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ABSTRACT

Pagar Alam Robusta coffee contributes significantly to the regional economy. Its cultivation and
processing systems pose environmental challenges. This study compares the environmental
performance of two cultivation methods (conventional-K1 and non-pesticide-K2) and six processing
methods (natural origin-A1, broken skin origin-A2, natural aerobic-N1, natural anaerobic-N2, honey
aerobic-H1, and honey anaerobic-H2). A cradle-to-gate Life Cycle Assessment (LCA) was conducted
using a functional unit of 100 kg of green coffee beans, covering four impact categories: global
warming potential (GWP), ozone depletion potential (ODP), acidification potential (AP), and
eutrophication potential (EP). In the cultivation subsystem, K1 produced emissions of 85.70—117.00

kg CO,-eq (GWP), 3.53x10°-4.80x10° kg CFC-11-eq (ODP), 0.37-0.50 kg SO,-eq (AP), and 0.16—0.22
kg POs-eq (EP), while K2 produced much lower emissions: 23.00-31.30 kg CO-eq (GWP), 2.22x10
7-3.03x107 kg CFC-11-eq (ODP), 0.09-0.13 kg SO»-eq (AP), and 0.03—0.04 kg POs-eq (EP). In the
processing subsystem, H2 had the highest emissions: 14.77 kg CO»-eq (GWP), 6.48 kg CFC-11-eq
(ODP), 0.04 kg SO»-eq (AP), and 0.02 kg PO4-eq (EP), while A1 had the lowest emissions: 5.23 kg CO,-
eq (GWP), 3.87 kg CFC-11-eq (ODP), 0.01 kg SO,-eq (AP), and 0.001 kg POs-eq (EP). Implementing
an improvement scenario based on non-pesticide cultivation (K2) could reduce emissions by
approximately 65—93% across all impact categories. These findings demonstrate that adopting
pesticide-free cultivation combined with simpler processing methods can significantly reduce the
environmental footprint of Robusta coffee production in Pagar Alam and support more sustainable
coffee management practices.

Introduction

Coffee ranks second after oil as a commodity in world trade [1] and is the most widely consumed beverage
globally [2] with an average growth rate of 2.3% during the period 1990-2018 [3]. Indonesia is the 4th largest
coffee exporting country with 789,609 tons of coffee in 2023 [4] with Sumatra region as the largest
contributor [5]. South Sumatra Province plays a strategic role in national coffee production, particularly for
Robusta coffee, covering 228,556 ha with a production of 212,612 tons in 2023, equivalent to approximately
25% of Indonesia’s total coffee output [6]. Despite its economic significance, coffee production is increasingly
associated with sustainability challenges, including greenhouse gas emissions, soil degradation, water
pollution, and biodiversity loss [7]. Addressing these challenges requires integrated approaches that balance
productivity, environmental performance, and socio-economic sustainability along the coffee value chain [8].

Pagar Alam City is one of the major Robusta coffee-producing areas in South Sumatra, producing 22,520 tons
of coffee from 8,089 ha in 2021 [4]. Pagar Alam Robusta coffee has obtained Geographical Indication
certification and is recognized for its distinctive quality and flavor [9]. The increasing coffee production
intensity may adversely affect environmental quality due to emissions and waste generated throughout
cultivation and processing stages [10]. Coffee production generates solid, liquid wastes [11], and requires
substantial energy inputs [12]. All of which contribute to soil, water, and air pollution [13] as well as
greenhouse gas emissions [14]. Previous studies reported that conventional coffee cultivation can emit up to
124 kg CO,-eq per 100 kg of green beans and contribute significantly to eutrophication and acidification

Corresponding Author: Mohamad Yani moh.yani@apps.ipb.ac.id (@ Department of Agroindustrial Technology, Faculty of Agricultural

Technology, IPB University, Bogor, Indonesia.

© 2026 Susanti et al. This is an open-access article distributed under the terms of the Creative Commons Attribution (CC BY) license, allowing
unrestricted use, distribution, and reproduction in any medium, provided proper credit is given to the original authors.

Think twice before printing this journal paper. Save paper, trees, and Earth!


https://crossmark.crossref.org/dialog/?doi=10.29244/jpsl.16.2.215&domain=pdf&date_stamp=2026-04-02

through fertilizer and pesticide use [15]. These findings highlight the importance of quantifying the
environmental impacts of coffee production systems, particularly at the local level.

There are several variations in the processing methods of Pagar Alam Robusta coffee, both raw coffee and
red-picked coffee. Although several studies have assessed the environmental impacts of coffee production
in different regions, to date, no life cycle assessment (LCA) study has been conducted on Robusta coffee
production in Pagar Alam that simultaneously considers variations in cultivation and post-harvest processing.
Previous impact values from other areas cannot be directly applied to Pagar Alam due to differences in
technology, processing stages, and input types [10]. LCA is particularly relevant in this context because it
enables the quantification of emissions and impact hotspots along the cradle-to-gate chain, thus providing
evidence-based recommendations for reducing environmental burdens in site-specific systems. This study fills
that gap by conducting a comprehensive cradle-to-gate LCA using primary field data collected from local
producers, enabling a detailed and site-specific evaluation of environmental performance. The novelty of this
research lies in its integration of local-scale cultivation and processing data into a complete LCA framework—an
approach that has not been explored in existing literature.

The growing demand for competitive and environmentally friendly mass production in the globalization era
necessitates the use of life cycle assessment [16], particularly in the robusta coffee industry of Pagar Alam. LCA
is a recognized method for evaluating the environmental impacts of a product throughout its life cycle [17]. It
accounts for every stage, from cultivating and harvesting coffee cherries, transporting them to processing units,
converting them into green coffee beans, and distributing them to the market. This allows for comprehensive
and reliable measurement of impacts based on all input—output flows of materials, products, and energy [18].
As a result, LCA outcomes can help identify impact hotspots and serve as a foundation for process improvements
and environmentally sound product development [19]. This study aims to compare the environmental
performance of two typical coffee cultivation systems and the environmental performance of six Pagar Alam
Robusta coffee production processes through the LCA method. By quantifying environmental burdens and
evaluating alternative scenarios, the findings provide actionable strategies for emission reduction and
contribute to broader discussions on coffee sustainability.

Materials and Methods

Research Setting

This research was conducted from June to December 2024 in Pagar Alam City, South Sumatra Province,
Indonesia, covering three districts: South Dempo, Central Dempo, and North Dempo (Figure 1). These districts
represent the primary centers of Robusta coffee cultivation and processing in the region and were
purposively selected based on production scale, accessibility, and the presence of active micro, small, and
medium-sized enterprises (MSMEs). The inclusion of these locations ensured representation of typical
cultivation and post-harvest processing practices within the Pagar Alam’s coffee agroindustry.

Four MSMEs participated in the study, each specializing in different post-harvest processing methods. One
MSME processed natural origin and broken skin origin coffee, another focused on natural aerobic, a third on
honey aerobic, and the fourth combined natural anaerobic and honey anaerobic. Raw coffee cherries were
sourced from a total of 63 farmers (53 practicing conventional cultivation (K1) and 10 practicing non-pesticide
cultivation (K2)), with individual plantation sizes ranging from 1-2 hectares. Farmers were selected using
stratified random sampling based on farm size and cultivation method. Primary data were collected during
the main harvest season (July—September 2024) and verified against annual production records (2023-2024)
to account for seasonal variability.

Data Collection Procedures

Both primary and secondary data were used in this study. Primary data were obtained through direct field
measurements, structured interviews with MSME owners and managers, and on-site observations. Data
collection focused on material and energy inputs and outputs across cultivation, harvesting, transportation,
and processing stages, including fertilizer and pesticide application, water use, electricity and fuel
consumption, and waste generation.

Material inputs were measured using calibrated digital scales. Water consumption was recorded manually
based on the volume used in each processing stage. Electricity consumption was estimated based on machine
nameplate power ratings and recorded operating hours and validated against MSME electricity bills. All
primary data were cross-validated using mass balance calculations, production records, and triangulation
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between interviews and field observations to ensure data reliability. Secondary data were sourced from the
SimaPro 9.6.0.1 software (PRé Sustainability), utilizing internationally recognized Life Cycle Inventory (LCl)
databases [20], including Ecoinvent 3, Agri-footprint, and USLCI. Indonesia-specific (ID) datasets were
prioritized. When local datasets were unavailable, regional (Asia), Global (GLO), or Rest-of-World (RoW)
datasets were applied in a hierarchical manner. Additional supporting data were obtained from peer-
reviewed journals, theses, and official government publications related to coffee production systems in
Indonesia.
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Figure 1. Study area map showing the surveyed districts of South Dempo, Central Dempo, and North Dempo in Pagar
Alam City, South Sumatra, Indonesia. These districts represent the main Robusta coffee-producing areas where field
data were collected from farmers and coffee-processing MSMEs. The map illustrates the geographical location of the
study area used to analyze the environmental impacts of Robusta coffee cultivation and post-harvest processing.

Methodological Framework and Design

The LCA method is based on the LCA framework in SNI ISO 14040:2016, which consists of four stages, namely
goal and scope definition, life cycle inventory analysis, life cycle impact assessment and determination of
hotspots or areas most affected and and interpretation [21]. These stages are designed to systematically
evaluate environmental impacts throughout the product life cycle. The interpretation stage also includes the
identification of environmental hotspots and the formulation of improvement recommendations. Each phase
applied in this study is described in detail below.

The goal and scope definition stage aimed to evaluate and compare the environmental impacts of two
cultivation methods, namely conventional (K1) and non-pesticide (K2), and six coffee processing methods:
natural origin (A1), broken skin origin (A2), natural aerobic (N1), natural anaerobic (N2), honey aerobic (H1),
and honey anaerobic (H2). The functional unit was defined as the production of 100 kg of green coffee beans.
The system boundary followed a cradle-to-gate approach, covering activities from cultivation, harvesting,
transportation, and post-harvest processing stages. The environmental impact categories assessed were
Global Warming Potential (GWP), Ozone Depletion Potential (ODP), Acidification Potential (AP), and
Eutrophication Potential (EP).

The life cycle inventory (LCI) stage included the compilation of all relevant material and energy inputs and
outputs throughout the production system. These included fertilizers, pesticides, fuel, electricity, water,
packaging materials, and waste streams such as solid and liquid residues. A cut-off criterion of 1% based on
mass and energy was applied in accordance with I1ISO 14044. Inputs and outputs below this threshold were
excluded from the system boundary, as they were considered environmentally insignificant. For processes
generating by-products, allocation procedures followed I1SO 14044 guidelines. Coffee husks and other
processing residues were not valorized by the MSMEs and were treated as waste. Therefore, no allocation
was applied, and the entire environmental burden was conservatively assigned to the main product, namely
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green coffee beans. This assumption represents a worst-case scenario and prevents underestimation of
environmental impacts.

The life cycle impact assessment (LCIA) was conducted using SimaPro 9.6.0.1 software with the CML-IA
Baseline (v3.09/World 2000) midpoint method. This approach quantified impact contributions for each
selected category per functional unit. Normalization was performed using CML-IA baseline normalization
factors (World, 2000) to enable cross-category comparison. The LCA results presented in this study are based
on deterministic inventory data generated using SimaPro software. No statistical uncertainty analysis (e.g.,
Monte Carlo simulation) was performed; therefore, error bars are not shown in the figures.

The interpretation stage involved analyzing the LCIA results to identify environmental hotspots with the
highest environmental burdens. Improvement strategies were formulated based on the best-performing
scenarios (e.g., non-pesticide cultivation and natural processing), focusing on emission reduction potential,
energy efficiency, and material substitution.

Study Limitations

This study used internationally recognized LCl databases for background processes. Indonesia-specific
datasets were prioritized. The use of Global (GLO) and Rest-of-World (RoW) datasets may affect the precision
of absolute impact values. A relative comparison among scenarios remain valid because all scenarios were
modelled consistently using the same data hierarchy. The impact assessment was limited to four categories
(GWP, ODP, AP, and EP), and potential burden shifting to other categories (e.g., land use, human toxicity, and
ecotoxicity) was not evaluated. Future studies should expand the impact scope to provide a more
comprehensive sustainability assessment. Quantitative uncertainty analysis was not conducted due to data
and time constraints; instead, uncertainty was addressed qualitatively through mass balance verification,
field data triangulation, and cross-validation of production records. The differences in environmental impacts
among processing methods should be interpreted as indicative trends rather than statistically significant
differences.

Results and Discussion

Result

This study aimed to quantify the environmental impacts of Pagar Alam Robusta green coffee bean production
across its cradle-to-gate life cycle, including cultivation, harvesting, transportation, and post-harvest
processing. The procedure includes identifying all relevant material and energy inputs as well as main
products, by-products, wastes, and emissions generated throughout the system. Inventory data were
obtained through field observations, measurements, and interviews, and complemented with background
data from the SimaPro database and other secondary sources.

The system boundary included -cultivation activities (fertilization, pest and disease control, weed
management, grafting, and harvesting) and post-harvest processing leading to green coffee bean production.
The functional unit was defined as 100 kg of packaged green coffee beans, following the life cycle assessment
reporting guidelines of the Ministry of Environment and Forestry of Indonesia. The selection of this functional
unit considers the commonly used product packaging size and aims to provide relevant information on the
product's environmental performance to consumers [19]. The assessment was conducted in three major
coffee-producing districts in Pagar Alam City (South Dempo, Central Dempo, and North Dempo) based on
data collected from four MSMEs. The system boundary and process flow are presented in Figure 2.

The cultivation subsystem inventory was evaluated under two scenarios: conventional cultivation (K1) and
non-pesticide cultivation (K2). The K1 scenario relied on chemical fertilizers and pesticides, whereas the K2
scenario excluded pesticide application and applied mechanical weed control. The inventory data for both
scenarios are summarized in Table 1. Differences in gasoline consumption between K1 and K2 reflect actual
differences in weed control practices. In the conventional system (K1), weed control was performed using
chemical herbicides and did not require mechanical equipment, resulting in no gasoline consumption. In
contrast, the non-pesticide system (K2) relied on mechanical grass cutting using brush cutters, which required
gasoline for operation.
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Figure 2. System boundary of Pagar Alam Robusta coffee production, covering two cultivation methods and six coffee
processing methods. The cultivation stage includes fertilization, pest and disease control, and harvesting. The
processing stage includes transportation, coffee processing and packaging. Foreground data were collected from
MSMEs in Pagar Alam, while background data (e.g., fertilizer production, electricity generation, transportation) were
sourced from SimaPro databases.

Table 1. Life Cycle Inventory (LCI) data for conventional (K1) and non-pesticide (K2) cultivation systems of Pagar Alam
Robusta coffee, expressed per functional unit of 100 kg green coffee beans. The table presents the material and
energy inputs used during the cultivation stage of Robusta coffee production in Pagar Alam, Indonesia. The values
represent the quantities of inputs required to produce 100 kg of green coffee beans and highlight differences in input
use between the two cultivation practices.

Data Inventory Unit Cultivation methods
K1 K2

Input

Water L 335.26 -
Coffee Husk kg 232.55 253.75
Goat Manure kg 46.51 -
NPK Fertilizer kg 17.44 21.14
Urea Fertilizer kg 6.78 -
KCL Fertilizer kg 291 -
SP36 Fertilizer kg 3.88 -
Herbicide kg 2.45 -
Insectiside kg 1.30 -
Electricity kWh 0.37 -
Gasoline L - 0.85
Output

Coffee Cherry kg 647.26 647.26

*Values represent life cycle inventory data per functional unit of 100 kg green coffee beans for the cultivation stage only. K1 refers to a conventional
cultivation system using synthetic fertilizers and herbicides, while K2 refers to a non-pesticide cultivation system with mechanical weed control. A dash (-)
indicates that the input was not applied in the respective cultivation system. Differences in gasoline consumption reflect different weed control practices.
Data are based on primary field surveys. kWh refers to kilowatt-hour.

The cultivation stage produced 647.26 kg of fresh coffee cherries, which after post-harvest processing yielded
100 kg of dried green coffee beans, corresponding to a conversion ratio of 6.47:1. All environmental impacts
were normalized and reported based on the functional unit of 100 kg of green coffee beans. The next stage
is the processing subsystem of Pagar Alam robusta coffee beans, which is classified into six methods: natural
origin (A1), broken skin origin (A2), natural aerobic (N1), natural anaerobic (N2), honey aerobic (H1), and
honey anaerobic (H2). Each method has distinct processing characteristics. The types of inventory and the
quantities of inputs and outputs used in each processing method are presented in Table 2, while the
differences among the six methods are detailed in Table 3.
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For processes generating multiple outputs (green coffee beans, husk waste, floating cherries, and liquid
waste), although some coffee husks were occasionally reused by farmers as soil amendments in their own
fields, these by-products were not commercially valorized and no substitution credits were applied.
Therefore, following a conservative approach, the entire environmental burden was assigned to the main
product (green coffee beans). This assumption represents a worst-case scenario and avoids underestimation
of environmental impacts.

Table 2. Life Cycle Inventory (LCI) data for six coffee cherry processing methods in Pagar Alam, expressed per
functional unit of 100 kg packaged green coffee beans. The table presents the material and energy inputs as well as
the outputs generated during the coffee cherry processing stage for six different processing methods (A1, A2, N1, N2,
H1, and H2). The values represent the quantities required to produce 100 kg of packaged green coffee beans and
highlight differences in input use and output generation among the processing methods

Data Inventory Unit Processing Methods
Al A2 N1 N2 H1 H2

Input
Transportation Person.km 10.00 10.00 14.00 14.00 14.00 14.00
Water L - - 1,286.30 1,294.28 1,293.28
Unhulled Coffee Cherries kg 455.55  465.35 - - - -
Red Ripe Coffee Cherries kg - - 643.15 647.14 646.64 647.26
Plastic Sacks kg 0.01 0.01 0.40 0.40 0.40 0.40
LDPE Plastic kg - - 0.40 0.40 0.40 0.40
Plastic Twine kg 0.01 0.01 0.02 0.02 0.02 0.02
Electricity kWh 0.0017 0.0017 0.002 1.061 0.002 0.80
Gasoline L 0.50 1.50 0.71 0.77 1.90 1.90
Output
Packaged Green Coffee Beans kg 100.00 100.00 100.00 100.00 100.0 100.0
Floating Coffee Cherries kg - - 31.96 31.23 30.71 32.21
Wet Husk Waste kg - - - - 135.97 135.79
Dry Husk Waste kg 52.48 52.08 77.63 77.11 33.61 33.33
Liquid Waste L - - 1,285.18 1,291.18 1,290.80 1,291.94

*Values represent average life cycle inventory data per functional unit of 100 kg packaged green coffee beans. Al = natural process (intact cherry), A2 =
natural process (broken skin), N1 = natural aerobic fermentation, N2 = natural anaerobic fermentation, H1 = honey aerobic fermentation, and H2 = honey
anaerobic fermentation. A dash (=) indicates that the input or output is not applicable for the respective processing method. person-km refers to labor
transportation, and kWh refers to kilowatt-hour.

Table 3. Key characteristics of six Robusta coffee production methods in Pagar Alam based on raw materials,
processing stages, and waste types. The table summarizes the main differences among six coffee processing methods
(A1, A2, N1, N2, H1, and H2) applied in Robusta coffee production in Pagar Alam, Indonesia. The comparison includes
the types of raw materials used, the sequence of processing stages, and the types of waste generated during
processing. This overview highlights how variations in processing techniques influence the production workflow and
waste generation.

P:])stl:;tg;n Raw Materials Processing Stages Waste type
Al Coffee cherries harvested non- Sun drying, hulling, and packaging Solid waste (dried
selectively (mixture of ripe, semi- husk)
ripe, and unripe cherries)
A2 Coffee cherries harvested non- Pulping, sun drying, hulling and packaging Solid waste (dried
selectively (mixture of ripe, semi- husk)
ripe, and unripe cherries)
N1 Hand-picked ripe coffee cherries Coffee flotation, sun drying, resting, hulling, sorting and Solid and liquid
packaging waste
N2 Hand-picked ripe coffee cherries Coffee flotation, Fermentation, sun drying, resting, hulling, Solid and liquid
sorting, and packaging waste
H1 Hand-picked ripe coffee cherries Coffee flotation, pulping, sun drying, resting, hulling, Wet husk, solid,
sorting, and packaging and liquid waste
H2 Hand-picked ripe coffee cherries Coffee flotation, fermentation I, pulping, fermentation I, Wet husk, solid,
sun drying, resting, hulling, sorting, and packaging and liquid waste

*A1 (natural origin), A2 (broken skin origin), N1 (natural aerobic), N2 (natural anaerobic),H1 (honey aerobic), and H2 (honey anaerobic).
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The environmental impact analysis of Pagar Alam robusta coffee focuses on the mandatory impact categories
as regulated by the Ministry of Environment and Forestry Regulation No. 1 of 2021, namely Global Warming
Potential (GWP), Ozone Depletion Potential (ODP), Acidification Potential (AP), and Eutrophication Potential
(EP). The results of the analysis are presented in Figure 3 and 4. Across all impact categories, products derived
from the conventional cultivation system (K1) consistently generated higher emissions than those from the
non-pesticide system (K2). Overall, emissions from K1 were approximately three to seven times higher than
those from K2, indicating that cultivation practices strongly influence the environmental performance of
green coffee bean production.

In the cultivation stage, fertilizer application was identified as the dominant contributor to environmental
impacts, particularly for the GWP, AP, and EP categories. Nitrogen-based fertilizers contributed most strongly
to GWP and AP through N,O and NOx emissions, while phosphorus-containing fertilizers were the main
drivers of EP. Pesticide use showed a relatively higher contribution to ODP, whereas fuel consumption mainly
influenced GWP through direct CO, emissions. These results indicate that fertilizer management represents
the most critical leverage point for emission reduction. A comparison of the emission impacts between K1
and K2 cultivation systems per 100 kg of robusta green coffee beans is shown in Figure 5.

Environmental impacts were further normalized into Person Equivalent units using CML-IA baseline
normalization factors (World, 2000). One Person Equivalent represents the average annual environmental
burden generated by one global citizen, allowing the relative magnitude of impacts to be interpreted in
relation to global per capita emissions. The K1 scenario produced a total impact of 6.31 x 10'? Person
Equivalent, which was approximately four times higher than the 1.56 x 1012 Person Equivalent recorded for
the K2 scenario. In both systems, GWP contributed the largest share of total impacts, followed by AP and EP,
whereas ODP contributed only marginally. These results confirm that the non-pesticide cultivation system
substantially reduces the overall environmental burden of Robusta coffee production.
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Figure 3. Environmental impact assessment of the K1 (conventional) cultivation system for Robusta coffee production
in Pagar Alam. The figure presents a comparative analysis of six coffee processing methods (A1-H2) across four
environmental impact categories: (a) Global Warming Potential (GWP, kg CO,-eq), (b) Ozone Depletion Potential
(ODP, kg CFC-11eq), (c) Acidification Potential (AP, kg SO,-eq), and (d) Eutrophication Potential (EP, kg POs3"eq).
Emissions are reported per functional unit of 100 kg green coffee beans and separated into contributions from
cultivation and processing activities.
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Figure 4. Environmental impact assessment of the K2 (non-pesticide) cultivation system for Robusta coffee production
in Pagar Alam. The figure presents a comparative analysis of six coffee processing methods (A1-H2) across four
environmental impact categories: (a) Global Warming Potential (GWP, kg CO;-eq), (b) Ozone Depletion Potential
(ODP, kg CFC-11-eq), (c) Acidification Potential (AP, kg SO,-eq), and (d) Eutrophication Potential (EP, kg PO43"eq).
Emissions are reported per functional unit of 100 kg green coffee beans and separated into contributions from
cultivation and processing activities.
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Figure 5. Comparison of the total magnitude and relative contribution of four environmental impact categories
between conventional (K1) and non-pesticide (K2) cultivation systems for Robusta coffee production in Pagar Alam.
The figure illustrates the contributions of Global Warming Potential (GWP), Ozone Depletion Potential (ODP),
Acidification Potential (AP), and Eutrophication Potential (EP), expressed in person equivalent units. Results are
reported per functional unit of 100 kg green coffee beans

To further identify the drivers of environmental hotspots in the cultivation stage, a contribution analysis was
conducted to quantify the relative contribution of major agricultural inputs to each impact category. The
results are presented in Table 4. As shown in Table 4, urea fertilizer is the dominant contributor to GWP and
AP in the K1 cultivation system, accounting for 27.8% and 33.6% of the total impacts, respectively. In contrast,
herbicide application contributes most significantly to ODP (59.5%) and EP (28.5%), indicating that fertilizer
management and pesticide reduction represent key leverage points for mitigating environmental impacts at
the cultivation stage.
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Table 4. Percentage contribution of major agricultural inputs to environmental impact categories in the K1
(conventional) Robusta coffee cultivation system in Pagar Alam, Indonesia. The table presents the relative
contribution (%) of major agricultural inputs, including fertilizers, herbicides, insecticides, and electricity, to four
environmental impact categories: GWP, ODP, AP, and EP, during the cultivation stage of the K1 system. The values
represent the environmental impacts generated throughout the Robusta coffee cultivation process in Pagar Alam.
This comparison highlights the variation in contribution levels across input types and impact categories.

Input GWP (%) ODP (%) AP(%) EP(%)
NPK Fertilizer 20.5 5.2 19.8 16.3
Urea Fertilizer 27.8 9.9 33.6 25.2
KCI Fertilizer 6.4 1.8 6.5 5.2
SP36 Fertilizer 7.6 2.1 11.1 10.4
Herbicide 26.8 59.5 19.9 28.5
Insectiside 10.6 215 8.7 13.3
Electricity 0.4 0.0 0.4 1.2

*GWP = Global Warming Potential; ODP = Ozone Depletion Potential; AP = Acidification Potential; EP = Eutrophication Potential. Values represent the relative
contribution (%) of each input to the total environmental impact within the cultivation stage of the K1 system.

The processing subsystem was evaluated using inputs from the K2 cultivation scenario. Among the six
processing methods, H2 (honey anaerobic) consistently produced the highest emissions across all impact
categories, whereas A1l (natural origin) showed the lowest environmental impacts. This pattern indicates that
longer and more complex fermentation processes substantially increase energy consumption and associated
emissions. Total emissions and relative contributions of four environmental impact categories is shown in
Figure 6. Across all processing methods, GWP was the dominant contributor to total emissions, followed by
AP and EP, while ODP contributed only marginally. The total environmental burden ranged from 1.35 x 1012
Person Equivalent for the A1 method to 2.17 x 1012 Person Equivalent for the H2 method. The higher impact
of the H2 method is primarily attributed to its longer processing duration, which leads to increased energy
consumption, indicating that processing complexity is a key driver of additional environmental impacts.

Replacing the conventional cultivation system (K1) with the non-pesticide system (K2) resulted in substantial
emission reductions across all processing methods (Table 5). Reductions ranged from 65—-69% for GWP, 70—
72% for AP, 73—78% for EP, and 92—93% for ODP. These results demonstrate that adopting pesticide-free
cultivation practices represents an effective mitigation strategy for reducing the environmental footprint of
Robusta coffee production in Pagar Alam. Overall, the results indicate that cultivation practices constitute
the main hotspot in the production system, while processing methods mainly influence the magnitude of
additional emissions. The combination of non-pesticide cultivation (K2) and natural processing (A1)
represents the most environmentally favorable production pathway in the studied system.

Al 1.35x10*?
A2 1.49x10*?
§ N1 1.50x1012
©
=
a N2 1.64x10*?
H1 1.66x10?
H2 2.17x10?
0.00 5.00x10 " 1.00x10 " 1.50x10™" 2.00x10™" 2.50x10™"

GWP oDP AP EP
Emission (Person Equivalent)

Figure 6. Total emissions and relative contributions of four environmental impact categories resulting from six coffee
cherry processing methods in Pagar Alam. The figure presents the contributions of Global Warming Potential (GWP),
Ozone Depletion Potential (ODP), Acidification Potential (AP), and Eutrophication Potential (EP) associated with six
coffee processing methods (A1-H2). Emissions are expressed in person equivalent units and reported per functional
unit of 100 kg green coffee beans.
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Table 5. Potential reduction in environmental impacts due to the transition from K1 (conventional) to K2 (non-
pesticide) cultivation systems across six coffee processing methods. The table presents a comparison of
environmental impact values (GWP, ODP, AP, and EP) between K1 and K2 systems for six coffee processing methods
(A1, A2, N1, N2, H1, and H2), based on a functional unit of 100 kg of green coffee beans. The values include the
calculated impact changes and percentage reductions associated with the transition from K1 to K2. This comparison
highlights the differences in environmental performance between the two cultivation systems across processing
methods.

Product Improvement Scenario Impact Categories / Emission Values

GWP ODP AP EP
Al K1 2.17x10%?  1.57x10* 1.61x1072 1.05x101?
K2 6.75x10%3  1.15x10  4.44x108  2.27x1013
Impact Change 1.50x1071? 1.46x10%* 1.16x107%2 8.19x10%3
Percentage 69% 93% 72% 78%
A2 K1 2.33x1012  1.64x10* 1.70x102  1.09x1012
K2 7.66x1013  1.20x10 4.86x10  2.39x10°13
Impact Change 1.56x101?  1.52x10* 1.21x101? 8.55x1013
Percentage 67% 93% 71% 78%
N1 K1 2.33x1012  1.66x10* 1.72x102  1.11x1012
K2 7.53x1013  1.24x10  4.93x103  2.49x10°13
Impact Change 1.58x101? 1.53x10%* 1.22x107%? 8.61x1013
Percentage 68% 92% 71% 78%
N2 K1 2.38x10%2  1.66x10%* 1.75x10%2  1.17x107%?
K2 8.02x1013  1.28x10 5.27x103  3.13x101
Impact Change 1.57x101? 1.53x10%* 1.22x10%2 8.61x1013
Percentage 66% 92% 70% 73%
H1 K1 2.44x10%?  1.66x10%* 1.76x107%2 1.13x107%?
K2 8.60x10%® 1.25x10% 5.34x10%3 2.68x101
Impact Change 1.58x1012  1.54x10* 1.23x101? 8.65x10%3
Percentage 65% 92% 70% 76%
H2 K1 3.14x1012  2.15x10* 2.27x1072  1.49x101?
K2 1.10x1012  1.62x10"° 6.91x10 3.79x1083
Impact Change 2.04x102  1.98x10%* 1.58x107%? 1.12x107'?
Percentage 65% 92% 70% 75%

*A1 = natural origin; A2 = broken skin origin; N1 = natural aerobic fermentation; N2 = natural anaerobic fermentation; H1 = honey aerobic fermentation; H2
= honey anaerobic fermentation. GWP, ODP, AP, and EP are expressed per functional unit of 100 kg green coffee beans. “Impact change” represents the
absolute difference between K1 and K2, while “Reduction (%)” indicates the relative decrease in impacts when switching to the K2 system.

Discussion

The analysis results indicate that the pesticide-free cultivation system (K2) provides clear environmental
advantages over the conventional system (K1). The substantially higher emissions observed in K1, particularly
for Global Warming Potential (GWP) and Acidification Potential (AP), are primarily attributable to the
intensive use of chemical fertilizers and synthetic pesticides. Geographical conditions and agricultural
practices also play an important role in shaping emission profiles [22]. These findings are consistent with
previous studies showing that conventional coffee cultivation generates higher emissions than moderate
conventional and organic systems [23]. In general, land use change, fertilizer application, and wet coffee
processing have been identified as the main contributors to emissions in coffee production systems [24].

Comparative evidence from other producing regions supports these results. A study in India reported GWP
emissions of 124.00 kg CO,-eq per 100 kg of green beans under conventional cultivation, whereas organic
systems produced emissions close to those observed for K2 (27.00 kg CO,-eq) [15]. Similar trends were
reported by Rahmah et al. [15], showing decreasing GWP, AP, and EP values with reduced reliance on
chemical inputs. These comparisons confirm that both the type and intensity of agricultural inputs
fundamentally determine the environmental performance of coffee cultivation systems.

In the cultivation subsystem, fertilizer application emerged as the dominant driver of environmental impacts
[12]. Synthetic nitrogen fertilizers promote emissions of N,O and Nox [25], thereby increasing GWP and AP
[26], while phosphorus-based fertilizers are the main contributors to eutrophication [27]. The use of bromine-
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and chlorine-based pesticides further increases Ozone Depletion Potential (ODP) [28]. These mechanisms
explain the consistently higher impacts observed for K1 and indicate that improved nutrient management
represents the most effective mitigation option at the farm level [12].

The processing subsystem showed marked differences among the six production methods. Using inputs from
the K2 scenario, the honey anaerobic method (H2) generated the highest emissions across all impact
categories, whereas the natural origin method (A1) produced the lowest. This pattern indicates that longer
and more complex fermentation processes require higher energy inputs and therefore generate greater
emissions, consistent with previous findings that natural processing results in lower impacts than anaerobic
or lactic fermentation methods [22].

The absolute emission levels obtained in this study are lower than those reported by Irawan et al. [22],
particularly for the natural processing method, which was reported at 30.2 kg CO,-eq per 100 kg of green
beans, whereas in this study the A1 method produced only 5.23 kg CO,-eq per 100 kg of green beans. Another
study also reported emissions of 9.3 kg CO,-eq for specialty processing and 9.1 kg CO;-eq for the honey
method [7]. This difference is likely attributable to shorter drying durations, lower energy requirements, and
differences in system configuration and inventory data sources. Irawan et al. [22] reported a sun-drying
period of 9—12 days for the Natural process, which may have increased energy use and associated emissions

Overall, the cultivation stage was identified as the main hotspot across all production pathways. This finding
reinforces previous studies indicating that agricultural inputs play a dominant role in determining greenhouse
gas emissions [29], acidification, eutrophication [8], and ecotoxicity in coffee production systems [24].
Accordingly, mitigation strategies focusing on improved cultivation practices—particularly through the
reduction of synthetic inputs and more efficient fertilizer management—represent the most effective
approach to lowering the environmental footprint of coffee production [12].

High GWP contributions are partly influenced by increasing atmospheric CO, concentrations, which may
affect the sustainability of agroforestry systems and the coffee agroindustry [30]. At the processing stage,
environmental impacts are mainly associated with greenhouse gas emissions, acidification, and soil and water
pollution resulting from fossil fuel consumption and the disposal of solid and liquid wastes [11]. Variations in
production methods indicate that the H2 method generates the highest emissions due to longer processing
times and higher energy consumption, which directly increase emission levels [31], whereas the natural
method produces lower impacts than lactic or anaerobic fermentation methods [22].

The improvement scenario analysis shows that replacing the K1 system with K2 results in substantial emission
reductions across all processing methods. This outcome is consistent with previous studies demonstrating
that variations in cultivation systems strongly influence environmental performance at the primary
production stage [32], and that intensive farming practices using synthetic fertilizers and pesticides increase
environmental degradation and carbon footprints [33]. The adoption of pesticide-free cultivation systems is
recommended as a feasible mitigation strategy for Robusta coffee production in Pagar Alam.

This study has several limitations. First, the analysis was based on single-season data collected between June
and December 2024 and may not capture inter-annual variability. Second, the sample size was limited to four
MSMEs and 63 farmers, which may restrict the generalizability of the results. Third, the system boundary
followed a cradle-to-gate approach and did not include consumption, disposal, land use change, or water
scarcity impacts. Future studies should expand the temporal scope, increase sample size, and incorporate
additional impact categories and life cycle stages to provide a more comprehensive sustainability assessment.

Conclusions

This study presents a cradle-to-gate Life Cycle Assessment of Pagar Alam Robusta green coffee bean
production by systematically comparing two cultivation systems and six post-harvest processing methods
using primary field data. The results consistently show that the non-pesticide cultivation system (K2)
performs substantially better than the conventional system (K1), generating approximately three to seven
times lower environmental impacts across all assessed categories. Among the processing methods, Natural
Origin (A1) exhibited the lowest environmental burden, whereas Honey Anaerobic (H2) resulted in the
highest impacts due to increased processing complexity and energy demand. The cultivation practices were
identified as the dominant environmental hotspot, while processing methods mainly influenced the
magnitude of additional emissions. The combination of non-pesticide cultivation (K2) and natural processing
(A1) emerged as the most environmentally favorable production pathway in the studied system.
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From a practical and policy perspective, these findings highlight clear adoption pathways for improving the
sustainability of Robusta coffee production in Pagar Alam. At the farm level, emission reductions can be
effectively achieved through improved nutrient management and the gradual reduction or elimination of
synthetic fertilizers and pesticides, supported by technical assistance, farmer training, and incentive schemes.
For micro, small, and medium enterprises (MSMEs), the adoption of Natural Origin processing represents a
low-cost and low-emission option that can be implemented without major technological investment while
maintaining product quality. Incorporating life cycle—based environmental performance indicators into Pagar
Alam’s Geographical Indication (Gl) framework could strengthen environmental credibility, enhance product
differentiation, and improve access to sustainability-oriented markets.

Several limitations should be acknowledged. This study was based on a cradle-to-gate system boundary and
single-season data, which may not capture long-term variability. The analysis focused on mandatory
environmental impact categories, while economic feasibility and social aspects—such as farmer income,
labor requirements, and market acceptance—were not quantitatively assessed. Future research should
therefore expand the system boundary to cradle-to-grave, incorporate uncertainty and sensitivity analyses,
and integrate Life Cycle Costing (LCC) and Social Life Cycle Assessment (S-LCA) to provide a more
comprehensive sustainability evaluation of coffee production systems.
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