coffee production can have
significant environmental consequences, especially in
regions facing water scarcity.

Table 4 presents the results for the percentage of
damaged coffee beans according to the technology used.
PS2 recorded an average damage of 0.6%, with a
standard error of 0.05 and a variability of 28.33%. The
values ranged from a minimum of 0.4% to a maximum
of 0.8%. On the other hand, PS1 showed a higher

average damage of 0.83%, with a standard error of 0.04
and a lower relative variability of 16.11%, with values
ranging between 0.7% and 1.1%. Under the evaluated
conditions, a higher percentage of damaged beans was
observed in PS1 than in PS2. This difference may
reflect the combined influence of the processing
configuration and the specific operating conditions
under which each system was evaluated.

Figure 4 summarizes the percentage of damaged
beans observed for both processing systems under the
evaluated conditions.

Table 4. Percentage of damaged beans for PS1 (ECL) and PS2 (ECW).

Sampling PS1 (%) PS2 (%)
1 0.8 0.8
2 0.9 0.4
3 1.1 0.8
4 1.0 0.5
5 0.7 0.6
6 0.8 0.4
7 0.7 0.8
8 0.7 0.7
9 0.8 0.4
10 0.8 0.6
Average 0.83 0.60
N
- —_— O Ps1
o | : O PS2
= :
: 3
©
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£ © |
© o
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<
o
T T
PS1 PS2
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Figure 4. Damaged-bean percentage in 1.0 kg washed coffee samples for PS1 (ECL) and PS2 (ECW).

According to Puerta-Quintero (2013), during the
coffee processing stage, beans may exhibit various types
of defects. For example, the presence of unpulped beans
indicates deficiencies in the mechanical pulping system;
crushed beans result from excessive pressure in the
machines; and split beans can be attributed to improper
handling or malfunctions in the processing equipment.
To mitigate these defects and improve the quality of the
final product, the implementation of Good Agricultural
Practices (GAP) is recommended.

In this context, both the average damage value and
its variability should be considered when selecting a
coffee processing technology. If the goal is to minimize
average bean damage, the ECW technology may
represent a more suitable alternative. However, it is
important to note that the results obtained are influenced
by the specific characteristics of the coffee batch
evaluated and the processing conditions. Therefore, a
detailed analysis is recommended in each case,

considering other technical and operational factors
before making a final decision. The lower percentage of
damaged beans observed in PS2 may also be related to
differences in the operational sequence of the evaluated
systems. Because fermentation precedes the washing
stage in PS2, part of the mucilage is naturally degraded
before mechanical removal, potentially reducing the
mechanical ~ forces  required during  washing.
Consequently, the beans may be subjected to less
abrasion and impact during post-harvest operations.
Similar observations have been reported for ecological
coffee processing systems in which adequate process
adjustment and good operational practices contribute to
preserving bean physical integrity and reducing
mechanical defects (Fajardo-Pefia and Sanz-Uribe,
2003; Puerta-Quintero, 2013). Nevertheless, additional
experiments under controlled conditions would be
necessary to isolate the specific contribution of
processing technology from other farm-related factors.
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Table 5 presents the results related to the generation
of wastewater during the processing of 20 kg of CC
using two different technologies. On average, PS2
generated 0.278 L kg™ of CC in wastewater, with a
standard error of approximately 0.0025 L kg™ and a
coefficient of variation of 2.05%. In contrast, PS1
generated 0.625 L kg™ of CC, with a standard error of
approximately 0.017 L kg and a coefficient of
variation of 6.17%, indicating greater variability in
wastewater generation.

Figure 5 shows that PS2 generated a lower
wastewater volume per kilogram of processed cherry
coffee than PS1 under the evaluated conditions. Coffee
mucilage wastewater in Colombia has been reported to
reach COD concentrations exceeding 25,000 mg L™ and
high levels of total solids, confirming the severity of the
pollutant load typically associated with wet processing
(Montes et al., 2023).

Table 5. Wastewater generation (total volume and L kg™ of CC) for PS1 (ECL) and PS2 (ECW).

Sampling PS1 (L) PS2 (L)
1 125 5.7
2 11.8 5.6
3 13.0 5.6
4 11.7 55
5 135 54
Average 12.50 5.56
L.kgldeCC 0.625 0.278
[ > B PS1
o @ PS2
4 24
(O]
g
= &
© - e —
I I
PS1 PS2

Sampling

Figure 5. Wastewater volume (L) generated during the processing of 20 kg CC batches using PS1 (ECL) and PS2 (ECW).

The wastewater generated during the post-harvest
processing of coffee represents a significant
environmental concern due to its complex composition
and high pollutant load. This wastewater contains
various organic compounds and complex organic
constituents, such as caffeine, melanoidins, lignins,
tannins, humic acids, and polysaccharides. The impact
extends beyond the natural environment, also affecting
public health, soil quality, and ecosystem balance, with
direct implications for social well-being and sustainable
development. In this context, it is essential to implement
strategies that reduce the pollutant load of the water
used, particularly during critical stages such as pulping,
and to promote the sustainable utilization of waste
generated during coffee processing (Fernandez-Cortés
et al., 2020; Gonzalez-Freire and Martinez-Hernandez,
2022).

Table 6 presents the physicochemical characteristics
of the wastewater generated by the two processing
systems and indicates the degree of contamination and
potential need for treatment.

In Colombia, Resolution 631 of 2015 from the
Ministry of Environment and Sustainable Development
establishes the maximum permissible limits for the
discharge of wastewater from the coffee industry
(Resolucién 631, 2015). When comparing these values
with the results obtained, it can be observed that coffee
wastewater shows a high level of contamination, as it
significantly exceeds the permissible limits in all
parameters except for fats and oils. This agrees with
broader assessments of coffee wastewater, which
describe it as a highly contaminated effluent rich in
organic matter, phenolics, tannins, and suspended
solids, presenting significant challenges for effective
treatment (ljanu et al., 2020).

In this study, the technologies aim to minimize water
use during coffee processing; therefore, when a given
pollutant mass is contained in a smaller volume of
wastewater, pollutant concentrations may increase
because of reduced dilution. Although reducing water
consumption is one of the principal objectives of eco-
friendly coffee processing, lower water use does not
necessarily eliminate the environmental challenges
associated with wastewater management. On the
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contrary, the reduction in dilution water tends to
increase the concentration of organic matter and
suspended solids in the generated effluent, making
appropriate treatment before discharge even more
important. Consequently, improvements in water-use
efficiency should be accompanied by adequate
wastewater management strategies that consider both
pollutant concentration and overall environmental
impact (ljanu et al., 2020; Mohd Said et al., 2023).

The results indicate that PS1 and PS2 exhibit BODs
and COD concentrations above the permitted limit (>0.4
g L™ 0,). According to Dobrosz-Gémez et al. (2020), a

BODs/COD ratio below 0.35 suggests low
biodegradability of the effluent, which increases its
potential to cause negative environmental impacts if
discharged without prior treatment, especially into water
bodies. In this study, PS1 showed a BODs/COD ratio of
0.51 and PS2 a ratio of 0.37. Both values were above
the 0.35 threshold associated with low biodegradability,
suggesting that at least part of the organic matter may be
amenable to biological treatment. Nevertheless, the high
BOD; and COD concentrations and their non-
compliance with discharge limits demonstrate the need
for treatment before final disposal.

Table 6. Physicochemical characteristics of wastewater from PS1 (ECL) and PS2 (ECW) compared with regulatory limits

(Resolution 631/2015).

Parameters Unit PS1 PS2 Resolution 631 of 2015
Biochemical Oxygen Demand (BOD5) gOo2Lt 222 18.4 0.4

Chemical Oxygen Demand (COD) gO2LT 43.7 49.6 3

Fats and Oils mg L <10.0 <100 30

pH pH 3.80 3.8 5-9

Settleable Solids (SS) mL L? 270.0 950.0 10

Total Suspended Solids (TSS) gL! 274 20.6 0.8

Regarding fat and oil content, both processing
systems recorded values below the established limit
(<30 mg L), which is a favorable aspect. However, the
pH values for PS1 and PS2 were 3.8, falling below the
range allowed by Resolution 631 of 2015, indicating
high acidity that could negatively affect receiving
ecosystems.

On the other hand, the settleable solids and total
suspended solids exceeded the maximum permissible
limits of 10 mL L™ and 0.8 g L™, respectively. In the
case of PS1, 270 mL L™ of settleable solids and 27.4 g
L of total suspended solids were recorded, while PS2
showed values of 950 mL L' and 206 g L%
respectively.

The physicochemical characteristics observed in the
evaluated effluents are environmentally relevant
because acidic pH, together with elevated
concentrations of organic matter and suspended solids,
can substantially deteriorate receiving water bodies if
discharged without adequate treatment. Low pH
promotes acidification of aquatic ecosystems, whereas
high concentrations of biodegradable and oxidizable
organic matter, reflected in elevated BODs and COD
values, can promote oxygen depletion during
degradation processes of organic matter, creating
hypoxic conditions that threaten aquatic organisms. In
addition, the high suspended solids content reduces light
penetration, limiting photosynthetic activity and
contributing to further ecological deterioration (Rattan
et al.,, 2015; Mohd Said et al., 2023; Mohan et al.,
2025).

These results show that the wastewater generated
during the coffee processing stage requires prior

treatment before being discharged into receiving water
bodies to avoid negative impacts on water quality. In
this  context, the evaluated farms implement
management strategies that are low-cost and easy to
apply, adapted to their specific conditions.

At La Esperanza farm, the wastewater is mixed with
coffee pulp, which is deposited in a pit where it is left to
dry and later used as fertilizer on the same crop. The
construction of a covered pit for pulp decomposition,
without the use of water and using gravity or simple
transport mechanisms, can reduce the pollutant load
discharged into the environment by up to 74%
(Gonzélez-Freire and Martinez-Hernandez, 2022). This
method shares similarities with Becolsub® technology,
which involves mixing pulp and mucilage. The high
viscosity of this combination allows for effective
retention of over 50% during transport through screw
conveyors, enabling better control of the contaminants
generated. Furthermore, by eliminating water use in the
depulping process, pollutant load can be reduced by up
to 72%, achieving an overall mitigation of over 90%
during processing (Salazar-Salas et al., 2013).

On the other hand, at ElI Mirador farm, part of the
wastewater is reused as pig feed, while the remainder is
discharged into a filtration tank before release.
However, further studies are needed to accurately
quantify the efficiency of these methods in reducing
pollutants. From an environmental perspective, the
sustainability of coffee processing should therefore be
evaluated  considering the entire  wastewater
management chain rather than only the volume of water
consumed. Recent reviews have emphasized that
integrating water-saving technologies with resource
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recovery and appropriate treatment systems offers
greater environmental benefits than reducing water
consumption alone, particularly for small-scale coffee
producers where centralized treatment infrastructure is
often unavailable (Mohd Said et al., 2023; ljanu et al.,
2020).

Beyond differences between processing systems, the
environmental concern is associated with the combined
occurrence of acidity, biodegradable organic matter, and
suspended solids. Previous studies indicate that
untreated coffee processing wastewater may also
contain phenolic compounds, tannins, caffeine, and
other recalcitrant organic constituents that contribute to
toxicity and increase the persistence of pollution in
aquatic environments. Consequently, direct discharge
may promote eutrophication, oxygen depletion, and
deterioration of water quality, with potential impacts on
aquatic biodiversity and downstream water uses (Mohd
Said et al., 2023; Asefaw et al., 2024; Mohan et al.,
2025).

The use of coffee husk as a dietary supplement in
pig farming may represent an alternative for valorizing
this coffee by-product (Santos-Cruz et al., 2025).

In general terms, the observations obtained in the
two evaluated processing systems are consistent with
previous  studies indicating that eco-friendly
technologies can reduce water consumption compared
with conventional wet processing while improving
resource-use efficiency. According to Rodriguez-
Valencia (2022), in 2020, coffee production on farms
that adopted processing systems based on clean
technologies achieved estimated water savings of
approximately 10 million cubic meters, along with a
significant reduction in pollution levels, measured in
terms of COD.

However, it is essential to consider the specific
conditions of each farm, as well as variations in the
processing methods implemented, when interpreting
these results and assessing their applicability to other
regions or production contexts.

At the national scale, ecological wet-processing
technologies developed by Cenicafé have enabled the
Colombian coffee sector to achieve significant
environmental improvements, including the reduction of
millions of liters of water use per year and the transition
toward cleaner production systems (FNC, 2026).

Considering the elevated COD, BODs, suspended
solids, and acidic pH observed in both processing
systems, treatment strategies should primarily target the
removal of biodegradable organic matter, suspended
solids, and acidity before final discharge. Conventional
biological treatments remain suitable for reducing the
organic load when wastewater exhibits sufficient
biodegradability, whereas integrated treatment trains
combining physicochemical and biological processes

generally achieve better overall performance. For
effluents containing high concentrations of recalcitrant
compounds, recent studies recommend incorporating
advanced oxidation processes as polishing treatments
because they effectively degrade phenolic compounds,
caffeine, and other persistent organics that are not
completely removed by conventional biological systems
(Mohd Said et al., 2023; Mohan et al., 2025).

From an environmental management perspective,
COD, BOD, pH, and total suspended solids should be
considered the critical parameters for evaluating coffee
processing wastewater because they largely determine
oxygen demand, acidification potential, and the physical
alteration of receiving water bodies. These parameters
are also those most directly associated with compliance
with the discharge limits established by Resolution 631
of 2015. Although nutrients such as nitrogen and
phosphorus also contribute to eutrophication, the
literature consistently identifies organic loading and
acidity as the principal factors governing the
environmental impact of coffee processing effluents
and, therefore, the primary targets for treatment prior to
discharge (Rattan et al., 2015; Mohd Said et al., 2023;
Asefaw et al., 2024; Mohan et al., 2025).

Taken together, the observed differences among the
evaluated variables suggest that the operational
sequence of the processing systems may play an
important role in their overall performance. In the
evaluated configuration, the incorporation of a
fermentation stage before washing in PS2 appears
compatible with lower water consumption, a higher
water management index, and a lower percentage of
mechanically damaged beans, whereas PS1 achieved a
higher processing throughput. These observations
illustrate the operational trade-offs that frequently arise
during wet coffee processing, where maximizing
productivity does not necessarily coincide with
maximizing water-use efficiency or minimizing bean
damage. Therefore, technology selection should
consider the specific production objectives of each
coffee farm, balancing processing capacity, product
quality, and environmental performance.

Despite the practical relevance of the findings, some
limitations of the experimental design should be
acknowledged. The comparison involved two
processing systems implemented on two different coffee
farms, each with its own environmental conditions,
coffee varieties, management practices, and operational
characteristics. Consequently, the effects associated
with the processing systems cannot be fully separated
from farm-specific factors. In addition, the repeated
measurements collected within each processing system
were intended to characterize operational variability
under the evaluated conditions rather than to provide
independent experimental replication. Therefore, the
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results should be interpreted as evidence obtained under
the specific conditions evaluated in this study, and
further investigations involving multiple independent
farms and replicated experimental units are
recommended to strengthen the generalization of these
findings.

4. Conclusions

Under the operating conditions evaluated in this
study, PS1 (Ecoline®) exhibited a higher processing
throughput than PS2 (Ecowasher®). Conversely, PS2
showed lower water consumption and a higher Water
Management Index (WMIWCP). These observations
describe the performance of the two processing systems
evaluated and should be interpreted within the
conditions under which the study was conducted.

Under the evaluated conditions, PS2 presented a
lower percentage of damaged beans than PS1. This
observation may be associated with differences in the
configuration and operation of the two processing
systems; however, additional studies would be required
to isolate the effect of the processing technology from
other factors associated with the evaluated farms.

Regarding wastewater generation, PS2 produced a
lower wastewater volume per unit of processed coffee
than PS1 under the evaluated conditions. However,
despite differences in volume, the physicochemical
characterization revealed that both technologies
generated effluents with BODs, COD, and suspended
solids above the maximum permissible limits and pH
values below the permitted range, underscoring the need
for adequate treatment prior to discharge. These
findings also highlight that controlling organic load
(COD and BOD), suspended solids, and acidity should
be considered the primary environmental objectives for
coffee wastewater management, while the selection of
treatment technologies should be adapted to the
pollutant profile of each processing system. Therefore,
improvements in water-use efficiency should always be
accompanied by appropriate wastewater treatment and
management strategies to ensure that reductions in
water consumption are accompanied by effective
control of the concentrated pollutants remaining in the
generated wastewater.

The observations obtained in this study are
consistent with previous reports describing the potential
of eco-efficient wet-processing systems to reduce water
consumption compared with conventional methods.
Nevertheless, because the comparison involved two
processing systems implemented on different coffee
farms, the present results should be interpreted as
evidence obtained under the evaluated conditions and
should not be generalized without further studies
including independent experimental units.

At a broader scale, the adoption of cleaner post-
harvest technologies, supported by Cenicafé and the
National Federation of Coffee Growers, continues to
drive national advances in reducing water use,
minimizing contamination, and promoting sustainable
coffee production systems across Colombia.
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