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Abstract: Smallholders play a key role in specialty coffee production. Implementing industrial ecology
coffee (IEC) practices is crucial for sustainable coffee production (SCP), aiming to add value, achieve
zero waste, and respect the environment. For that purpose, this study used life cycle assessment
(LCA) to assess the environmental impact of coffee production, specifically focusing on the global
warming potential (GWP) of dry methods (DMs). Data were collected from pilot plant operations
in Bondowoso, Indonesia, covering the process from cherry beans (CBs) to coffee powder (CP). A
unique aspect of this study is assessing the impact of the DMs: Natural, Anaerobic, Hydro honey,
Lactic, and Carbonic Maceration, which were often overlooked in previous research. Observations
and experimental results served as primary data for input calculations in LCA. As a result, it
was found that for the studied DMs, inputting 150 kg per batch of CBs produced approximately
22.4–22.8 kg of CP. The LCA revealed that for one kg of CP produced by the DMs, GWP ranged from
0.676 kg to 1.168 kg of CO2-eq, with Natural being the least polluting and Lactic having the highest
environmental impact. This study also suggests potential improvements in by-products for novel
food and fuel applications.

Keywords: industrial ecology coffee (IEC); sustainable coffee production (SCP); dry method (DM);
life cycle assessment (LCA); global warming potential (GWP)

1. Introduction

Coffee is a globally significant commodity, influencing economies, cultures, and liveli-
hoods. Specialty coffee, which emphasizes quality and sustainability, emerged in the
1960s–1970s [1], driving the establishment of specialty coffee shops. Distinguished by its
superior quality and limited production, specialty coffee plays a crucial economic role [2].
Producers benefit from higher incomes [3], while specialty coffee establishments stimulate
economic activity [4]. Ethical sourcing practices also attract consumers, enhancing the
industry’s economic value [5,6]. The fourth wave coffee culture further emphasizes sus-
tainability and ethical practices. Environmental impact and sustainability are key concerns
across these coffee movements. In this context, life cycle assessment (LCA) is useful for
assessing and monitoring sustainable coffee production (SCP). LCA is a methodology
that focuses on identifying and quantifying product impacts through the appropriate
combination of input data for analysis. LCA results greatly depend on the location.

Indonesia is the fourth largest coffee producer in the world, producing
725.68 × 103 ton/year [7], and plays a significant role in the specialty coffee industry
due to its unique coffee varieties, ideal growing conditions, and commitment to quality and
sustainability. Coffee plantations in Indonesia have become a significant source of income
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for farmers, owing to the widespread popularity of the beverage worldwide [8]. Despite
variations in plantation quality affecting coffee production, the growing demand for coffee
remains steadfast [9]. Consequently, emphasis on quality and flavor has become pivotal,
especially in specialty coffee produced by smallholders, even though the quantity may be
relatively low [10]. The supply of specialty quality coffee plays a crucial role in enabling
smallholders to bypass lengthy sales chains, directly selling to customers and augmenting
their income despite financial constraints [4]. In regions like Bondowoso, Indonesia, coffee
smallholders have adopted approaches such as the product life cycle (PLC) method to
bolster their income by shortening the sales chain [11]. Moreover, enhancing the quality of
coffee processing provides smallholder farmers with additional opportunities to maximize
their profits [12]. However, to align with the requirements of specialty coffee, mindful
consideration of environmental impacts is essential. The concept encompasses environ-
mentally friendly and socially responsible coffee cultivation practices that prioritize fair
treatment of workers, biodiversity, and conservation towards sustainable coffee production
(SCP) [13,14].

The primary coffee bean processing configurations include the wet and dry methods
(DMs). While the wet methods (WMs) are generally used, DMs have become a focus for
processors aiming to produce specialty coffee with high Cup of Excellence (COE) scores [10].
DMs yield coffee with complex flavors and aromas [12,15]. However, meeting the market
demands of fourth wave coffee culture [16] poses a challenge for DM coffee production.
Investing in technological infrastructure to enhance quality and enable the production of
derivative coffee products is a key component of SCP. Additionally, there is the option
of implementing industrial ecology coffee (IEC), an approach to coffee production that
integrates principles of industrial ecology to optimize sustainability by minimizing waste
and environmental impacts. To tailor these investments effectively, LCA is necessary. It an-
alyzes environmental impacts, identifies improvement areas, aids decision-making, fosters
continuous improvement, helps in market positioning, and guides policy development.
Thus, this study delves into the environmental impact assessment of DMs: Natural, Hydro
honey, Anaerobic, Lactic, and Carbonic Maceration, an aspect not previously explored in
the literature.

The most relevant previous work in environmental impact analyses of coffee produc-
tion discuss separate processing chains to evaluate GWP. For instance, a study conducted in
Vietnam compared “Fine Robusta” or “Robusta Specialty” coffee production, from planting,
plant care, and fertilizer to products through natural processes. It revealed a GWP impact
of 0.64 kg CO2-eq per kg of green beans (GBs) for organic treatment, and 0.93 kg CO2-eq
for non-organic [17]. Chemical fertilizers, especially as a source of N2O, were identified
as major contributors to emissions [18]. In another study in Jember, Indonesia, the use
of organic fertilizer in full-washed coffee processing resulted in 1.2 kg CO2-eq per kg of
Arabica coffee powder (CP) [19]. However, the impact of wastewater contribution was not
addressed. Similarly, Gayo Arabica coffee processing using the full-wash method produced
a GWP impact of about 1.48 kg CO2-eq [20]. Other studies explored the GWP impact of
cherry production per kg of 0.76 kg CO2-eq [21] and 0.26 kg CO2-eq [22]. While most studies
focus on specific processing chains for GWP measurement, integrating organic practices
into industrial ecology (IE) for SCP proves challenging. The authors previously conducted
LCA on coffee roasting, comparing biogas and fossil use, resulting in GWP impacts of
0.68 kg CO2-eq and 0.82 kg CO2-eq per kg coffee roasted (CR), respectively [23].

The aim of this paper is to estimate the environmental impacts of coffee production
using a variety of alternative DM processes, using LCA, based on primary measurements
and supplemented with secondary data.

2. Materials and Methods
2.1. Study Area and System Boundary

To evaluate the LCA in this study, the authors used data from direct observations and
measurements taken at a smallholder coffee farm at the Andungsari Kopi in Bondowoso
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Regency, East Java province, in 2022. This research was conducted within the Andungsari
Bondowoso coffee farming collective, situated in the East Java province of Indonesia. The
coffee plantations of 10 ha span across three locations in Pakis Village, ranging in elevation
from 1048 to 1400 m above sea level (with coordinates latitude: −7.9231361, longitude:
113.708889). Coffee production in 2022 averaged 580 kg of GBs/ha per year, a decrease
compared to 2021. Since 1992, this smallholder coffee farmers‘ group has implemented
organic fertilizer use on a 10-ha plantation as a Pilot Plant towards IEC. This study aims to
evaluate the changes in GWP and in other impact categories such as stratospheric ozone
depletion potential (ODP), ionizing radiation potential (IRP), ozone formation potential,
Human health (HOFP), etc., related to the DM to improve coffee quality [24]. First, it
compares input, output, and yields, along with gas produced during fermentation across
the different DMs. GWP can be obtained quantitatively to evaluate agri-food production
systems [25]. In this system, the upstream (on-farm) and downstream (off-farm) processes
are studied to clarify the baseline initial conditions in the DMs, and the options for potential
GWP mitigation before integration of IEC. The various parameters are then evaluated. The
initial system boundaries for the current study are illustrated in Figure 1. Future work
will integrate all waste streams to develop a long-term pilot plan for IEC towards SCP
(including utilizing by-products for novel food, feed, fertilizer, and fuel). This work adds to
academic knowledge in the field by mitigating the environmental impacts of on/off farm
for specialty coffee products.
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2.2. Coffee Processing through Dry Methods

Smallholders have implemented both wet and dry processing methods to cater to
the demands of the local coffee market. However, this paper specifically delves into the
DMs, with wet processing discussed elsewhere [26]. This study used a mixture of varieties
(Komasti, Andungsari, and Lini S) to compare the different DMs.

Dry processing methods are often used in countries with arid climates, such as
Ethiopia, Brazil, and some parts of Indonesia, providing unique coffee flavors depending
on the environmental conditions of the drying location and the coffee variety used [27].
DMs offer the advantage of requiring less water. This paper studies the following DMs:
Natural, Hydro honey, Lactic, Anaerobic, and Carbonic Maceration (CM). Figure 2 shows
the flowchart of coffee processing using the DMs. Red-picked CBs that were carefully
selected during harvest were transported to the production site by a motorcycle over a
distance of approximately 3.5 km.
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After harvesting, the processing methods differed depending on of the selected pro-
cessing route. The Natural method did not require fermentation, while the other meth-
ods did. The differences in fermentation procedures for each DM are detailed in their
respective descriptions.

Figure 3 illustrates the anatomy of coffee with detailed processing steps and the
corresponding product and by-products. When CBs are picked red, and left unprocessed,
they will become coffee seedlings. When the CBs are treated, they first go through on-farm
processing. The Hd process differed from the other DMs as it required de-pulping, which
involved separation of the cherry skin and pulp (CB-p) from the coffee beans. Afterward,
the coffee beans which still had mucilage and parchment skin were dried and dehulled to
produce GBs and parchment skin. However, in the case of the other DMs, the CBs were
directly dried, and dehulled to produce GBs and coffee husks as by-products. The GBs
then went through an off-farm process where they were roasted. From that step, roasted
coffee and silver skin were obtained.

In more detail about the processing steps, fermentation was performed in a one-batch
process configuration inside full reactor tanks for three days [28] at room temperature,
without stirring. A plastic reactor with a CB capacity of 150 kg/batch was used under
oxygen-deprived conditions [29]. The reactor had dimensions of 60 cm in diameter and
115 cm in height, with a capacity to hold 150 kg of CBs.

Figure 4 shows the production of gas coming out of the reactor. As additional param-
eters for the input data in the LCA, we collected the gas during fermentation and tested
for the CO2, CH4, and N2O content (Figure 4a). To capture the gas, the plastic sample bag
(capacity 2 liters) was replaced every 24 h and sample measurements were carried out daily.
For this purpose, we installed an S-shaped airlock (Figure 4b). Results of gas analysis are
detailed in Figure 5. Additionally, the total dissolved solid (TDS), total suspended solid
(TSS), pH, and Brix were measured in the fermentation wastewater [30].
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Figure 4. Process flow diagram considered for LCA with daily gas release.

After fermentation, the CBs went through the drying process. Smallholders rely on
sun drying, while larger operations may use mechanical drying [31]. In this case study, the
GBs were sun-dried for 9 to 12 days. The drying bed had dimensions of 1 m × 6 m, and a
capacity to hold 150 kg cherries in layers between 2 and 4 cm thick. The target moisture
content was 12%, which is within the standard target range between 11 to 14% [28,32].

Then, on-farm DMs continued with the dehulling stage to separate the husk skin or
parchment skin, followed by sorting to ensure good quality GBs. Defects in the coffee
beans were manually sorted to remove cracked beans, black beans, beans with holes, and
others [33]. Cracks can be caused by technology or raw materials [34], and optical detection
technology is one option for sorting defective coffee [35], although not employed here.

Next, the beans were roasted using a rotary roaster with heating from an LPG burner
for 10–12 min to reach a medium roasting temperature between 205 and 210 ◦C. This
roasting machine had a vacuum blower to separate the silver skin and the CR [23]. Finally,
the coffee was ground to a coffee powder state, ready to produce coffee drinks at the
off-farm stage.
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Figure 5. Concentration of (a) CO2, (b) CH4, and (c) N2O gas released during fermentation. (Over
3 days, 6 L total was produced and removed each day in a full 2 L gas bag for sample processing).

Two types of products are described based on on/off farm processing. On-farm
processing transforms the CBs to the GBs, while the processing from the GBs to coffee
powder (CP) is off-farm. Coffee with high grades is scored above 80, classified as specialty
coffee quality.

The explanation of the main differences between the five processes are as follows.
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2.2.1. Natural Processing

Natural processing is the most traditional processing method, and technology is applied
to off-farm processes more than on-farm. After harvesting, the CB was directly sundried for
9–12 days as described earlier and went through the on-farm and off-farm processing.

2.2.2. Hydro Honey Processing

The Hydro honey method is intended to increase market demand for the honey
aroma [36]. The honey color emerges as a result of the pulp being retained within a
parchment layer until dried. Sharp aromas such as wine, fruity, and brown sugar can
emerge from fermentation. However, this method may not be widely used because the
market segment is limited and therefore it is applied only for specialty products. In this
process, pulping was performed before fermentation to separate the cherry skin from the
coffee beans. The beans were then dried, and the coffee pulp was fermented and dried. The
dried coffee beans with parchment skin were further dehulled to obtain GBs, which then
went through sorting, roasting, and grinding to obtain CP.

2.2.3. Lactic Processing

Lactic processing is used to create a robust sour aroma by adding bacteria [37]. During
fermentation, the mucilage in CBs can increase in acidity [8], the expected flavors are fruit,
berry, chocolate, and complex flavors [24]. Lactate processing is not the main objective of
commercial processors because it requires additional ingredients [38], which may impact
wastewater, a risk to the soil and water [39]. In this case study, 2 kg of lactic acid bacteria
from a local company in Bondowoso was added to the reactor before fermentation. After
fermentation, on- and off-farm steps were performed to obtain CP.

2.2.4. Anaerobic Processing

Coffee processors often utilize this processing model because it is straightforward
and frequently preferred. The CBs only need to be fermented with reduced oxygen [40]
with the full tank of CBs inside a reactor. In this study, water or other inoculants, such as
microorganisms or enzymes (spontaneous fermentation), were not added to the process.
After fermentation, the CBs were dried, sorted, roasted, and ground to CP.

2.2.5. Carbonic Maceration (CM)

During the CM process, 1.5 kg of CO2 purchased from a gas company in Bondowoso
gas was injected into the reactor tank [41]. The CO2 injection aims to reduce the sour taste
of coffee and decrease its caffeine content. This method requires pressure control during
processing, as reactor leaks can result in the failed production of flavors [12]. A gas pressure
indicator was used during fermentation to maintain a stable pressure of 50–100 millibars.
While some processors inject CO2 daily until the end of fermentation, in this study, it was
performed only once on the first day of fermentation.

2.3. Environmental Impact Analysis

For impact analysis, this work used SimaPro v9.3.0.3, and the ReCiPe 2016 midpoint
level (ML) method was applied [23,42]. Through direct observation, coffee production and
fuel consumption data were obtained and used for LCA. The study considered contributions
of ≥1%, outlining the sources from each stage of the process, in accordance with typical
cut-off requirements [43]. The following steps were then performed to complete the LCA.

2.3.1. Goal and Scope

In this study, we have meticulously collected and analyzed harvest data from 2022.
The average yield per hectare reached 2950 kg/ha/year of cherry beans, resulting in an
average of 580 kg/ha/year of GBs. For dry processing, this group uses a 150 kg/batch
capacity reactor for fermentation. The DM was chosen as the harvest capacity increased and
in response to market demand. The functional unit (FU) is based on a 10-hectare pilot plant.
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Results were reported on the impacts per kilogram of CP. The GWP from the DMs was
calculated and compared as the primary indicator. Production and processing data were
used to model and design alternatives for the pilot-scale implementation of sustainable
specialty coffee bean production.

2.3.2. Inventory Analysis

The harvest data inventory for the year 2022 was conducted through observation
and experimentation in the Andungsari Coffee Group, Bondowoso, East Java, Indonesia.
Harvest data from March to September were utilized. The average number of coffee plan-
tations and coffee shade is the same as in the previous year’s study [26]. However, this
research focused on dry processing, considering CB transportation handling, fermenta-
tion, dehulling, roasting, and grinding. Fuel consumption during coffee processing was
measured as part of the inventory process. Table 1 displays petrol, LPG, and electricity
consumption at each stage.

Table 1. Parameters to quantity fuel consumption at each stage *.

Process Stages Equipment Specifications Unit N Hd A L CM

Harvesting Motorcycle (100 kg/batch) MJ 31.40 31.40 31.40 31.40 31.40
Pulping Petrol Engine 5 Hp, 200 kg/h MJ - 20.41 - - -

Fermentation CO2 injection kg - - - - 1.50
Dehulling Petrol Engine 5 Hp, 200 kg/h MJ 14.13 7.20 14.24 14.26 14.44

Grading/Sizing Electric 0.5 kW, 50 kg/h kWh 0.28 0.28 0.28 0.28 0.29
Roasting Coffee Electric 1 kW, 10 kg/h kWh 1.17 1.18 1.18 1.19 1.26

LPG 0.75 kg/h 1.96 1.97 1.96 1.98 2.10
Coffee Grinding Electric 0.5 kW, 40 kg/h kWh 0.33 0.33 0.33 0.33 0.35

N = Natural; Hd = Hydro honey; A = Anaerobic; L = Lactic; CM = Carbonic Maceration. * Data measured.

2.3.3. Impact Assessment

Based on primary data on coffee production inputs and outputs, and with the appli-
cation of emission factors [44], factor correction (Table 2), and secondary data for impact
analysis, the data inventory was compiled and used for impact assessment in the SimaPro
software. The ReCiPe (2016) ML method was applied. Fuel consumption was calculated
with characteristic factors. Furthermore, fermentation was carried out for dry process-
ing, during which fermentation gas products such as CO2, CH4, and N2O were captured.
Gas captured during fermentation was stored in plastic gas storage and tested at the
Agricultural Laboratory, Pati Agricultural Laboratory Centre, Central Java, Indonesia. Fer-
mentation was carried out for three days, and every day, the gas was collected to assess
gas production for impact analysis considerations. Wastewater from fermentation was
also tested for chemical oxygen demand (COD) and biological oxygen demand (BOD),
TSS, and pH at the Agricultural Technology Laboratory, Jember University. While many
other studies do not consider wastewater in their impact assessments, this work found a
significant impact of biogenic CO2 from wastewater with the following correction factors
in Table 2.

Table 2. Factor correction to calculate CO2 from wastewater [44].

Parameter Factor Unit

MCFWW 0
λ 0.65

CFCO2 1375 mg
BG 0.65

Emissions from wastewater were calculated via the following equation [44]:

CO2 = 10−6 × Qww × COD × EffBOD × CFCO2 × [(1 − MCFww × BG) × (1 − λ)] (1)
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Therefore:

CO2 = Estimated CO2 emission rate (mg/batch)
Qww = Wastewater produced (mg/batch)
EffBOD = Oxygen demand removal efficiency
CFCO2 = Conversion factor for maximum CO2
MCFww = Correction factor wastewater treatment
BG = Fraction of carbon
λ = Biomass yield

2.3.4. Interpretation

In this phase, we compared five processes: Natural, Hd, Anaerobic, Lactic, and CM.
The fermentation stage contributes to wastewater and gas. Although the fermentation
stage is categorized as biogenic waste [45], the threshold for wastewater needs to be
considered [46]. Therefore, as a part of coffee production, dry processing methods need to
identify their environmental impact. Through this study, we also consider the valorization
of waste skin that can be utilized to add value to waste as a by-product and potential step
towards zero waste [26].

3. Results
3.1. Comparison of Input-Output and Yields from the Different Dry Processing Methods

Yields from various DM processing methods are important for input-output in the
LCA data inventory. The mass balance is used for the GWP analysis of each of the treat-
ment stages. Table 3 shows the mass balance of the dry method with the different coffee
processing. In terms of input, Hd differs from the other DMs because 50 L of water were
added during fermentation.

Table 3. Mass balance of coffee processing using various dry methods *.

Steps Input-Output
Amount (kg)

N Hd A L CM

Input
Handpicking Cherry Coffee 150.0 150.0 150.0 150.0 150.0

CO2 - - - - 1.5
Lactic Acid Bacteria - - - 2.0 -

Water
(Fermentation) - 50.0 - - -

Output
Pulping De-pulping - 70.2 - - -

Cherry skin - 79.8
Fermentation Wet Fermented - 73.2 137.5 136.5 134

Wastewater 47.0 12.5 15.5 16.0
Drying Dried beans 67.5 34.4 68.0 68.1 69.0

Dehulling Dehulled beans 27.8 27.8 27.9 27.8 28.8
Coffee skin - 31.0 - - -
Coffee husk 39.8 - 40.1 40.4 40.2
Parchment - 6.6 - - -

Sortation Grade beans 26.1 26.2 26.2 26.4 28.0
Defective GBs 1.6 1.5 1.1 1.4 0.8

Roasting Roasted beans 22.8 22.8 22.8 23.4 22.9
Silver skin 1.0 1.1 1.1 1.1 1.2

Grinding Coffee powder 22.7 22.7 22.7 22.8 22.4
N = Natural; Hd = Hydro honey; A = Anaerobic; L = Lactic; CM = Carbonic Maceration. * Data measured.

In terms of efficiency and by-products, the Natural method appears to be efficient
with high yields of dried beans (67.5 kg) and fewer process steps involving less water and
chemicals. It produces a significant amount of coffee husk (39.8 kg) during dehulling.
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The Hd method involves significant water use during fermentation, producing consid-
erable wastewater (47.0 kg). It has the lowest output of dried beans (34.4 kg) but results in
a substantial amount of de-pulped coffee (70.2 kg) and cherry skin (79.8 kg).

The Anaerobic and Lactic methods are similar in outputs, producing high amounts
of wet fermented coffee (137.5 kg and 136.5 kg, respectively) and significant amounts of
coffee husk (40.1 kg and 40.4 kg). The Lactic method uses lactic acid bacteria, introducing
an additional biological component, which may explain the fact that wastewater from the
Lactic method (15.5 kg) is higher than that from the Anaerobic method (12.5 kg).

CM involves CO2 and has a slightly higher output of grade beans (28.0 kg) and roasted
beans (22.9 kg) compared to others. It generates the least defective beans (0.8 kg) and the
highest yield of dried beans (69.0 kg), making it efficient but slightly more complex due to
the use of CO2. Overall, the outputs for the studied DMs differed up until the drying step
due to variations in fermentation conditions and inputs across the different DM processes.
However, after drying and sorting, the outputs of final CP were similar across all methods,
ranging between 22.4 and 22.8 kg.

3.2. Coffee Fermentation, Gas Release, and Wastewater

Quantifying gas release during fermentation is essential to evaluate the environmental
impact of the processes. The natural processing method, which does not involve fermen-
tation, is not included in this section. Table 4 shows the total gas produced during three
days of fermentation for the different coffee processing methods that required fermentation,
focusing on CO2, CH4, and N2O emissions. The Anaerobic method produced the least
CO2 at 8.6 mg, while the Hd, Lactic, and CM methods produced 150.3 mg, 566.2 mg, and
934.5 mg of CO2, respectively.

Table 4. Total gas produced during fermentation *.

Process
Gas Released (mg)

CO2 CH4 N2O

Anaerobic 8.6 0.0087 5.7
Hd 150.3 0.0083 6.4

Lactic 566.2 0.0155 13.9
CM 934.5 0.0090 28.6

* Data measured.

Methane emissions were fairly consistent among the methods, except for Lactic, which
emitted 0.0155 mg. For the other DMs, Anaerobic released 0.0087 mg, Hd emitted 0.0083 mg,
and CM emitted 0.0090 mg. In contrast, nitrous oxide emissions varied more significantly.
Anaerobic emitted 5.7 mg, Hd emitted 6.4 mg, Lactic emitted 13.9 mg, and CM emitted
28.6 mg.

To undertake the LCA, the gas concentrations were converted to mass of emissions.
To achieve this, the gas pressure was assumed to be atmospheric pressure (unfortunately
the gas pressure was not measured in all processes for this specific experiment, but the
pressure of CM was taken as indicative, with a range of 50–100 mbar (gauge), and it was
therefore estimated to be a reasonable assumption). In terms of environmental impact, the
CM method has the highest emissions of both CO2 and N2O, indicating a considerable
environmental impact. The Lactic method also shows high emissions, particularly of CO2
and N2O. The Hd method produces moderate CO2 and N2O emissions with low CH4
emissions. The Anaerobic method is the most environmentally friendly, with the lowest
levels of all gases.

In more detail, Figure 5 illustrates the release of (a) CO2, (b) CH4, and (c) N2O gases
during fermentation across different coffee processing methods: Anaerobic, Hd, Lactic, and
Carbonic Maceration (CM).

In the (a) CO2 graph, the CM method exhibits the highest emissions, followed by
the Lactic method, the Hd, and the Anaerobic method. This indicates that CM and Lactic
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methods, which were more intensive in terms of fermentation, resulted in significantly
higher CO2 emissions. The Anaerobic method, with the lowest CO2 emissions, suggests a
more controlled and less oxidative fermentation process.

For (b) CH4 emissions, the differences among the methods were less pronounced
compared to CO2. The Lactic method shows slightly higher CH4 emissions than the other
methods, while the Hd and CM methods had similar lower levels, and the Anaerobic
method was slightly higher than Hd and CM but lower than Lactic. This suggests that
methane production is not as heavily influenced by the type of fermentation process as CO2.

In the N2O graph (c), the CM method again showed the highest emissions, fol-
lowed by the Lactic, Hd, and Anaerobic methods. This pattern highlights the intensive
nature of CM and Lactic fermentations, which produced significantly more nitrous ox-
ide. The relatively low N2O emissions from the Anaerobic method further reinforce its
environmental advantages.

Table 5 compares the properties of wastewater produced during the fermentation
stage of different dry coffee processing methods: Anaerobic, CM, Lactic, and Hd. The
Lactic method produces wastewater with the highest levels of COD, BOD, TSS, and TDS,
indicating significant environmental impact due to the high organic load and particulate
matter. It also produces high Brix, which may indicate the wastage of valuable components,
such as liquid fertilizer, while its low pH further suggests a more acidic wastewater, which
can be harmful to aquatic life. In all cases, it would be expected that the wastewater would
need further appropriate treatment before any release or, as highlighted below, may offer
potential for biogas production.

Table 5. Comparison of wastewater properties during fermentation in dry methods *.

Properties Units A CM L Hd

Chemical Oxygen Demand (COD) mg/L 9850 10,400 11,950 6700
Biological Oxygen Demand (BOD) mg/L 5642 6444 7248 4844

Total Suspended Solid (TSS) mg/L 145 151 257 134
Total Dissolved Solid (TDS) mg/L 296 309 397 203

Brix ◦BX 5.2 5.6 6.4 5
pH 4.1 3.9 3.8 4.2

Hd = Hydro honey; A = Anaerobic; L = Lactic; CM = Carbonic Maceration. * Data measured.

The CM method, while slightly better than Lactic in terms of COD and BOD, still
produces high levels of organic pollutants and suspended solids, dissolve solid and also
results in acidic wastewater. The Anaerobic method shows moderate levels of COD, BOD,
and TSS, with a slightly acidic pH. This suggests a relatively lower environmental impact
compared to the CM and Lactic methods, even though TDS was slightly higher than Hd.

The Hd method has the lowest levels of COD, BOD, TSS, and TDS, and the highest
pH, making it the most environmentally friendly option among the methods studied. Its
wastewater is less polluted with organic matter and particulates and is less acidic, posing a
lower risk to the environment.

Overall, the Hd method has the lowest levels of COD, BOD, TSS, TDS, and Brix,
and the highest pH, making it the most environmentally friendly option among the DMs
involving fermentation. Its wastewater is less polluted with organic matter and particulates
and is less acidic, posing a lower risk to the environment.

3.3. Life Cyle Impact Characterization

Overall, the Hd method has the lowest levels of COD, BOD, and TSS, and the highest
pH, making it the most environmentally friendly option among the DMs involving fer-
mentation. Its wastewater is less polluted with organic matter and particulates and is less
acidic, posing a lower risk to the environment.

Table 6 provides a comparative analysis of the environmental impact categories for
different dry coffee processing methods, from CBs to CP. The methods assessed are Natural,
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Anaerobic, Lactic, Hd, and CM. Each method’s impact is measured across several categories,
including GWP, ODP, and other key environmental indicators. (Values are indicated per
kilogram of CP).

Table 6. Impact categories and values from transforming CBs to CP.

Impact Category Unit
Processing CBs to CP

Natural Anaerobic Lactic Hd CM

GWP kg CO2-eq 0.676 0.702 1.168 0.788 0.713
ODP kg CFC11

eq 2.1 × 10−7 2.19 × 10−7 3.34 × 10−7 2.4 × 10−7 2.2 × 10−7

IRP kBq Co−60eq 0.008 0.008 0.027 0.008 0.009
HOFP kg NOxeq 0.001 0.001 0.002 0.002 0.001
FPMF kg PM2.5eq 0.001 0.001 0.002 0.001 0.001
EOFP kg NOxeq 0.001 0.002 0.002 0.002 0.002
TAP kg SO2eq 0.001 0.001 0.002 0.001 0.001
FEP kg Peq 1.1 × 10−4 3.1 × 10−4 5.3 × 10−4 4.6 × 10−4 3.9 × 10−4

MEO kg Neq 3.5 × 10−6 3.7 × 10−6 1.9 × 10−5 3.6 × 10−6 3.8 × 10−6

TETP kg 1,4-DCB 0.952 1.004 2.570 1.161 0.988
FETP kg 1,4-DCB 0.003 0.003 0.015 0.003 0.003
METP kg 1,4-DCB 0.005 0.005 0.021 0.005 0.005
HTPc kg 1,4-DCB 0.003 0.003 0.018 0.003 0.003

HTPnc kg 1,4-DCB 0.284 0.296 0.562 0.348 0.294
LOP m2 a cropeq 0.008 0.009 0.014 0.009 0.009
SOP kg Cueq 2.3 × 10−4 2.5 × 10−4 5.6 × 10−4 2.6 × 10−4 2.4 × 10−4

FFP kg oileq 0.176 0.182 0.344 0.192 0.187
WCP m3 0.0003 0.0003 0.0063 0.0025 0.0003

GWP = Global warming potential; ODP = Stratospheric ozone depletion potential; IRP = Ionizing radiation poten-
tial; HOFP = Ozone formation potential, human health; FPMF = Fine particulate matter formation; EOFP = Ozone
formation potential, terrestrial ecosystems; TAP = Terrestrial acidification potential; FEP = Freshwater eutrophica-
tion potential; MEP = Marine eutrophication potential ; TETP = Terrestrial ecotoxicity potential; FETP = Freshwater
ecotoxicity potential; METP = Marine ecotoxicity potential; HTPc = Human carcinogenic toxicity; HTPnc = Human
non-carcinogenic toxicity; LOP = Land use; SOP = Mineral resource scarcity; FFP = Fossil resource scarcity;
WCP = Water consumption potential.

3.3.1. Global Warming Potential (GWP)

The GWP measures the potential of greenhouse gases to trap heat in the atmosphere.
The Lactic method has the highest GWP at 1.168 kg CO2-eq, indicating a significant con-
tribution to climate change. The Natural method has the lowest GWP at 0.676 kg CO2-eq,
making it the most climate-friendly option.

3.3.2. Stratospheric Ozone Depletion Potential (ODP)

ODP indicates the potential for substances to deplete the ozone layer. The Lactic
method shows the highest ODP at 3.34 × 10−7 kg CFC11

eq, while the Natural method has
the lowest ODP at 2.1 × 10−7 kg CFC11

eq. The differences among the methods are relatively
small but still noteworthy.

3.3.3. Ionizing Radiation Potential (IRP)

IRP measures the potential impact of ionizing radiation on human health and the
environment. The Lactic method has the highest IRP at 0.027 kBq Co−60eq, whereas the
Natural, Anaerobic, and Hd methods all have an IRP of 0.008 kBq Co−60eq, showing
less impact.

3.3.4. Ozone Formation, Human Health (HOFP) and Terrestrial Ecosystems (EOFP)

Both HOFP and EOFP assess the potential of precursor emissions to form ground-level
ozone, which affects human health and ecosystems. The Lactic and Hd methods have
higher values (0.002 kg NOxeq) for HOFP and EOFP compared to Natural and Anaerobic
methods, indicating more significant impacts on human health and terrestrial ecosystems.
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3.3.5. Fine Particulate Matter Formation (FPMF)

FPMF measures the impact of fine particulate matter on air quality and human health.
The Lactic method shows the highest FPMF at 0.002 kg PM2.5eq, while other methods are
at 0.001 kg PM2.5eq, indicating less pollution.

3.3.6. Terrestrial Acidification Potential (TAP)

TAP evaluates the potential of acidifying pollutants to affect soil and water bodies.
The Lactic method has the highest TAP at 0.002 kg SO2eq, while other methods have a TAP
of 0.001 kg SO2eq, indicating a lower impact.

3.3.7. Eutrophication Potentials (FEP and MEP)

Eutrophication potentials assess nutrient enrichment in freshwater (FEP) and marine
environments (MEP). The Lactic method has the highest FEP (5.3 × 10−4 kg Peq) and MEP
(1.9 × 10−5 kg Neq), suggesting significant contributions to water pollution.

3.3.8. Ecotoxicity Potentials (TETP, FETP, METP)

Ecotoxicity potentials measure the impact of toxic substances on terrestrial (TETP),
freshwater (FETP), and marine environments (METP). The Lactic method exhibits the
highest values in all three categories, indicating greater potential for environmental harm.

3.3.9. Human Toxicity Potentials (HTPc and HTPnc)

Human toxicity potentials evaluate the potential impact of toxic substances on human
health, both carcinogenic (HTPc) and non-carcinogenic (HTPnc). The Lactic method again
shows the highest impacts, particularly for HTPnc at 0.562 kg 1,4-DCB.

3.3.10. Land Use (LOP)

LOP measures the potential impact on land use. The Lactic method has the highest
LOP at 0.014 m2 a crop eq, indicating a higher impact on land resources.

3.3.11. Mineral and Fossil Resource Scarcity (SOP and FFP)

SOP assesses the scarcity of mineral resources, and FFP measures fossil resource
depletion. The Lactic method has the highest SOP (5.6 × 10−4 kg Cueq) and FFP (0.344 kg
oileq), showing greater resource consumption.

3.3.12. Water Consumption Potential (WCP)

WCP evaluates the amount of water used in the process. The Lactic method has the
highest water consumption at 0.0063 m3, indicating a significant use of water resources.

Altogether, the Lactic method consistently showed higher environmental impacts
across almost all categories, indicating that it is the least sustainable option among the
methods assessed. Its high values in GWP, ODP, and other categories highlight significant
contributions to climate change, ozone depletion, and resource depletion. In contrast, the
Natural method generally shows the lowest impacts, making it the most environmentally
friendly option. The Anaerobic and CM methods fall in between, with moderate impacts
across most categories.

Figure 6 shows the impact categories in percentage of the highest impact. It confirms
that Lactic contributes with the highest impact in all categories. Aside from the Lactic
method, the other dry coffee processing methods—Natural, Anaerobic, Hd, and CM—show
varying degrees of environmental impact across different categories. Comparatively, the
Natural method consistently presents the lowest values across many environmental impact
categories. This suggests that the Natural method has the least environmental impact
among the dry coffee processing methods assessed. For example, in categories like GWP,
HOFP, and EOFP, the Natural method typically exhibits the lowest values, indicating lower
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emissions of greenhouse gases and reduced potential for ground-level ozone formation
compared to other methods.
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Figure 6. Impact of the different dry methods for each category, with the highest value set as 100%.

The Anaerobic and CM methods generally fall in between the Natural and Lactic meth-
ods, displaying moderate environmental impacts across most categories. While they may
not have as low an environmental impact as the Natural method, they also do not exhibit
the consistently high values seen with the Lactic method. The Hd method often shows
values closer to the Natural method, indicating relatively lower environmental impacts
compared to Lactic, Anaerobic, and CM methods, but not as low as the Natural method.

These findings suggest that while the Lactic method tends to have the highest envi-
ronmental impact among the dry coffee processing methods assessed, the Natural method
tends to be the lowest impact, while the other methods—Anaerobic, Hd, and CM—offer
varying degrees of environmental friendliness. Producers can use this information to make
informed decisions about which processing methods to adopt, considering factors such as
environmental sustainability, flavor profile, and processing efficiency.

For further details on the impact source, the pie chart in Figure 7 illustrates the
global warming potential (GWP) impact of various steps in the Natural process. Roast-
ing has the highest impact at 0.293 kg CO2-eq/kg, followed by petrol usage at 0.015 kg
CO2-eq/kg. CB, a specific material or chemical, contributes 0.072 kg CO2-eq/kg, while elec-
tricity usage accounts for 0.041 kg CO2-eq/kg. The “Rest” category, including minor steps,
contributes 0.046 kg CO2-eq/kg. Dehulling and LPG use contribute 0.032 kg CO2-eq/kg
and 0.027 kg CO2-eq/kg, respectively. Grinding and sortation have minimal impacts at
0.007 kg CO2-eq/kg and 0.006 kg CO2-eq/kg. The main contributors to GWP are roasting
and petrol usage, indicating a focus area for reducing the environmental footprint of the
Natural method.

Figure 8 illustrates the GWP impact of various steps in four processes: Hydro honey (a),
Anaerobic (b), Lactic (c), and CM processing (d). The Hd, Anerobic, and CM showed
a similar tendency to Natural, with roasting contributing the most, and varying from
0.293–0.317 kg CO2-eq/kg CP. The second area of contributions for Hd, Anerobic, and CM
was petrol varying from 0.139–0.195 kg CO2-eq/kg CP. The following areas of contribution
for all methods were CB and electricity, and their value were comparable throughout the
DMs. The pattern for Lactic is different from the other process as the lactic acid produced
during fermentation contributes 0.285 kg CO2-eq/kg CP. This might be another reason why
the overall environmental impact from Lactic was so high.
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Figure 8. Impact of the processing steps, and energy sources for Hydro honey (a), Anaerobic (b),
Lactic (c), and (d) CM processing in terms of GWP (kg of CO2-eq/kg of CP).

3.4. Comparison between GWP and Total Energy Consumption

The energy resources used by this group of smallholders were fuel (petrol and LPG),
and local electricity. Table 7 compares various dry coffee processing methods in terms of
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their GWP on/off farm, as well as their total energy consumption from CBs to CP. The
methods evaluated include Natural, Anaerobic, Hydro honey, Lactic, and CM processing.

Table 7. Comparison of the dry methods in their GWP on/off farm, as well as in their total energy
consumption *.

No Coffee Process
On-Farm

(kg CO2-eq/kg GBs)
Off-Farm

(kg CO2-eq/kg CP) Total Energy CBs to CP
(MJ)

CBs to GBs CBs to CP

1 Natural 0.302 0.676 147.79
2 Anerobic 0.306 0.702 148.23
3 Hydro honey 0.407 0.788 161.81
4 Lactic 0.577 1.168 149.00
5 CM 0.310 0.713 155.58

CBs = Cherry Beans, GBs = Green Beans, CP = Coffee Powder, MJ = Mega Joule. * Data calculation.

For the Natural process, the on-farm GWP is 0.302 kg CO2-eq/kg GBs, the off-farm
GWP is 0.676 kg CO2-eq/kg CP, and the total energy consumption is 147.79 MJ. This process
has a relatively low on-farm GWP and moderate off-farm GWP, with the lowest total energy
consumption among the methods.

For the Anaerobic process, the on-farm GWP is 0.306 kg CO2-eq/kg GBs, but it has
a slightly higher off-farm GWP at 0.702 kg CO2-eq/kg CP and similar total energy con-
sumption at 148.23 MJ. The Hydro honey process shows an increase in both on-farm
and off-farm GWP, with values of 0.407 kg CO2-eq/kg GBs and 0.788 kg CO2-eq/kg CP,
respectively. It also has the highest total energy consumption at 161.81 MJ, indicating
more energy-intensive processing steps. The Lactic process has the highest GWP with
0.577 kg CO2-eq/kg GBs on-farm and 1.168 kg CO2-eq/kg CP off-farm, but its total energy
consumption is 149.00 MJ. This suggests that the fermentation process produces significant
greenhouse gases. The CM process has an on-farm GWP of 0.310 kg CO2-eq/kg GBs, and
off-farm GWP is 0.713 kg CO2-eq/kg CP, and its total energy consumption is 155.58 MJ,
indicating that later stages of processing or transportation are more emission-intensive.

Overall, the Natural, Anaerobic, and CM processes have the lowest on-farm GWP,
indicating less energy-intensive initial processing. The Hd process has higher GWP and
energy consumption, likely due to more intensive processing. The Lactic process, despite
moderate energy usage, has the highest GWP due to significant emissions and by-products
from fermentation. The CM process, while efficient on-farm, shows higher off-farm emis-
sions. Optimizing these methods should focus on reducing emissions and energy use,
especially in the more impactful stages.

4. Discussion

This study has identified several key elements that can be directly applied to enhance
the sustainability performance of specialty coffee production. The LCA findings presented
in Table 7 reveal that the Lactic method had the highest environmental impact among the
assessed dry coffee processing methods. In contrast, the Natural, Anaerobic, Hd, and CM
methods offer varying degrees of environmental friendliness. While the Lactic method may
offer certain benefits in terms of flavor or processing efficiency, it comes with a trade-off of
higher environmental costs. This highlights the importance of considering sustainability
factors when selecting coffee processing methods and emphasizes the need for producers
to strike a balance between quality, flavor enhancement, and environmental responsibility.

Figure 6 visually represents the environmental trade-offs inherent in different coffee
processing methods. While certain methods may offer unique flavors, their environmental
costs must be carefully considered. The Natural method emerged as a more sustainable
choice for coffee production due to its lower environmental footprint.

In terms of gas produced during fermentation, Anaerobic method is the most sustain-
able, with significantly lower emissions compared to the other methods. In contrast, the
CM and Lactic methods, while producing unique flavors, resulted in higher greenhouse
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gas emissions, confirming the need for balancing quality and environmental impact in
coffee processing. While previous studies did not measure and account for in the LCA the
gas produced during fermentation [40], this work considers these parameters to be part of
the LCA analysis. This increases the novelty as well as the reliability of the results from
this work.

The environmental impact of wastewater from fermentation varies significantly across
coffee processing methods. The Lactic method has the most considerable impact, while the
Hd method is the least harmful. These differences underscore the importance of selecting
appropriate processing methods to minimize environmental damage, particularly in terms
of wastewater management. This study mentions that the Lactic process contributes the
most to environmental risk, but it does not mean that this processing method needs to be
avoided. Certainly, it is necessary to mitigate wastewater, gas production, and even the use
of energy sources. When compared to previous studies on coffee processing (Table 8), it is
clear that there have been a wide range of calculated GWP emissions from coffee processing.
It is also apparent that the functional unit and scope of previous studies has been variable,
which makes the comparison challenging. Accurate and detailed studies estimating these
emissions will be important for the development of sustainable coffee production, as well
as the application of any form of carbon pricing or price premium. When wastewater is
discharged into the environment, it can potentially reduce water availability and generate
groundwater pollution [46], due to COD and BOD content in wastewater [47], TSS, and
pH. The limitation standard in Indonesia for COD, BOD, TSS and pH of wastewater from
coffee processing are 200 mg/L, 90 mg/L, 150 mg/L, and 6–9, respectively [48]. The values
obtained for Anaerobic, CM, Lactic, and Hd did not fall into these standards, and thus,
their wastewater must be diluted and corrected in pH before being discarded. Interestingly,
wastewater from coffee by-products can be used as raw material for biogas [23], although
gas can also be released in the fermentation stages. Therefore, instead of throwing away
the wastewater, it can be reused for energy production. Another opportunity is to produce
alcoholic beverages or bioethanol from the wastewater.

Each processing method varies in its environmental impact. The Natural and Anaer-
obic processes demonstrated the lowest on-farm GWP, indicating less energy-intensive
initial processing. In contrast, the Hd process exhibits higher GWP and energy consump-
tion, likely due to more intensive processing. Despite moderate energy usage, the Lactic
process has the highest GWP, primarily due to significant emissions from fermentation,
and by-production of lactic acid. The CM process, while efficient on-farm, shows higher
off-farm emissions. Optimizing these methods should focus on reducing emissions and
energy use, especially in the more impactful stages identified.

For all methods considered, the processing elements with the most significant impact
on GWP are roasting and petrol usage, indicating that energy-intensive processes and
fossil fuel consumption are major contributors to the environmental footprint. Efforts
to reduce GWP could focus on improving energy efficiency, utilizing renewable energy
sources, and optimizing processes to minimize fossil fuel dependence. The use of biogas
produced from waste streams was identified as a potential option, according to previous
research [49]. In 2020, several coffee processing technologies were applied in pilot plants
to improve the quality of coffee beans [23]. These include skin peeling machines, sorting
equipment, coffee roasting machines, and biogas digesters as simple IEC solutions. Solar
panels are also considered as a substitute energy source for fossil gas and electricity. The
waste product of coffee skin has been applied in coffee tea (cascara) from cherry skin and
husk skin, the remaining waste (husk powder) potentially as briquettes [50]. In future
studies, the utilization of wastewater from wet and dry methods for raw material of biogas,
with slurry from reactors to be used for organic fertilizer, and solid waste as fertilizer or
animal feed will be considered, and it is anticipated that most of the waste that exists today
can be reduced through conversion into useful products. The integration of these solutions
will be the focus of future work. Intercropping in plantations is another strategy that has
helped farmers to increase the use of organic fertilizers sustainably, obtain animal feed



Biomass 2024, 4 860

sustainably, and in LCA this can lead to allocation requirements, which are not currently
considered. Another solution to reduce the total annual emissions would be to rotate the
DM procedures throughout the year.

Finally, Table 8 compares the results of this study with previous studies, where it
appears that there are various GWP estimates in various functional units that are different
from the ReCiPe (2016) database at the ML. In general, there are three stages considered,
which end in roasted coffee or coffee powder: CB production; CBs to GBs; GBs to CR to CP.
Sometimes all these stages have been examined and determined, sometimes only one or a
few stages were considered. In this study, we reveal GWP at each stage, as well as overall
(CBs to CP). Previous studies have also highlighted some useful alternatives to reducing
emissions, revealing various GWP estimates across different functional units, diverging
from the ReCiPe (2016) database at the ML.

Investigation into CB harvesting in an experimental agro-industry model in organic
Arabica coffee plantations were found to emit 0.29 kg CO2-eq/kg CBs during CB harvest,
approximately 0.336 kg CO2-eq/kg GBs during CB to GB conversion, and about 2.794 kg
CO2-eq/kg CP during CB processing to CP [19]. Conversely, conventional plantations
in Ijen were found to emit 1.8 kg CO2-eq/kg GBs during CB to GB conversion [51]. A
comparison of two different energy sources in coffee processing from GBs to CP was re-
ported as 0.318 kg CO2-eq/kg CP with solar panel energy source and 0.744 kg CO2-eq/kg
CP using local hydro energy sources [52]. Similarly, coffee processing from CBs to GBs
in Vietnam resulted in emissions ranging from 16.04 to 14.1 kg CO2-eq/kg GBs in conven-
tional and integrated farming, respectively [53], higher than the findings in the current
study (0.302–0.577 kg CO2-eq/kg GBs) using dry methods, and a previous study between
0.473 and 0.568 kg CO2-eq/kg GBs using wet methods [26].

Comparison with previous research highlights disparities in methodologies, geograph-
ical locations, and farming practices, impacting reported carbon emission values. The
difference in GWP impact depends on the cherry maturity level, handling transportation,
technology, fertilizer type, waste management, and energy use. It would be expected that
the location itself would be only an indirect influence, in part associated with the local
energy mix if local grid electricity was applied, while climate, agricultural practices, and
soil conditions would affect the requirements for drying energy and fertilizer. Variability
in data collection methods, boundary definitions, and the inclusion of different life cycle
stages further contribute to discrepancies.

Table 8. Comparison of the results of this study with previous research.

Ref.

Farming On-Farm Off-Farm

LCA MethodCultivation
(/kg CBs)

Harvesting
(/kg CBs)

Primary
(/kg GBs)

Secondary
(/kg CP)

[19]
NA 0.29 kg CO2-eq/kg CBs 0.336 kg CO2-eq/kg GBs 2.794 kg CO2-eq/kg

CP
Calculated

Organic Farming to produce CBs Process CBs to GBs
(/kg GBs)

Process CBs to CP
(/kg CP)

[21]

0.74 kg CO2-eq NA NA

Calculated

Conventional Farming to Harvest of CBs
0.5 kg CO2-eq NA NA

Integrated Farming to Harvest of CBs
0.16 kg CO2-eq NA NA

Organic Farming to Harvest of CBs

[51]
NA NA 1.8 kg CO2-eq/kg GBs NA

CalculatedConventional Farming to Harvest of CBs Process CBs to GBs
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Table 8. Cont.

Ref.

Farming On-Farm Off-Farm

LCA MethodCultivation
(/kg CBs)

Harvesting
(/kg CBs)

Primary
(/kg GBs)

Secondary
(/kg CP)

[52]

NA NA NA 0.318 kg CO2-eq/kg
CR

LCA Sima Pro
Process GBs to CP (Solar Panel)

NA NA NA 0.744 kg CO2-eq/kg
CR

Process GBs to CP (Local Hydro Electricity)

[53]

NA NA 16.04 kg CO2-eq NA

Calculated
Conventional Farming in Vietnam from Harvest of CBs to Processed GBs

NA NA 14.61 kg CO2-eq NA
Integrated Farming in Brazil from Harvest of CBs to Processed GBs

2.82 kg CO2-eq 2.82 kg CO2-eq 2.90 kg CO2-eq/kg CP
[54] Conventional Farming to Harvest of CBs Process CBs to GBs Process GBs to CP Calculated

1.89 kg CO2-eq 1.50 kg CO2-eq 1.58 kg CO2-eq/kg CP
Organic Farming to Harvest of CBs Process CBs to GBs Process GBs to CP

[55]
NA NA NA 0.27 to 0.70 kg

CO2-eq/l CD Calculated
Coffee Consumed in Finland

[56]
NA 0.27 kg CO2-eq/kg CB NA 1.31 kg CO2-eq/kg CP

CalculatedConventional Farming to Harvest of CBs Process CBs to CP (Fossil Fuel and Local
Electricity)

[26] SW 0.039 kg CO2-eq 0.275 kg CO2-eq
0.568 kg CO2-eq 0.765 kg CO2-eq

LCA Sima Pro
[26] FW 0.473 kg CO-2-eq 0.741 kg CO2-eq

Cultivation
(/kg CBs)

Harvest CBs
(/kg CBs)

Process CBs to GBs
(/kg GBs)

Process CBs to CP
(/kg CP)

This study Cultivation
(/kg CB)

Harvest CBs
(/kg CB)

Process CBs to GBs
(/kg GBs)

Process CBs to CP
(/kg CP)

LCA Sima Pro
Nat

0.072 kg CO2-eq 0.276 kg CO2-eq

0.302 kg CO2-eq 0.676 kg CO2-eq
An 0.306 kg CO2-eq 0.702 kg CO2-eq
Hd 0.407 kg CO2-eq 0.788 kg CO2-eq
L 0.577 kg CO2-eq 1.168 kg CO2-eq

Cm 0.310 kg CO2-eq 0.713 kg CO2-eq

CBs: Cherry Beans; GBs: Green Beans; CR: Coffee Roasted; CP: Coffee Powder; CD: Coffee Drink.

The use of different LCA methodologies, including calculated values and software like
SimaPro, introduces further variability in reported results. Understanding these variations
is crucial for accurately assessing and addressing the environmental impact of coffee
production. Geographical and farming practice variations significantly influence carbon
emissions, with factors such as climate, soil conditions, agricultural inputs, and regional
regulations shaping the environmental impact of coffee production across different regions
and farming systems.

Various approaches have been proposed to reduce emissions and waste in coffee pro-
duction, including using processing wastewater as biogas and repurposing by-products like
coffee tea (cascara).The IEC approach is a system for optimization of industrial symbiosis in
coffee production, including greater retention and reprocessing of waste in the production
process [57]. This concept is required to encourage sustainable coffee production [58], and
the results from this work contribute to that goal.

Future research should consider integration (Coffee plantation–industry–livestock)
as an IEC solution for smallholders in coffee production. This integrated approach could
utilize waste streams for food products, wastewater fermentation, and biogas production,
offering long-term sustainability solutions. Additionally, future studies should evaluate the
potential of IEC for wet and dry methods through solar panels and biogas energy, turning
by-products into novel food and fuel.
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5. Conclusions

The authors collected data through experimentation and direct observation during
Arabica coffee processing in Bondowoso Regency as basis of the life cycle assessment.
This study stands out for its comprehensive examination of the three critical stages in
coffee production: CB production, CB to GB conversion, and GB to CP processing. While
previous studies often focus on select stages, this research delves into each phase, disclosing
the GWP at every step and providing an overall assessment from CBs to CP. Five DM
procedures were investigated: Natural, Hd, Anaerobic, Lactic, and CM. The Lactic process
had the highest environmental impact, with a GWP contribution of 1.170 kg CO2-eq/kg
CP. In contrast, the Natural process had the lowest environmental impact, approximately
0.676 kg CO2-eq/kg CP. Furthermore, Anaerobic, Hd, and CM emitted approximately
0.702 kg CO2-eq, 0.788 CO2-eq, and 0.713 CO2-eq, respectively, per kg CP. Among the DMs
that involved fermentation, the Anaerobic process released the least gas, while the Hd
process showed itself to be the most environmentally friendly in terms of wastewater.
The findings of this study highlight the importance of valorizing coffee by-products, not
only for financial reasons, but also to lower environmental impacts. These points will be
addressed in future studies where wastewater and by-products will be explored for fuel,
potential feed, and fertilizer through IEC integration.
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