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A B S T R A C T

With increased coffee production and consumption globally, the coffee industry is gradually embracing a circular 
economy to curb high carbon and water footprints. Currently, coffee consumption has become part of our daily 
lives. However, wet coffee processing and coffee wastewater treatment stages are a major source of carbon 
emission and high-water footprint. This study is designed to evaluate and mitigate carbon and water footprints in 
wet coffee processing and optimize the coffee wastewater treatment process at the wet mill factory. The results 
show that from 2019 to 2023 wet mill B had the highest mean carbon and water footprints at (4707.28 t CO2-e & 
9880.47 m3) as compared to wet mill A (1867.58 t CO2-e & 3917.62 m3) and wet mill C (2788.48 t CO2-e & 5844 
m3) respectively. The major source of carbon emission was wastewater generation (99 %) while water footprint 
was the pulping, washing and fermentation stages (99 %). The optimization of coffee wastewater treatment 
technology by the integration of constructed wetland has the potential to reduce COD and BOD concentration by 
80 %. The use of efficient fermentation methods, treated wastewater reuse, biogas capture and conversion to 
clean energy and automation of wet coffee processing can reduce carbon and water footprints.

1. Introduction

The circular economy is being embraced by the food industry as it 
moves towards curbing carbon emissions and attaining sustainable 
products and processes (Zhao et al., 2022a, 2022b, 2024). Coffee holds a 
significant position among the globe’s most traded agricultural products 
exported by mainly the developing countries (Forcina et al., 2023). 
Globally, approximately two billion cups of coffee are consumed on a 
daily basis, equating to roughly 10 million tonnes of coffee per annum, 
as a result making it the most widely consumed beverage worldwide.

Europe contributes the largest market share of the world’s coffee 
consumption at 33 %, followed by Asia and Oceania (22 %), North 
America (19 %), South America (16 %), Africa (7 %) and Central 
America & Mexico at 3 % (Gosalvitr et al., 2023). In terms of volume, 
Kenya’s coffee consumption remains low compared to the western na
tions. However, in terms of production and exports, Kenya is among the 
top exporters of Arabica coffee in the world. It is ranked 17th in the 
world with a corresponding volume of approximately 48,000 tonnes in 
2022/23 coffee years (AFA, 2024). The total area under coffee 

cultivation is estimated to be 111,709 ha (AFA, 2024). The cooperative 
and estate sector produce 34,500 and 14,200 tonnes of coffee cherries 
respectively with total production at 48,700 tonnes.

The life cycle of coffee product is characterized by high water and 
energy consumption, wastewater generation and carbon emissions. In 
the face of increasing cognizance with regard to carbon emissions, water 
footprint and climate change impacts, a plethora of studies have been 
carried out to assess environmental impacts of coffee via Life Cycle 
Assessment (LCA) methodology. These studies span wider spectrum of 
geographical regions, for instance the USA (Hicks, 2018), European 
Union (Gosalvitr et al., 2023; Nab and Maslin, 2020). Thailand 
(Phrommarat, 2019), Kenya (Maina et al., 2015), Japan (Hassard et al., 
2014), Costa Rica (Birkenberg and Birner, 2018) and Finland (Usva 
et al., 2020). While these research studies endeavored to examine the 
environmental impacts of diverse coffee farms such as canned coffee, 
drip-filter coffee, spray-dried instant coffee, coffee pods or capsules and 
the latte and cappuccinos, the primary focus was at the coffee cultivation 
and or consumption phase.

Study by Phrommarat (2019) revealed that the use of a mocha pot for 
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brewing coffee exerted the highest environmental impact. Maina et al. 
(2015), observed that the major carbon emission source at the wet mills 
was wastewater processing (97 %). The mean carbon footprint at the 
farm level for 1 kg of fresh coffee cherries were 0.5, 0.24 and 0.54 kg 
CO2e for the high, medium and low coffee producers respectively. The 
mean carbon footprint at the processing level for 1 kg coffee parchment 
was 2.6 kg CO2e. Cibelli et al. (2021) examined the carbon footprint of a 
cup of coffee (40 ml) by applying different brewing methods and format 
preparations. Basavalingaiah et al. (2022) carried out an assessment of 
108 coffee farms (conventional agriculture, integrated production and 
organic farming systems) using data envelopment analysis and life cycle 
assessment methods. Rivera et al. (2020) assessed the life cycle envi
ronmental impacts of waste coffee grounds and compared the various 
treatment methods of waste coffee grounds. Usva et al. (2020) evaluated 
the carbon footprint and the implications of water scarcity in the coffee 
chain. Their aim was to highlight the primary sources contributing to 
these impacts. The findings demonstrated a larger contribution to 
climate impacts during cultivation phase, while the impacts declined 
during the consumption phase. Hassard et al. (2014) examined the 
environmental impacts of several coffee products in Japan. The study 
observed that carbon emission was high during coffee production and 
cultivation even though processing and preparation contributed to high 
energy consumption. Martins et al. (2018) quantified spatialized water 
and carbon footprints in Brazilian regions for 10 productive seasons 
(from 2004/2005 to 2014/2015) based on coffee plantation area (ha) 
and coffee production (tons of beans). The annual carbon and water 
footprints were 19.791 million t CO2e and 49,284 million m3 of water, 
with South East regions exhibiting higher values.

Moreover, apart from the aforementioned research which focused on 
coffee cultivation and consumption phase, other researchers such as 
Forcina et al. (2023); Ximena et al. (2020); Hamedani et al. (2022); 
Kookos, 2018 have performed research studies focusing on the 
end-of-life coffee. Despite the numerous studies by various academics on 
the carbon emissions attributed to coffee cultivation, processing and 
consumption, it is imperative to highlight the gap in the existing 
research. With regards to the carbon and water footprint across the 
whole coffee chain cycle, there is dearth of case studies on carbon and 
water footprints in wet coffee processing and wastewater treatment at 
the wet mill factory, and potential emission reduction and optimization 
of coffee wastewater treatment process.

The coffee product is the third largest exporter earner for Kenya thus 
the crucial it plays in socio-economic development (AFA). Utilizing 
three coffee estates in Kiambu County, Kenya as case study, this study 
endeavors to: (1) evaluate and compare carbon and water footprint 
engendered by wet coffee processing and wastewater treatment at the 
three wet mill factory and (2) identify efficacious strategies to curb 
carbon emissions and optimize on sustainable utilization of water and 
coffee wastewater treatment process.

2. Materials and methods

2.1. Study area

The study was carried out in Kiambu County, Kenya where three 
coffee wet mill factory were selected. The three wet mill factories were 
selected based on their high coffee production and processing capacity. 
For non-disclosure purpose, the names of the three coffee wet mill fac
tories cannot be disclosed. The coffee estates lie at an altitude of between 
1580 and 1800m above sea level and fall under the main coffee zone 
(AFA, 2024). The zone is characterized by the main crop season 
(March–April) and early crop season (October–November).

2.2. Carbon and water footprint boundary and functional unit

The study focused on carbon and water footprint form initial pro
cessing at the wet mill factory as shown in Fig. 1. Thereby, the carbon 

and water footprint occurring at the coffee wet mill factory were only 
taken in account. The function unit applied in this study was 1 kg coffee 
parchment. The total annual carbon and water footprints were presented 
as t CO2e and m3 respectively. The carbon and water footprint per 1 kg of 
coffee parchment was presented as kg CO2-e/kg and litres/kg coffee 
parchment respectively.

2.3. Carbon and water footprint quantifying tool

The Cool Farm Tool (CFT) was selected based on the ability to 
quantify carbon emissions at the coffee primary processing stage i.e., 
wet mill factory (Cool Farm Tool, 2024). The water footprint for green 
coffee was calculated based on the volume of water required to process 
the 1 kg of coffee parchment at the wet mill factory. At the three wet mill 
factories, secondary data was obtained from the estate’s General 
Monthly Return (GMR) records on the total amount of coffee cherry 
harvested per crop season on annual basis (2019–2023); amount and 
type of energy used; amount of water consumed during coffee cherry 
pulping and washing; total amount of coffee parchment produced. Data 
spanning five years (2019–2023) was collected for computation of 
average values.

Data obtained from the three wet mill factory was fed to the Cool 
Farm Tool (version 2.0 –beta 3) for quantification of carbon emissions 
(Cool Farm Tool, 2024). Table 1 illustrates how the CFT transformed 
input data from different sources at the wet mill factory into carbon 
dioxide equivalent. For each of the wet mill factory, the CFT provided 
total carbon emission per kilogram of coffee parchment.

Wastewater samples were collected from the three wet mill factories 
for analysis. The pH was measured using a standard pH electrode meter. 
The Total Suspended Solids (TSS), Total Dissolved Solids (TDS), 
Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD), 
Electrical Conductivity (EC) were estimated based on the standard 
methods for water and wastewater analysis (APHA, 1998). Data 
collected from the study was analyzed using 2-way ANOVA.

3. Results and discussion

3.1. Coffee processing and wastewater treatment at the wet mill factory in 
Kiambu County, Kenya

Wet coffee processing starts with sorting of the coffee cherries by 
manual selection to eliminate the defects. Thereafter, mechanical dep
ulping removes the exocarp (skin) and mesocarp (pulp). The coffee 
beans retain a sticky mucilage layer that is removed through natural 
fermentation (10–48 h) in an open tank. After fermentation, the coffee 
beans are washed and graded based on density. The cleaned beans, are 
then sun-dried at the drying tables to approximately 40 % water content. 
After sun-drying to approximately 10–12 % water content, the coffee 
beans are stored prior to transportation to the dry mill as shown in Fig. 1.

The sorting of coffee cherries by flotation, pulp removal, washing of 
coffee parchment and fermentation discharges large amount of waste
water. The annual mean water footprint from 2019 to 2023 was the 
highest in wet mill B at 9880.47 m3 as compared to 3917.62 and 
5844.80 m3 for wet mill A and C respectively. This is attributed to high 
coffee cherry production which led to high water consumption during 
wet processing (see Fig. 3and Table 3). The coffee washing wastewater 
constitutes approximately 40 % of generated wastewater.+++++ vol
ume. It is characterized by gray-black colour which contains dust, rotten 
leaves, large suspended solids and organic pollutants from rotten or 

Table 1 
Data transformation by the Cool Farm Tool (CFT).

Emission factor Input variables CFT output

Electricity use kwh kgCO2e/kg product
Wastewater production Litres/management practice kgCO2e/kg product
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damaged coffee cherries. This corroborates with study by Jiabao et al. 
(2021). The coffee wet shelling, soaking and fermentation wastewater 
constitutes approximately 60 % of wastewater volume. It is character
ized by presence of huge amount of juice, pulp and pectin which con
tains high suspended matter, pectin, COD, BOD and ammonia nitrogen. 
The findings are similar to Xiuding et al. (2022). The collected coffee 
wastewater from the three wet mills showed high mean values of BOD 
(5930 mg/l) and COD (6883.33 mg/l) before treatment as shown in 
Table 2.

The coffee wastewater is treated at the settle pits through coagula
tion and sedimentation process as shown in Fig. 2. After adding poly
aluminum (10 %) at 20 mg/l dose, the mixture is mixed for 10 min and 
then allowed to settle for 25–30 min through sedimentation process. At 
the clarification stage the treated coffee wastewater is recirculated for 
reuse while the settle sludge is dewatered through sun-drying. The COD 
and BOD concentration is reduced by 60 %. see (Fig. 2)

3.2. Carbon and water footprints from coffee processing at the wet mill 
factory

The mean carbon footprint from 2019 to 2023 was the highest in wet 
mill B at 4707.28 t CO2-e as compared to 1867.58 and 2788.48 t CO2- 
equivalent for wet mill A and C respectively as presented in Table 4 and 
Fig. 4. The results reveal that the major source of carbon emission at the 
wet mill factory is the wastewater generation from pulping, fermenta
tion and washing of the coffee cherries. This accounts for 99 % of total 
emission at the wet mill factory as shown in Table 6. Jiabao et al. (2021)
also observed that pulping and fermentation as the major source of 
carbon emission from wet coffee processing. The low carbon emission 
from energy use at the wet mill factory is attributed to the depulping 
machines and recirculation pumps because drying of the coffee parch
ment was done using open sun. The findings estimated that the carbon 
footprint per 1 kg of coffee parchment was the highest in wet mill B at 
5.86 kg CO2e/kg as compared to 3.48 and 4.52 kg CO2e/kg for wet mill 
A and C respectively as shown in Table 5.

The mean water footprint from 2019 to 2023 was the highest in wet 
mill B at 9880.47 m3 as compared to 3917.62 and 5844 m3 for wet mill A 
and C respectively as presented in Table 4 and Fig. 5. The results 
demonstrate that the major source of high-water footprint during wet 
coffee processing is pulping, washing, grading and fermentation stages 
which accounted for 99 % of the total water footprint. Table 5 shows 
that the water footprint per 1 kg of coffee parchment was the highest in 
wet mill B at 12.3 l/kg as compared to 7.3 and 9.48 l/kg for wet mill A 
and C respectively as presented in Table 5. Table 5 shows that high water 
footprint corresponded to high carbon footprint. This can be attributed 
to the increase in coffee cherry yields which led to high water demand 
during pulping, washing and fermentation stages, thus leading to 
increased release of greenhouse gas during fermentation and wastewater 
treatment process. Also, inefficiencies at the pulping machines and 
fermentation tanks led to high water consumption. These findings 
corroborate with study by Maina et al. (2015). They observed that the 
bulk of carbon emissions occurred at the wet mill factory with 63 % of 
total emission from fermentation and wastewater generation, 33 % to 
fertilizer production and application, 4 % from decomposing prunings 
and crop residue and 1 % to pesticide use. 2-Way ANOVA for carbon and 
water footprint showed that there was significant difference in carbon 
and water footprints across the three wet mill factories (P = 0.0006). 
The coffee production levels and high inefficiencies associated with the 
pulping machines and fermentation tanks had huge effect on water 
consumption levels. The high wastewater generation also had huge in
fluence on carbon emission during fermentation and wastewater treat
ment stages

3.3. Mitigation measures for carbon emission and water footprint

The sensitivity analysis was carried out based on two scenarios: (i) 

Fig. 1. Primary/wet coffee processing stages at the wet mill factory.

Fig. 2. Coffee wastewater treatment at the wet mill factory.

Fig. 3. Annual coffee production from 2019 to 2023 at the wet mill factory A, B 
and C respectively.
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optimization of coffee wastewater treatment process and (ii) Energy 
efficiency. In the two scenarios, the main factors contributing the most 
to the high carbon emission at the wet mill factory are wastewater 
generation (99 %) and energy use (0.5 %) as shown in Table 6. As a 
result, the mitigation measures should aim at minimizing carbon emis
sion and optimizing wastewater treatment process (Alemayehu et al., 
2020). The use of horizontal subsurface flow constructed wetland with 
Vetiveria zizanioides (Lemma and Debebe, 2023), has the potential to 
reduce carbon footprint by 70 % in wet mill A, B and C. On the energy 
efficiency scenario, the capture of biogas has the potential to reduce 
2.75 kg CO2e per kg of fuel. Using biogas for drying coffee during cold 
weather could save the wet mill factories 0.016 USD/Kwh on energy 
costs. Reusing or recycling treated wastewater can potentially reduce 
water footprint by 60 % in wet mill factories A, B and C. This could save 
the wet mill factory on monthly water bills by 0.24 USD/m3. The 
adaptability and suitability of these measures is heavily dependent on 
the financial capability of the coffee farmers or cooperatives.

Alternative approaches to reducing carbon emissions from wet coffee 
processing include utilizing efficient fermentation methods to minimize 
wastewater generation. Moreover, repurposing coffee sludge as organic 
fertilizer can significantly enhance carbon sequestration in the soil. To 
further decrease the water footprint, various design strategies can be 
implemented, such as the integration of intelligent control technology 
and automation (Alemayehu et al., 2020). The incorporation of 

Table 2 
Physio-chemical characteristics of coffee wastewater before treatment at the three wet mill factories.

Wet mill factory Parameters

pH BOD mg/l COD mg/l TSS mg/l TDS mg/l EC 
μ s/cm

Temp. 
◦C

A 3.5 ±0.1 4550 ± 251.1 5130 ±461.4 1150 ±73.1 340 ±63.3 751 ±45.7 21.2 ± 1.1
B 4.1 ±0.3 7890 ±280.3 8980 ±555.3 1930 ±111.5 430 ± 81.2 856 ±80.3 22.9 ± 1.7
C 3.7 ±0.2 5350 ± 274.01 6540 ± 511.2 1360 ± 90.6 370 ± 72.4 801 ± 64.4 21.8 ± 1.5
SD 0.2494 1423.89 1590.39 329.55 37.42 42.88 0.704
Mean 3.77 5930 6883.33 1480 380 802.67 21.97

Table 3 
Annual coffee cherry production (tonnes) at the three wet mill factories.

Year Wet mill factory (annual coffee cherry production in tonnes)

A B C

2019 615.45 940.1 690.1
2020 345.2 513.8 388
2021 337.45 464 379.5
2022 632.6 987.05 756.5
2023 752.6 1111.5 870.5
SD 166.36 263.21 198.95
Mean 536.66 803.29 616.92

Table 4 
Estimate of annual carbon footprint (t CO2-equivalent) and water footprint (m3) 
during five year period from 2019 to 2023 at the three wet mill factory.

Year Wet mill factory (annual carbon and water footprint)

A B C

t CO2-e m3 t CO2-e m3 t CO2-e m3

2019 2141.77 4492.79 5508.99 11563.23 3119.25 6542.15
2020 1201.3 2519.96 3010.87 6319.74 1753.76 3678.24
2021 1174.33 2463.39 2719.04 5707.2 1715.34 3597.66
2022 2201.45 4617.98 5784.11 12140.72 3419.38 7171.62
2023 2619.05 5493.98 6513.39 13671.45 3934.66 8252.34
SD 578.94 1214.45 1542.42 3237.5 899.27 1890.39
Mean 1867.58 3917.62 4707.28 9880.47 2788.48 5844.80

Table 5 
Carbon footprint and water footprint per 1 kg of coffee parchment at the three 
wet mill factories.

Wet mill 
factory

Carbon footprint (kg CO2e/kg 
coffee parchment)

Water footprint (L/kg coffee 
parchment)

A 3.48 7.3
B 5.86 12.3
C 4.52 9.48

Fig. 4. Annual carbon footprint from 2019 to 2023 at the wet mill factory A, B 
and C respectively.

Table 6 
Carbon emission sources at the three wet mill factories (kg CO2e/kg coffee 
parchment).

Wet mill factory Carbon emission sources

Energy use Wastewater Total

A 0.019 (0.55) 3.46 (99.45) 3.48
B 0.032 (0.55 %) 5.83 (99.45 %) 5.86
C 0.025 (0.553) 4.495 (99.45) 4.52

Fig. 5. Annual water footprint from 2019 to 2023 at the wet mill factory A, B 
and C respectively.
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advanced sensors and control systems, along with real-time monitoring 
and adjustments in wet mill processing, can optimize water usage. 
Additionally, Internet of Things (IoT) technology can enable remote 
monitoring and management of pulping, washing, and fermentation 
processes, thus reducing both water consumption and wastewater 
production.

3.4. Optimization of coffee wastewater treatment technology

A single coffee wastewater treatment is limited to efficiently and 
economically treat coffee wastewater. Therefore, integrating multiple 
treatment technologies, for instance, anaerobic digestion and con
structed wetland systems, can enhance the effectiveness of the coffee 
wastewater treatment process. Anaerobic digestion can significantly 
reduce organic matter content in coffee wastewater, while constructed 
wetland systems can further reduce residual pollutants and nutrients 
(Jiabao et al., 2021), thus establishing a comprehensive coffee waste
water treatment system. The constructed wetland systems have the po
tential to significantly remove organic matter and nutrients from coffee 
wastewater. This technology is cost-effective and suitable for large 
wastewater treatment systems with huge volumes.

The coffee wastewater can be efficiently treated through an inte
grated treatment system that entails the sedimentation, aeration and 
horizontal subsurface flow constructed wetland as described by Lemma 
and Debebe (2023). The optimum operating conditions recommended 
are pH 6, gravel diameter of 20–30 mm in the middle part and 40–80 
mm at the inlet and outlet parts of the constructed wetland. The hori
zontal subsurface flow constructed wetland planted with Vetiveria ziza
nioides has the potential to remove BOD by 78 %, COD by 80 %, NO3

− N 
by 70 %, NH3-N by 50 %, PO4

3− by 79 %, TSS by 72 %, TDS by 51 % and 
EC by 31 %. As a result, if applied the concentration of BOD, COD, TSS, 
TDS and EC in wet mill A, B and C can be reduced to (910, 1578 & 1070 
mg/l for BOD), (1026, 1796 & 1308 mg/l for COD), (287.5, 482.5 & 340 
mg/l for TSS), (153, 193.5 & 166.5 mg/l for TDS) and (450.6, 513.6 & 
480.6 μs/cm for EC) respectively making the process more efficient and 
cost effective as compared to chemical coagulation.

The effectiveness and efficiency of the treatment process can be further 
improved by planting plants with high adsorption capacity such as reeds or 
water onions (Beyene et al., 2014), and use of biomass-based adsorbent 
materials (Tinega and Warui, 2021; Tinega et al., 2023a, 2023b). More 
research needs to be carried out on the utilization of coffee wastewater 
resources. The biogas released during anaerobic digestion can be har
nessed as clean energy, and the digested sludge can be applied as organic 
fertilizer, thus moving towards a circular economy. Previous study by 
(Rattan et al., 2015) has demonstrated that 4–10 million kilojoules of 
energy can be harnessed daily from coffee wastewater. This can signifi
cantly reduce greenhouse gas emission and reliance on biomass fuels such 
as firewood and charcoal. The treated coffee wastewater can be reused and 
recirculated back for wet coffee processing at the wet mill. It can also be 
reused for irrigation in the agricultural land. This can greatly improve soil 
structure and fertility through increase in organic matter content. For 
instance, acidification-neutralization-sedimentation-filtration (ANSF) 
technology can significantly reduce organic pollutants and suspended 
solids in coffee wastewater, thus complying with irrigated water standards 
(Gopinandhan et al., 2022).

Integration of intelligent and automated control technology in 
wastewater treatment systems is necessary to improve efficiency and 
reduce operating costs (Rattan et al., 2015). The installation of advanced 
sensors and control systems, real-time monitoring and adjustment can 
improve stability and efficiency of the treatment process. Internet of 
Things technology can remotely monitor and manage coffee wastewater 
treatment equipment thus enhancing the treatment efficiency and 
reducing operational costs. However, there are several challenges with 
these advance technologies including high initial capital requirement, 
the need for a specialized technician, availability of reliable data that 
represents the coffee wastewater treatment process, the need to ensure 

there is enough data analysis, advance modeling and prevention of cyber 
security attack (Cairone et al., 2024).

With the increase in technological advancement, the intelligent 
systems and tools will enable coffee wastewater treatment process to be 
more effective, efficient and eco-friendly. Some of the key areas where 
improvement needs to be done include the hardware parts, such as 
Internet of Things (IoT) devices and advanced sensors. These devices are 
capable of monitoring daily operations in real time, enabling quick 
response to any issues and optimized control of the treatment plant. The 
main constraint lies in the design and development of an advanced 
system able to adapt to operating parameters that are under huge in
fluence on the changes in weather, climate, pollution, environmental 
factors and physio-chemical characteristics of influent wastewater 
(Cairone et al., 2024).

4. Conclusion

The current study assessed the carbon and water footprints associ
ated with coffee wastewater treatment at the coffee wet mill factory. We 
also identified effective measures to reduce carbon emissions and opti
mize sustainable water use and wastewater treatment. From 2019 to 
2023, the average carbon footprint was as follows: 1867.58, 4707.28, 
and 2788.48 tons of CO2-equivalent for wet mill A, B, and C, respec
tively. The primary source of carbon emissions at the wet mill factory 
was wastewater generation, which accounted for 99 % of emissions 
during the pulping and fermentation stages. In terms of water footprint, 
the averages from 2019 to 2023 were 3917.62, 9880.47, and 5844 cubic 
meters for wet mills A, B, and C, respectively. The significant contrib
utors to the high-water footprint during wet coffee processing were the 
pulping, washing, grading, and fermentation stages, which collectively 
represented 99 % of the total water footprint at the wet mill factory.

The main wastewater treatment technology used at the three wet 
mill factories was coagulation and sedimentation, which successfully 
reduced the concentrations of Chemical Oxygen Demand (COD) and 
Biological Oxygen Demand (BOD) by 60 %. By optimizing the coffee 
wastewater treatment process through the integration of horizontal 
subsurface flow constructed wetlands planted with Vetiveria zizanioides, 
we found potential reductions in the concentration of COD and BOD for 
wet mills A, B and C by 80 % respectively. Additionally, capturing biogas 
could reduce emissions by 2.75 kg of CO2e. Furthermore, recycling the 
treated wastewater could decrease the water footprint for wet mills A, B, 
and C by 60 % respectively.

The adoption of intelligent and advanced systems in the coffee 
wastewater treatment process offers several benefits, including real-time 
monitoring, improved data management, better decision-making, better 
modeling and simulations, proactive monitoring and control, automa
tion, and low operational and maintenance costs. The integration of 
these systems from pilot scale to full scale in large coffee wastewater 
treatment plants could help overcome the challenges of complex and 
dynamic changes in environmental conditions, pollution sources, energy 
and water consumption, and coffee sludge reuse.

Further research on reducing carbon and water footprints 
throughout the coffee supply chain can be pursued to lessen the impact 
of climate change. The optimization of coffee wastewater treatment 
technologies can be investigated to enhance the effectiveness and effi
ciency of the treatment process, ultimately contributing to a circular 
economy.
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