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A B S T R A C T   

Nowadays, coffee is a popular beverage globally and one of the largest traded commodities. Conventional instant 
coffee production requires energy and water, producing coffee bagasse (biomass) as an agro-industrial residue. 
This residue, spent coffee grounds (SCGs), in Ecuador is currently disposed of in the municipal landfills, losing 
the opportunity to recover energy and minerals. This paper studies the life cycle environmental impacts of instant 
coffee production using data from a coffee plant in Guayaquil, Ecuador. The study analyzes the impact of 
generating the required electricity by an internal combustion engine powered by fossil fuel, using the Ecuadorian 
power grid, or using a combined cooling, heat, and power (CCHP) trigeneration system powered by dried SCGs 
and natural gas. The results indicate that when SCGs is used to power auxiliary processes, the CO2 emissions 
greatly decrease, helping to reduce fossil fuel dependence. The study also reveals that scenarios using electricity 
from the Ecuadorian power grid exhibit lower environmental indicators than those using internal combustion 
engines. The scenario that includes the CCHP records the lowest indicator in each category, reducing the GWP by 
45.2 % compared to the base scenario, pointing out that using energy-efficient technologies lowers the carbon 
footprint, contributing to decarbonisation simultaneously.   

1. Introduction 

In developing regions like South America and the Caribbean, 16 % of 
world agricultural production is processed (Magalhães et al., 2019), 
representing 6.9 % of GDP (Banco Mundial and OCDE, 2021). The 
promotion of intensive agriculture (Ragauskaitė and ̌Slinkšienė, 2022) is 
substantially depleting natural resources and causing environmental 
deterioration due to the unsustainable use of water (Rahmah et al., 
2022), excessive use of fertilizers (Poore and Nemecek, 2018), pesticides 
on crops (Steinfeld et al., 2009), and the occupation of large tracts of 
land (Poore and Nemecek, 2018). In addition, the agro-industrial sector 
generates high greenhouse gas emissions due to burning fossil fuel and 
agro-waste accumulation in landfills, which increase pathogenic bacte
ria and toxic degradation products (Freitas et al., 2021). 

Among Latin America’s most processed agricultural products are 
rice, coffee, fruits, and vegetables (America, 2019). The agro-industrial 
waste derived from these products mainly have lignocellulosic material, 
which means they have a high potential to be reused according to their 
energy and nutritional contribution (Freitas et al., 2021). The use of 
waste has environmental and economic benefits for being included 
again in the supply chain, promoting the circular economy (Vargas 
Corredor and Pérez Pérez, 2018). These residues can be used in the 
production of biofuels (Duan et al., 2020; Hiloidhari et al., 2019; Tait 
et al., 2021), to replace the use of fossil fuels (Freitas et al., 2021) Un
fortunately, as these countries do not have viable alternatives for 
recovering potential energy and valuables components from their waste, 
these often end up being disposed of in landfills. 

In the last ten years, spent coffee grounds (SCGs) or coffee bagasse 
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has become an agro-industrial residue of great interest, as it is an 
alternative bioenergy resource to oil (Overturf et al., 2021). Without 
considering petroleum, coffee is the world’s largest traded commodity 
and the favorite beverage globally (Tun et al., 2020). Between 2020 and 
2021, according to the International Coffee Organization, world coffee 
production reached 9.9 billion kilograms (INTERNATIONAL COFFE 
ORGANIZATION (ICO), 2022). Conventional coffee production de
mands high amounts of energy, water, and land, generating high 
effluent discharges and requiring excessive use of fertilizers. Coffee 
production potentially impacts habitat destruction and fragmentation of 
native tropical biodiversity (Hassard et al., 2014), particularly due to the 
long and complex supply chain required to produce and transport coffee 
beans to market (Nab and Maslin, 2020; Cibelli et al., 2021). Gosalvitr 
et al. (Gosalvitr et al., 2023/06) carried out a comprehensive life cycle 
assessment for coffee production, identifying that the cultivation of 
green coffee beans contributes more than 84 % across all environmental 
impacts and costs. The agriculture impacts are usually associated with 
the use of fertilizers, in fact the main source of greenhouse gases from 
agriculture are N2O associated with the use of nitrogen fertilizers. 

Each ton of green coffee processed generates 650 kg of coffee bagasse 
(Atabani et al., 2019). SCGs are currently discarded in landfills or used 
as compost without exploiting their richness in minerals, oils, and an
tioxidants (Atabani et al., 2019). Previous studies show that SCGs are 
one of the best energetic potential resources to produce biofuels 
(Schmidt Rivera et al., 2020; Vardon et al., 2013; Kibret et al., 2021), 
power (Jang et al., 2015; Jin et al., 2018; Kang et al., 2017; Stylianou 
et al., 2018/12), and biocompounds (Zengin et al., 2020; Ingrao et al., 
2022). Forcina et al. (2023) compare the environmental impact of 
dumping coffee bagasse in landfills with different reuse alternatives such 
as brick manufacturing, biodiesel, and composting. This study shows 
that these reuse alternatives reduce the emissions of gaseous pollutants 
into the air by up to 76 %. Although this article analyses the possibility 
of reusing SCG to produce other subproducts, it does not explore its use 
for reducing the required energy in the existing instant coffee 
manufacturing plant. The use of residual biomass has been proposed as 
basis for the development of a circular bioeconomy, that can support the 
reaching of several SDGs including SDG 13 “Taking urgent action to 
combat climate change and its impacts”. (Duque-Acevedo et al., 2020). 
Furthermore, the development of circular systems in agroindustry can 
help the promotion of material and energy partial self-sufficiency in 
these systems (Fiallos-Cárdenas et al., 2022/03). 

Moreover, using non-integrated systems based on fossil fuels has 
evolved into a serious economic and environmental situation (Rahnama 
Mobarakeh and Kienberger, 2022), especially for agroindustry processes 
that require high amounts of energy, such as coffee production (Cibelli 
et al., 2021). An alternative that reduces their environmental impact is 
cogeneration systems that produce electricity and heat from a fuel (CHP) 
and trigeneration systems or combined cooling, heat, and power 
(CCHP), which also generate chill water using the heat provided by the 
cogeneration system. CCHP systems generate power effectively by 
reducing energy losses, increasing overall efficiency compared to con
ventional systems (Su and Yang, 2022). In addition, trigeneration sys
tems that use biofuel, such as biomass from agro-industrial waste, have 
been shown to achieve greater reduction in air emissions than fossil fuels 
(Tinoco Caicedo et al., 2023). Several studies have carried out life cycle 
analyses of trigeneration systems as a sustainable technology for energy 
production (Petrillo et al., 2021; Adams and McManus, 2014; Amores 
et al., 2013), finding that this technology improves fuel efficiency, 
reducing emissions per unit of useful energy. Considering the existing 
literature, no LCA studies have been found in the industrial-scale pro
duction process of instant coffee that reuses coffee bagasse as biofuel. 

The main objective of the current study is to analyze the environ
mental impact associated with the production of instant coffee using 
different energy sources with data from a plant in Guayaquil, Ecuador. 
The study assesses the life cycle environmental impacts of the base case 
and five scenarios, considering different electricity sources such as the 

Ecuadorian power grid, the local production by internal combustion 
engines powered by diesel, and the use of a combined CCHP unit pow
ered by dried SCG and natural gas; and evaluating the SCG wastes final 
destination, such as the disposal in the municipal landfill or the use of 
this sub-product as an energy source to produce steam, electricity, or 
both. 

2. Material and methods 

2.1. Scope definition 

The current study uses LCA methodology, based on ISO standards 
14040 (ISO 14040, 2006) and 14044 (ISO 14044, 2006). The scope of 
the instant coffee production study corresponds to an assessment from 
cradle to gate, including the agriculture, roasting, extraction, evapora
tion, and spray dryer stages. 

2.2. Functional unit 

The system functional unit for is “1 kg of instant coffee at the plant 
gate”. 

2.3. System boundaries 

Figs. 1–4 show the system boundaries for the base case and the 
analyzed scenarios. The stages are grouped as agriculture, roasting, 
extraction, evaporation, and spray dryer. 

Regarding agriculture, this activity includes: The orchard establish
ment phase includes tree nursery, soil cultivation, tree planting, instal
lation of the trellis system (posts and wires), and irrigation. The 
productive phase of the orchard includes the operation of machines, 
corresponding infrastructure, fuel use, and sheds (Ecoinvent, 2020). 
This activity finalizes with delivering the final product, green coffee, to 
the world in jute sacks. 

Roasting: Green coffee beans with initial moisture of 11.4 % arrive, is 
cleaned, and roasted at 232 ◦C with a residence time of 7 min using hot 
flue gases obtained from the combustion of diesel and air. Gases are sent 
to an afterburner to oxidize volatile organic compounds and carbon 
monoxide. Gases resulting from this process are released at a tempera
ture of 283 ◦C to the environment. Roasted coffee beans result with an 
average moisture of 1 % at 360.1 ◦C. Roasted coffee beans are led to a 
cooling system in which a water stream decreases the beans’ tempera
ture to reach the ambient temperature. The beans that leave the cooling 
system have a moisture of 5.2 %. The roasted coffee beans pass through a 
mill to obtain grinding coffee. In addition, this process allows changes in 
the coffee beans, such as weight reduction, darkening, and development 
of important volatile aromatic compounds. 

Extraction: In this process, the roasted coffee is passed through a 
grind and then fed to the extractor for the extraction process. The solid- 
liquid extraction occurs in a 6-countercurrent battery semi-continuous 
system between 200 and 500 kPa of pressure and a temperature be
tween 118 ◦C and 120 ◦C. The spent coffee grounds are discarded to 
municipal landfill. The coffee extract is cooled in multiple heat ex
changers until reaching a temperature of 12 ◦C. The cold extract is 
passed to a centrifuge to separate the insoluble solids and obtain coffee 
extract with soluble solids of 18 w/w%. 

Evaporation: The coffee extract is preheated up to 50 ◦C by using 
steam and enters to the second effect evaporator and heated with the 
evaporated water of the first effect. A concentrated extract leaves the 
second effect and part of it is mixed with the heated extract and recir
culated. The other part is sent to the first effect. The evaporated water 
enters the condenser where the temperature is reduced from 50 ◦C to 
32 ◦C. The concentrated coffee that leaves the first effect evaporator 
reaches a concentration of 44 w/w% and then it is cooled from 66 ◦C to 
11 ◦C in a heat exchanger of multiple flow, where cooling-tower water 
and chilled water are used (Tinoco-Caicedo et al., 2021a). 
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Spray Dryer: The concentrated coffee extract is pumped and mixed 
with carbon dioxide. The coffee extract is sprayed into the spray drying 
unit using a nozzle, which operates under vacuum pressure, and ambient 
air is heated using steam until it reaches a temperature of 180 ◦C. The 
resulting dried instant coffee, with a humidity of about 3 % m/m, is 
collected on a belt. Dehumidified air is used to gradually cool the coffee, 

preventing agglomeration. Subsequently, the instant coffee undergoes a 
vibratory screening process to achieve the required particle size. The 
fraction with the smallest particle size is recirculated into the process 
using dry air at 27 ◦C, while the larger particle size of instant coffee is 
considered waste and disposed of in a landfill (Tinoco-Caicedo et al., 
2020). 

Fig. 1. System boundaries considered in Base Case and Scenario 1.  

Fig. 2. System boundaries considered in Scenario 2 and 3.  

Fig. 3. System boundaries considered in the Scenario 4.  
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2.4. Scenarios 

This study proposes different scenarios within the production of 
instant coffee, taking advantage of the residual energy from treatment 
units and the recovery of SCGs from the extraction process. The pro
posed scenarios differ by obtaining: Electricity, steam, and chilled water, 
as well as the valuation given to the SCG (Table 1 and Figs. 1–4). A detail 
of each of the proposed scenarios is presented below: 

• Base case (EN-FO), considers the processes for instant coffee pro
duction; the Ecuadorian electricity supply grid provides the elec
tricity required by all units. A steam generator is powered by Fuel Oil 
No. 6 and produces superheated steam at 190 ◦C and 12,500 kPa. A 
vapor-compression cycle is employed that includes the compression, 
condensation, expansion, and evaporation of the ammonia as 
refrigerant to produce chilled water. The non-integrated system used 
in the real process is presented in detail in a previous study by au
thors (Tinoco Caicedo et al., 2023). SCGs waste is disposed of in the 
municipal landfill. The chilled water, steam, and cooling tower water 
leaving instant coffee production returns to their respective pro
duction units.  

• Scenario 1 (ED-FO), this scenario considers the processes for instant 
coffee production; an internal combustion engine produces the 
electricity using diesel as fuel with an air/diesel ratio of 172.8. SCGs 
waste is disposed of in the municipal landfill. This situation is 
currently implemented in cases where there is an absence of an 
electricity supply grid at the plant. 

In base case and scenario 1, there is no use of the SCGs remaining 
from the extraction of coffee and both are presented in Fig. 1.  

• Scenario 2 (ED-SCG + NG), this scenario considers the processes for 
instant coffee production; an internal combustion engine produces 
the electricity using diesel as fuel. A steam generator delivers the 
needed steam using the dried SCG left over from coffee extraction as 
fuel. The SCGs are dried with hot air, which is heated with the 
combustion gases obtained by the combustion of natural gas in the 
presence of air. The chilled water, steam, and cooling tower water 
leaving instant coffee production returns to their respective pro
duction units.  

• Scenario 3 (EN-SCG + NG), this scenario considers the processes for 
instant coffee production and the steam generator powered by dry 
SCGs, but unlike scenario 2, the electricity requirement is provided 
by the Ecuadorian electricity supply grid instead of an internal 
combustion engine. The chilled water, steam, and cooling tower 
water leaving instant coffee production returns to their respective 
production units. Scenarios 2 and 3 are similar; the only difference is 
the electricity source for the main processes, and both are presented 
in Fig. 2.  

• Scenario 4 (EN-ABS-SCG + NG), this scenario considers the processes 
for instant coffee production; the Ecuadorian power transmission 
grid provides the electricity required. A steam generator provides the 
needed steam using the dried SCG left over from coffee extraction as 
fuel. This case additionally considers an absorption chiller unit, 
which collects the residual heat from the steam generator to be used 
in the endothermic separation of water and lithium bromide. The 
process description of the proposed absorption chiller unit is pre
sented in a previous study by authors (Tinoco Caicedo et al., 2023). 
The chilled water, steam, and cooling tower water leaving instant 
coffee production returns to their respective production units. 

Fig. 4. System boundaries considered in Scenario 5.  

Table 1 
Base case and scenarios description.  

Scenario Nomenclature Electricity Steam Chiller water SCG 

Base case EN-FO Ecuador network Ecuador network - FO - steam generator Refrigeration Landfill 
1 ED-FO Internal combustion engine Internal combustion engine - FO - steam generator Refrigeration Landfill 
2 ED-SCG + NG Internal combustion engine Drying - Steam generator Refrigeration Reuse in drying 
3 EN-SCG + NG Ecuador network Drying - steam generator Refrigeration Reuse in drying 
4 EN-ABS-SCG + NG Ecuador network Drying - steam generator Absorption chiller Reuse in drying 
5 CCHP-SCG + NG-SCG + NG CCHP - NG Drying - CCHP CCHP Reuse in drying  
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• Scenario 5 (CCHP-SCG + NG-SCG + NG), this scenario considers the 
processes for instant coffee production. Electricity, steam, and chil
led water are obtained from a trigeneration system (CCHP) unit 
based on a biofuel-fueled gas turbine (GT) cycle, steam generator, 
and absorption chiller unit. It consists in the compression of natural 
gas and air to produce flue gases with high pressure to input into a 
turbine to produce power. The hot flue gases are used to produce 
superheated steam at 190 ◦C and 12,500 kPa. The exhaust flue gases 
are used in the absorption chiller unit that uses lithium bromide in 
solution as in the Scenario 4. 

The CCHP systems based on biomass combustion led to better effi
ciencies, producing primary energy, reducing emissions, and improving 
the electricity supply to the network. The proposal and evaluation of the 
CCHP system to be implemented in the instant coffee factory is pre
sented in a previous study by authors (Tinoco Caicedo et al., 2023). The 
chilled water, steam, and cooling tower water leaving instant coffee 
production returns to the CCHP process. 

2.5. Life cycle inventory analysis 

The technical staff of an instant coffee manufacturing company in 
Guayaquil provided the primary data for the inventory analysis. Sub
sequently, the material and the energy balance were carried out in each 
scenario based on the functional unit. Most of the product flows in the 
foreground system are engineering calculations based on primary data. 
The trigeneration process was simulated and validated in a previous 
study (Tinoco Caicedo et al., 2023). Additionally, Tinoco et al. (Tino
co-Caicedo et al., 2021b) previously simulated and analyzed the pro
posed SCGs treatment. 

Annex 1 describes the inventory for each of the proposed scenarios. 
Fossil fuel (diesel and natural gas), tap water, final waste disposal, and 
green coffee bean agricultural production and processing data were 
taken from the Ecoinvent 3.1.7 database (Ecoinvent, 2020). The data is 
representative of the production of arabica green coffee beans in 
Colombia used for the export market. Electricity was derived from 
models developed in Ramirez et al. (2020). Ecuadorian electricity has an 
important hydropower penetration which results in a comparatively low 
carbon footprint electricity, however, this situation could change in the 
future, details of current and futures electricity mix can be found in 
Ramirez et al. (2020). 

2.6. Life cycle impact assessment 

The OpenLCA v1.10.3 software has been used to model the different 
scenarios of instant coffee production (Open Lca, 2021). The results of 
the environmental impact assessment indicator were calculated ac
cording to the hierarchical perspective of the ReCiPe v1.3 methodology 
(Goedkoop et al., 2009). The analysis includes the following impact 
categories: Global Warming Potential – GWP (kg CO2-Eq), Fossil 
Depletion Potential - FDP (kg oil-Eq), Freshwater Eutrophication Po
tential - FEP (kg P-Eq), Marine Eutrophication Potential - MEP (kg 
N-Eq), Ozone Depletion Potential - ODP (kg CFC-11-Eq), Particulate 
Matter Formation - PMF (kg PM10-Eq), Photochemical Oxidant For
mation Potential - POFP (kg NMVOC-Eq), Terrestrial Acidification Po
tential - TAP100 (kg SO2-Eq). These categories have been selected as 
these are the essential ones associated with air pollution and fossil re
sources, which are relevant as this study is oriented towards the com
parison of different energy sources. 

3. Results and discussion 

This section compares the environmental impacts of the base case 
and five scenarios proposed in instant coffee production, valuing the 
SCG as a source of electricity generation for various processes in this 
production chain. All the results are presented based on the functional 

unit of 1 kg of instant coffee at the plant gate. 

3.1. Global warming potential (GWP100) 

In this category, Fig. 5-a, the GWP ranges between 16.9 and 30.84 kg 
CO2-Eq, being agriculture the most influential factor regarding all sce
narios, representing 53 %–97 % of the GWP. The use of nitrogen fer
tilizers produces the greatest contribution to the process. In base case 
and scenario 1, the extraction represents 31 % and 33 %, respectively; 
this stage includes the treatment of the SCG toward the municipal 
landfill. Unlike the other scenarios, base case and scenario 1 do not give 
a valuation to this waste from the coffee extraction process, entailing 
environmental implications in the CO2 emissions, representing a 23 % of 
the total contribution in both cases. 

In scenario 2, the extraction and drying stages generate a consider
able contribution of 17 % and 13 %, respectively; the steam generation 
required in the drying stage increases the climate change emissions. In 
the other scenarios, extraction represents less than 8 % because SCG is 
the energy source for other processes instead of being disposed of in 
landfills. Base case, scenarios 1 and 2 present the highest CO2 emissions, 
with GWP indicator results of 27.08 kg CO2-Eq, 30.84 kg CO2-Eq, and 
26.14 kg CO2-Eq, respectively, noticing that case 1 is the most critical as 
it uses an internal combustion engine based only on fossil fuels as the 
energy source for producing the electricity and the steam required. 

Scenarios 3 and 4 delivered similar GWP values: 19.58 and 20.32 kg 
CO2-Eq, respectively, both use the same electricity arrangement, 
receiving it from the Ecuadorian electricity supply grid; however, sce
nario 4 uses more fossil fuel but less biomass (SCG) in its processes, 
unlike 3, which favors an increase in this category. The incorporation of 
the absorption chiller decreases the emissions in the extraction and 
drying stages. 

It is important to remark that scenario 5 is the best scenario in this 
category, with an assessment of 16.90 kg CO2-Eq, using SCG biomass (94 
%) and fuels (6 %), the CCHP system reduces the emissions in all stages, 
excluding agriculture, which delivers the same indicator value in all the 
analyzed scenarios. It is also important to mention that using electricity 
from the Ecuadorian supply grid, as in base case and scenario 3, de
creases emissions compared to using an internal combustion engine 
based on fossil fuels, as in scenarios 1 and 2. 

3.2. Fossil depletion potential (FDP) 

For all the reviewed scenarios, Fig. 5-b, the FDP range fluctuates 
between 3.00 and 6.11 kg of oil-Eq, delivering the lowest indicator result 
for scenario 5 and the highest for scenario 2. Like the GWP category, 
agriculture is the most important stage in all cases, accounting for an 
average value of 2.88 kg oil-Eq, followed by the extraction and drying 
stages of coffee production, where steam generation significantly 
contributes. 

Scenarios 1 and 2 present the most critical FDP, as they require the 
highest fossil fuel consumption due to the internal combustion engine 
included in their processes. The base case, scenarios 3 and 4, which use 
electricity from the Ecuador electricity supply grid, present similar 
values between 4.0 and 4.6 kg oil-Eq; In scenario 4, although refriger
ation does not contribute to FDP because of the adsorption chiller unit, it 
shows a higher indicator result. The main reason is that it has a higher 
value in the steam generation process, which is important in the 
extraction and drying stages. The greater the contribution in the steam 
generation process, the greater the total FDP, being the most critical of 
these three scenarios the case 4, followed by case 3 and base case, 
respectively. Steam generation represents 33.52 %, 27.66 %, and 22.40 
% in scenarios 4, 3, and the base case, respectively. 

Scenario 5, despite having a higher fuel consumption compared to 
the base case, scenarios 3 and 4, CCHP technology allows a reduction in 
emissions in the power generation, steam generation, and cooling, 
decreasing the FDP and obtaining a value of 3 kg oil-Eq, making this the 
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Fig. 5. Impact category indicator results with contribution analysis of a 1 kg Instant coffee in the base case and 5 scenarios. Base case (EN-FO Conventional case 
Electricity); Scenario 1: (ED-FO) Conventional case-power generation; Scenario 2 (ED-SCG + NG) Steam generation system – conventional power; Scenario 3 (EN- 
SCG + NG) Steam generation system - Electricity; Scenario 4 (EN-ABS-SCG + NG) Steam generation and absorption chiller system; Scenario 5 (CCHP-SCG + NG-SCG 
+ NG) Combined cooling, heating, and power system. 
(a) Global warming potential (GWP100); (b) Fossil depletion potential (FDP); (c) Freshwater eutrophication potential (FEP); (d) Marine eutrophication potential 
(MEP); (e) Ozone depletion potential (ODP); (f) Particulate Matter Formation (PMF); (g) Photochemical oxidation formation potential (POFP); (h) Terrestrial 
acidification potential (TAP100). 
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most attractive scenario. 

3.3. Freshwater eutrophication potential (FEP) 

According to Fig. 5-c, the indicator results of this category are very 
similar in all scenarios varying between 0.009 and 0,011 kg P-Eq. In 
cases 2, 3, 4, and 5, the value corresponds to 0.009 kg PO4-Eq; in the 
base case and scenario 1, it corresponds to 0.011 Kg P-Eq. The difference 
in the base case and scenario 1 concerning the rest of the scenarios is that 
in both cases, the disposal of SCG in municipal landfill increases the FEP 
by 16 % due to the decomposition of organic matter and nutrients in the 
waste. In all scenarios, the critical stage corresponds to agriculture, 
given the use of fertilizers in this activity. 

3.4. Marine eutrophication potential (MEP) 

Fig. 5-d shows that the range of this category fluctuates between 0.40 
and 0.43 kg N-Eq for all scenarios, with the highest value being the base 
case and scenario 1. The greatest contribution in this category is the 
stage of agriculture, with a percentage greater than 93 % registered in all 
scenarios. Like the previous category, the difference between the base 
case and scenario 1 compared to the rest of the scenarios is that they 
have an additional contribution due to the disposal of SCG in municipal 
landfill, which increases the indicator by 5 %. The best scenario is case 5, 
with a value of 0.4 kg N-eq, almost completely produced by the agri
culture stage. 

3.5. Ozone depletion potential (ODP) 

In this category, Fig. 5-e, agriculture is the most critical stage in 
instant coffee production, generating 1.46х10− 6 kg CFC-11-Eq of the 
total indicator emissions for all scenarios, followed by the extraction and 
drying stages, where steam generation predominates. The ODP indicator 
varies between 1.52х10− 6 kg and 2.92х10− 6 kg CFC-11-Eq for all 
reviewed scenarios. Scenarios 1 and 2 present the highest indicator re
sults. These are also the scenarios that demand the consumption of fossil 
fuels to generate electricity by using an internal combustion engine, 
increasing the indicator emissions. Scenario 2 has an ODP of 2.92х10− 6 

kg CFC-11-Eq, a higher indicator value than scenario 1 because it re
quires greater steam generation for the SCG drying process. 

Base case and scenario 1 are similar, as these dispose of SCG in the 
landfill; considering both, the base case has a lower ODP as it uses 
electricity from the Ecuadorian electricity supply grid, reducing the in
dicator emissions by 25 %. Scenarios 3 and 4 present a similar indicator 
result, with a value of 1.76х10− 6 kg CFC-11-Eq and 1.80х10− 6 kg CFC- 
11-Eq, respectively. Although scenario 4 does not produce emissions in 
the refrigeration process since it has an absorption chiller, the ODP for 
the steam generation process is 39 % higher than in case 3. Scenario 5 
presents the lowest indicator value of 1.52х10− 6 kg CFC-11-Eq as it does 
not present contributions in its auxiliary services, having agriculture as 
the main input stage with 95 %. 

3.6. Particulate matter formation potential (PMFP) 

The results in this category (Fig. 5-f) for all reviewed scenarios are 
between 0.11 and 0.15 kg PM10-Eq, except for scenario 5, which pre
sents a lower indicator result of 0.057 kg PM10-Eq. Agriculture is the 
critical stage in each scenario, making it the primary source of emis
sions, contributing between 40 % and 98 % of the total value. However, 
steam generation related to the drying and extraction stages is also an 
important source of emissions, representing up to 61 % of the total PMFP 
in the scenarios requiring high steam production, such as scenario 4, 
which is also the worst scenario regarding this indicator. 

Scenario 2 has the second-highest PMFP; steam generation and 
power generation (internal combustion engine) are important in this 
case, contributing to 54 % and 3.5 % of the total PMFP, respectively. The 

main difference between cases 2 and 3 is that the latter uses electricity 
from the Ecuadorian electricity supply grid, decreasing the indicator 
result. 

A similar situation occurs between the base case and scenario 1, 
where the use of the national electricity grid, in the base case, decreases 
its PMFP by 10 % compared to scenario 1, accounting for 0.110 kg 
PM10-Eq and 0.122 kg PM10-Eq, respectively. It is important to mention 
that in both scenarios, there is an additional contribution to the indi
cator emissions produced by the final disposal of SCG in landfills, rep
resenting an increase of 18 % and 20 %. Scenario 5 presents the lowest 
PMFP, having agriculture as the principal emission source, representing 
98 % of the result. 

3.7. Photochemical oxidation formation potential (POFP) 

For this category, Fig. 5-g, scenarios 2, 3, and 4 record the highest 
values, ranging between 0.41 and 0.51 kg NMVOC-Eq, being the worst 
scenario 4, followed by scenarios 2 and 3, respectively. The main 
contribution occurs during agriculture, which represents 0.097 kg 
NMVOC-Eq for all scenarios; however, the extraction and spray drying 
stages, which involve the steam generation, also contribute signifi
cantly. In scenario 4, the steam generation represents 80 % of the total 
POFP; this scenario requires a high amount of steam for its processes, 
making this a critical activity. In scenario 3, steam generation represents 
75 % of the POFP, which is why it has a lower value. POFP in scenario 3 
is slightly higher than in scenario 2 because the latter also includes 
emissions from internal combustion engines to generate electricity. 
Regarding the base case and scenario 1, steam generation reduces its 
impact, representing only 52 % of the total POFP. Scenario 5 reports the 
lowest indicator results among all cases, having a value of 0.1 kg 
NMVOC-Eq; in this case, agriculture represents 97 % of the indicator 
emissions. 

3.8. Terrestrial acidification potential (TAP100) 

Fig. 5-h shows that agriculture is the main contributor to this cate
gory, representing 0.26 Kg of SO2 in all scenarios; however, the steam 
generation processes required in the extraction and spray drying also 
significantly contribute to TAP 100. The indicator result fluctuates be
tween 0.36 and 0.51 Kg of SO2, except for scenario 5, which presents a 
result of less than 0.26 Kg of SO2, a value related to the agriculture stage. 
This scenario has reported the lowest indicator values in the different 
categories analyzed. 

Although scenario 4 requires a higher steam generation in its pro
cesses than scenario 2, they present an equal TAP100 value of 0.51 kg of 
SO2 since the latter includes emissions from the electricity generation 
through the internal combustion engine. TAP100 in scenario 3 is 12 % 
lower than in scenario 2, as it uses electricity from the Ecuadorian power 
grid, reducing the emission values. A similar situation occurs in the base 
case and scenario 1, presenting values of 0.36 and 0.41 Kg of SO2, 
respectively, reporting a reduction of 12 % in the TAP100 when using 
electricity from the Ecuadorian power grid. 

3.9. Best scenario regarding energy source 

Considering the previous discussion on each environmental indica
tor, scenario 5, which uses a trigeneration system (CCHP), has the best 
environmental performance among the different scenarios, reducing the 
GWP, FDP, FEP, MEP, ODP, PMFP, POFP, and TAP100 by 37.6 %, 25 %, 
18.2 %, 7 %, 24 %, 48 %, 61 %, and 27.7 % respectively compared to the 
base case. It is also important to remark that in scenario 5, the emissions 
values correspond almost entirely to the agriculture stage, representing 
above 96 % in the different indicators. The CCHP unit takes advantage of 
the residual high-pressure flue gases to produce power, steam, and 
chiller water. This useful arrangement decreases environmental impact 
values in the roasting, extraction, evaporation, and spray dryer stages. 
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Biomass-based energy could have an essential role in the range of 
options to contribute to the decarbonisation and impulse the circularity 
of the industrial food sector. This study can serve as a basis for the 
instant coffee industry; however, other food chains may be able to 
evaluate and implement this type of system. 

4. Conclusions 

Reducing environmental emissions is essential to control global 
warming before it becomes a more threatening problem in the coming 
decades. Instant coffee production represents an important economic 
activity for some developing countries, such as Ecuador. This activity 
produces 65 % of coffee bagasse, which is currently disposed of in 
landfills without further use. This article analyzed the environmental 
emissions of instant coffee production by doing a comprehensive life 
cycle assessment of the base case and 5 scenarios considering different 
energy sources to produce electricity, steam, and chilled water, valuing 
the utilization of SCG as an energy source to power some process stages. 

The LCA revealed that the agriculture stage has the greatest impact 
on the environmental indicators during nitrogen fertilization, contrib
uting to more than 50 % of the entire process emissions. Therefore, 
options that reduce the application of fertilizers that supply such a 
nutrient should be sought. The final disposal of SCG greatly alters 
climate change emissions. Taking advantage of this sub-product as an 
energy source for steam and power generation significantly reduces CO2 
emissions compared to when it is disposed of in a municipal landfill 
without further use. In addition, using this residue reduces fuel fossil 
dependence. 

Fuel fossil consumption is another important variable affecting in
dicators, reporting higher values in scenarios requiring electricity gen
eration through an internal combustion engine than in scenarios that use 

electricity from the Ecuadorian power grid. In general, including the 
CCHP unit (scenario 5) greatly decreases emissions, reducing the GWP, 
FDP, FEP, MEP, ODP, PMFP, POFP, and TAP100 by 37.6 %, 25 %, 18.2 
%, 7 %, 24 %, 48 %, 61 %, and 27.7 % respectively compared to the base 
case. The environmental emissions in this scenario are produced mainly 
during the agriculture stage, representing above 96 % of the values for 
each indicator impact. The emissions during the roasting, extraction, 
evaporation, and spray dryer stages are considerably decreased, 
demonstrating that using energy-efficient technologies lowers the values 
of the environmental indicators, making this the best scenario in terms 
of emissions. 
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Appendix A  

Table 2 
Inputs and outputs of the processes in the base case and scenarios.  

Process United Scenarios 

1. Roasting Base case 1 2 3 4 5 

Inputs 
Green coffee bean 11.42% MC kg/h 1,08 1,08 1,08 1,08 1,08 1,08 
Air kg/h 6,59х10− 1 6,59х10− 1 6,59х10− 1 6,59х10− 1 6,59х10− 1 6,59х10− 1 

Diesel kg/h 4,20х10− 2 4,20х10− 2 4,20х10− 2 4,20х10− 2 4,20х10− 2 4,20х10− 2 

Cooling-tower water kg/h 1,85х10− 1 1,85х10− 1 1,85х10− 1 1,85х10− 1 1,85х10− 1 1,85х10− 1 

Electricity kW 4,70х10− 2 4,70х10− 2 4,70х10− 2 4,70х10− 2 4,70х10− 2 4,70х10− 2 

Outputs 
Roasted coffee bean 5.2% MC kg/h 1,00 1,00 1,00 1,00 1,00 1,00 
Steam in flue gases from coffee kg/h 1,14х10− 1 1,14х10− 1 1,14х10− 1 1,14х10− 1 1,14х10− 1 1,14х10− 1 

Cooling-tower water kg/h 1,42х10− 1 1,42х10− 1 1,42х10− 1 1,42х10− 1 1,42х10− 1 1,42х10− 1 

N2 kg/h 4,90х10− 1 4,90х10− 1 4,90х10− 1 4,90х10− 1 4,90х10− 1 4,90х10− 1 

H2O kg/h 7,91х10− 2 7,91х10− 2 7,91х10− 2 7,91х10− 2 7,91х10− 2 7,91х10− 2 

CO2 from diesel kg/h 1,25х10− 1 1,25х10− 1 1,25х10− 1 1,25х10− 1 1,25х10− 1 1,25х10− 1 

CO2 from SCG kg/h 4,42х10− 6 4,42х10− 6 4,42х10− 6 4,42х10− 6 4,42х10− 6 4,42х10− 6 

O2 kg/h 1,31х10− 2 1,31х10− 2 1,31х10− 2 1,31х10− 2 1,31х10− 2 1,31х10− 2 

H2 kg/h 1,48х10− 3 1,48х10− 3 1,48х10− 3 1,48х10− 3 1,48х10− 3 1,48х10− 3 

NOx kg/h 8,35х10− 9 8,35х10− 9 8,35х10− 9 8,35х10− 9 8,35х10− 9 8,35х10− 9 

SOx kg/h 1,12х10− 3 1,12х10− 3 1,12х10− 3 1,12х10− 3 1,12х10− 3 1,12х10− 3 

2. Extraction 
Inputs 
Roasted coffee bean 5.2% MC kg/h 3,57х10− 1 3,57х10− 1 3,57х10− 1 3,57х10− 1 3,57х10− 1 3,57х10− 1 

Food grade water for extraction kg/h 2,03 2,03 2,03 2,03 2,03 2,03 
Steam kg/h 7,96х10− 1 7,96х10− 1 7,96х10− 1 7,96х10− 1 7,96х10− 1 7,96х10− 1 

Chilled water kg/h 2,25 2,25 2,25 2,25 2,25 2,25 
Cooling-tower water kg/h 4,83х101 4,83х101 4,83х101 4,83х101 4,83х101 4,83х101 

Electricity kW 1,55х10− 1 1,55х10− 1 1,55х10− 1 1,55х10− 1 1,55х10− 1 1,55х10− 1 

Outputs 
Coffee extract 18% w/w kg/h 1,00 1,00 1,00 1,00 1,00 1,00 
SCG (kg/h) 87.2 % MC kg/h 1,38 1,38 1,38 1,38 1,38 1,38 
Steam kg/h 7,96х10− 1 7,96х10− 1 7,96х10− 1 7,96х10− 1 7,96х10− 1 7,96х10− 1 

(continued on next page) 
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Table 2 (continued ) 

Process United Scenarios 

1. Roasting Base case 1 2 3 4 5 

Chilled water kg/h 2,25 2,25 2,25 2,25 2,25 2,25 
Tower water (kg/h) kg/h 4,83х101 4,83х101 4,83х101 4,83х101 4,83х101 4,83х101 

Heat kW 1,78х10− 1 1,78х10− 1 1,78х10− 1 1,78х10− 1 1,78х10− 1 1,78х10− 1 

3. Evaporation 
Inputs 
Coffee extract (kg/h) 18 % w/w kg/h 2,44 2,44 2,44 2,44 2,44 2,44 
Steam kg/h 8,76х10− 1 8,76х10− 1 8,76х10− 1 8,76х10− 1 8,76х10− 1 8,76х10− 1 

Chilled water kg/h 4,47 4,47 4,47 4,47 4,47 4,47 
Cooling-tower water kg/h 1,75х102 1,75х102 1,75х102 1,75х102 1,75х102 1,75х102 

Electricity kW 9,00х10− 3 9,00х10− 3 9,00х10− 3 9,00х10− 3 9,00х10− 3 9,00х10− 3 

Outputs 
Coffee extract (kg/h) 44 % w/w kg/h 3,00х10− 1 3,00х10− 1 3,00х10− 1 3,00х10− 1 3,00х10− 1 3,00х10− 1 

Coffee extract (kg/h) 44 % w/w (Final product) kg/h 7,00х10− 1 7,00х10− 1 7,00х10− 1 7,00х10− 1 7,00х10− 1 7,00х10− 1 

Condensed water from extract kg/h 1,44 1,44 1,44 1,44 1,44 1,44 
Steam kg/h 8,76х10− 1 8,76х10− 1 8,76х10− 1 8,76х10− 1 8,76х10− 1 8,76х10− 1 

Chilled water kg/h 4,47 4,47 4,47 4,47 4,47 4,47 
Tower water kg/h 1,75х102 1,75х102 1,75х102 1,75х102 1,75х102 1,75х102 

Heat kW 1,78х10− 1 1,78х10− 1 1,78х10− 1 1,78х10− 1 1,78х10− 1 1,78х10− 1 

4. Spray dryer 
Inputs 
Coffee extract (kg/h) 44 % w/w kg/h 2,64 2,64 2,64 2,64 2,64 2,64 
Steam kg/h 4,80 4,80 4,80 4,80 4,80 4,80 
Chilled water kg/h 1,27х102 1,27х102 1,27х102 1,27х102 1,27х102 1,27х102 

Carbon dioxide (kg/h) kg/h 3,70х10− 2 3,70х10− 2 3,70х10− 2 3,70х10− 2 3,70х10− 2 3,70х10− 2 

Air kg/h 6,96х101 6,96х101 6,96х101 6,96х101 6,96х101 6,96х101 

Electricity kW 3,67х10− 1 3,67х10− 1 3,67х10− 1 3,67х10− 1 3,67х10− 1 3,67х10− 1 

Outputs 
Instant coffee kg/h 1,00 1,00 1,00 1,00 1,00 1,00 
Instant coffee waste kg/h 1,62х10− 1 1,62х10− 1 1,62х10− 1 1,62х10− 1 1,62х10− 1 1,62х10− 1 

Air kg/h 6,96х101 6,96х101 6,96х101 6,96х101 6,96х101 6,96х101 

Steam in air from extract kg/h 1,48 1,48 1,48 1,48 1,48 1,48 
Carbon dioxide in Air kg/h 3,70х10− 2 3,70х10− 2 3,70х10− 2 3,70х10− 2 3,70х10− 2 3,70х10− 2 

Steam kg/h 4,80 4,80 4,80 4,80 4,80 4,80 
Chilled water kg/h 1,27х102 1,27х102 1,27х102 1,27х102 1,27х102 1,27х102 

Heat kW 6,57х10− 1 6,57х10− 1 6,57х10− 1 6,57х10− 1 6,57х10− 1 6,57х10− 1 

5. Auxiliary Services 
5.1. Cooling tower 
Inputs 
Cooling-tower water return kg/h 1,00 1,00 1,00 1,00 1,00 1,00 
Make up water kg/h 1,60х10− 2 1,60х10− 2 1,60х10− 2 1,60х10− 2 1,60х10− 2 1,60х10− 2 

Air kg/h 5,85х10− 1 5,85х10− 1 5,85х10− 1 5,85х10− 1 5,85х10− 1 5,85х10− 1 

Electricity kW 2,10х10− 4 2,10х10− 4 2,10х10− 4 2,10х10− 4 2,10х10− 4 2,10х10− 4 

Outputs 
Cooling-tower water kg/h 1,00 1,00 1,00 1,00 1,00 1,00 
Air kg/h 5,85х10− 1 5,85х10− 1 5,85х10− 1 5,85х10− 1 5,85х10− 1 5,85х10− 1 

Water in Air kg/h 1,60х10− 2 1,60х10− 2 1,60х10− 2 1,60х10− 2 1,60х10− 2 1,60х10− 2 

5.2. Steam generator 
Inputs 
Fuel oil No. 6 kg/h 6,60х10− 2 6,60х10− 2 – – – – 
Water in Air kg/h 1,00 1,00 – – – – 
Air kg/h 1,06 1,06 1,64 1,64 3,36х10− 1 – 
Electricity kW 3,00х10− 3 3,00х10− 3 6,00х10− 3 6,00х10− 3 7,97х10− 3 – 
SCG 5% MC kg/h – – 1,37х10− 1 1,37х10− 1 1,37х10− 1 – 
Steam return kg/h – – 1,00 1,00 1,00 – 
Air for SCG kg/h – – – – 1,91 – 
Natural gas kg/h – – – – 1,85х10− 2 – 
Outputs 
Steam kg/h 1,00 1,00 1,00 1,00 1,00 – 
N2 kg/h 7,99х10− 1 7,99х10− 1 1,26 1,26 1,71 – 
H2O kg/h 7,62х10− 2 7,62х10− 2 6,95х10− 2 6,95х10− 2 1,19х10− 1 – 
CO2 from Fuel oil N. 6 kg/h 2,09х10− 1 2,09х10− 1 – – – – 
O2 from GN kg/h – – – – 4,91х10− 2 – 
CO2 from SCG kg/h – – 2,15х10− 1 2,15х10− 1 2,48х10− 1 – 
O2 kg/h 3,40х10− 2 3,40х10− 2 2,32х10− 1 2,32х10− 1 2,72х10− 1 – 
NOx kg/h 6,05х10− 3 6,05х10− 3 3,70х10− 3 3,70х10− 3 1,01х10− 2 – 
SOx kg/h 2,80х10− 3 2,80х10− 3 3,84х10− 4 3,84х10− 4 4,56х10− 4 – 
5.3. Refrigeration system 
Inputs 
Chilled water return kg/h 1,00 1,00 1,00 1,00 – – 
Cooling-tower water kg/h 3,34 3,34 3,34 3,34 – – 
Electricity kW 2,00х10− 3 2,00х10− 3 2,00х10− 3 2,00х10− 3 – – 
Outputs 
Chilled water kg/h 1,00 1,00 1,00 1,00 – – 
Cooling-tower water kg/h 3,34 3,34 3,34 3,34 – – 

(continued on next page) 

M.L. Pazmiño et al.                                                                                                                                                                                                                            



Cleaner Environmental Systems 12 (2024) 100174

10

Table 2 (continued ) 

Process United Scenarios 

1. Roasting Base case 1 2 3 4 5 

5.4. Power generator 
Inputs 
Diesel kg/h – 3,89х10− 1 3,89х10− 1 – – – 
Air kg/h – 6,72х101 6,72х101 – – – 
Electricity kW – 2,23х10− 1 1,99х10− 1 – – – 
Outputs 
Electricity kW – 1,00 1,00 – – – 
N2 kg/h – 5,16х101 5,16х101 – – – 
H2O kg/h – 4,76х10− 1 4,76х10− 1 – – – 
CO2 kg/h – 1,21 1,21 – – – 
O2 kg/h – 1,44х101 1,44х101 – – – 
NOx kg/h  1,14х10− 3 1,14х10− 3 – – – 
SOx kg/h – 9,15х10− 3 9,15х10− 3 – – – 
5.5. Air heater 
Inputs 
Air for drying kg/h – – 1,00 1,00 1,00 1,00 
Air for combustion kg/h – – 4,14х10− 2 4,14х10− 2 3,06х10− 2 2,76х10− 2 

Natural gas kg/h – – 2,29х10− 3 2,29х10− 3 1,69х10− 3 1,52х10− 3 

Flue gas from steam generation kg/h – – 7,41х10− 2 7,41х10− 2 1,00х10− 1 1,23х10− 1 

Electricity kW – – 3,50х10− 3 3,50х10− 3 3,46х10− 3 3,45х10− 3 

Outputs 
Air for drying kg/h – – 1,00 1,00 1,00 1,00 
N2 kg/h – – 8,40х10− 2 8,40х10− 2 9,43х10− 2 1,09х10− 1 

H2O kg/h – – 7,65х10− 3 7,65х10− 3 8,45х10− 3 1,06х10− 2 

CO2 from GN kg/h – – 6,06х10− 3 6,06х10− 3 6,51х10− 3 9,31х10− 3 

CO2 from SCG kg/h – – 8,95х10− 3 8,95х10− 3 1,03х10− 2 1,03х10− 2 

O2 kg/h – – 1,03х10− 2 1,03х10− 2 1,18х10− 2 1,21х10− 2 

NOx kg/h – – 8,78х10− 4 8,78х10− 4 9,56х10− 4 1,29х10− 3 

SOx kg/h – – 1,77х10− 5 1,77х10− 5 2,02х10− 5 2,10х10− 5 

5.6. SCG Dryer 
Inputs 
SCG 87.2 % MC kg/h – – 7,42 7,42 7,42 7,42 
Air kg/h – – 1,75х102 1,75х102 1,75х102 1,75х102 

Electricity kW – – 5,88х10− 1 5,88х10− 1 5,88х10− 1 5,88х10− 1 

Outputs 
SCG MC 5 % kg/h – – 1,00 1,00 1,00 1,00 
Steam in air kg/h – – 6,42 6,42 6,42 6,42 
Air (kg/h) – – 1,75х102 1,75х102 1,75х102 1,75х102 

5.7. Absorption chiller system 
Inputs 
Cooling-tower water kg/h – – – – 2,00 – 
Chilled water return kg/h – – – – 1,00 – 
Flue gases from steam generator kg/h – – – – 3,41х10− 1 – 
Electricity kW – – – – 1,21х10− 6 – 
Outputs 
Chilled water kg/h – – – – 1,00 – 
Cooling-tower water kg/h – – – – 2,00 – 
N2 kg/h – – – – 2,42х10− 1 – 
H2O kg/h – – – – 1,68х10− 2 – 
CO2 from GN kg/h – – – – 6,97х10− 3 – 
CO2 from SCG kg/h – – – – 3,51х10− 2 – 
O2 kg/h – – – – 3,86х10− 2 – 
NOx kg/h – – – – 1,44х10− 3 – 
SOx kg/h – – – – 6,47х10− 5 – 
5.8. CCHP with biomass 
Inputs 
SCG MC 5 % kg/h – – – – – 1,94х10− 1 

Air for SCG combustion kg/h – – – – – 2,71 
Natural gas kg/h – – – – – 6,79х10− 2 

Air for natural gas combustion kg/h – – – – – 1,23 
Cooling-tower water kg/h – – – – – 2,00х101 

Steam return kg/h – – – – – 1,42 
Chilled water return kg/h – – – – – 1,00х101 

Electricity kW – – – – – 5,39х10− 1 

Outputs 
Electricity kW – – – – – 1,00 
Chilled water kg/h – – – – – 1,00х101 

Steam kg/h – – – – – 1,42 
Cooling-tower water kg/h – – – – – 2,00х101 

Heat kW – – – – – 9,33х10− 2 

N2 kg/h – – – – – 2,99 
H2O kg/h – – – – – 2,55х10− 1 

CO2 from GN kg/h – – – – – 1,80х10− 1 

CO2 from SCG kg/h – – – – – 3,51х10− 1 

(continued on next page) 
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Table 2 (continued ) 

Process United Scenarios 

1. Roasting Base case 1 2 3 4 5 

O2 kg/h – – – – – 3,98х10− 1 

NOx kg/h – – – – – 2,75х10− 2 

SOx kg/h – – – – – 6,78х10− 4 

*Note: (− ) Does not apply. 
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Vargas Corredor, Y.A., Pérez Pérez, L.I., 2018. Use of agro-industrial waste in improving 
the quality of the environment. Rev. la Fac. Ciencias Básicas 14 (1), 59–72. 

Zengin, G., et al., 2020. Chemical composition, antioxidant and enzyme inhibitory 
properties of different extracts obtained from spent coffee ground and coffee 
silverskin. Foods 9 (6), 1–17. 

M.L. Pazmiño et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S2666-7894(24)00012-6/sref45
http://refhub.elsevier.com/S2666-7894(24)00012-6/sref45
http://refhub.elsevier.com/S2666-7894(24)00012-6/sref46
http://refhub.elsevier.com/S2666-7894(24)00012-6/sref46
http://refhub.elsevier.com/S2666-7894(24)00012-6/sref47
http://refhub.elsevier.com/S2666-7894(24)00012-6/sref47
http://refhub.elsevier.com/S2666-7894(24)00012-6/sref47

	Life cycle assessment of instant coffee production considering different energy sources
	1 Introduction
	2 Material and methods
	2.1 Scope definition
	2.2 Functional unit
	2.3 System boundaries
	2.4 Scenarios
	2.5 Life cycle inventory analysis
	2.6 Life cycle impact assessment

	3 Results and discussion
	3.1 Global warming potential (GWP100)
	3.2 Fossil depletion potential (FDP)
	3.3 Freshwater eutrophication potential (FEP)
	3.4 Marine eutrophication potential (MEP)
	3.5 Ozone depletion potential (ODP)
	3.6 Particulate matter formation potential (PMFP)
	3.7 Photochemical oxidation formation potential (POFP)
	3.8 Terrestrial acidification potential (TAP100)
	3.9 Best scenario regarding energy source

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Data availability
	References


