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Highlights 

 Comprehensive life cycle analysis identified key environmental and economic factors in banana farming. 

 Use of rainwater for irrigation and reduced synthetic inputs can increase sustainability and profits. 

 Value-added banana products showed profit margins above 50% and rapid break-even for small 

producers. 

 

-------------------------------------------------------------------------------------------------------------------------------------------------------- 

Abstract: This study presents a comprehensive Life Cycle Assessment (LCA) of banana production in the Tucuruí 

Lake region of the Brazilian Amazon, evaluating environmental impacts, economic performance, and 

sustainability indicators. Data collected from three representative farms were used to quantify key metrics, 

including an average water footprint of 134.20 m³/ton, carbon emissions of 0.214 kg CO₂-eq/kg (with diesel and 

fertilizer use as major contributors), and emergy values reaching up to 8.27×10¹⁷ seJ/year. Additionally, the 

economic viability of banana by-products—candies, flour, and chips—was analyzed, showing profit margins of up 

to 51% and breakeven points achievable in less than two months. The study highlights opportunities for 

improvement, such as rainwater reuse for irrigation, reduced synthetic inputs, and better logistics to lower fuel 

consumption. These findings demonstrate that integrating environmental and economic strategies can enhance 

sustainability and profitability in banana supply chains. The research advocates public policies and financial 

support to empower small producers, promote vertical integration, and advance a circular economy model in 

Amazonian agriculture. 

 

Keywords: Banana; Life Cycle Analysis; Environmental impacts. 

--------------------------------------------------------------------------------------------------------------------------------------------------- 

 

I. Introduction 

Society seeks alternatives to preserve the environment and reduce impacts such as resource depletion, 

species extinction, and climate change. Globally, around 1.4 billion tons of food waste are generated yearly 

(Sarangi et al., 2022), with the USA discarding 40 million tons annually (Yadav et al., 2021). 
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Brazil faces challenges in banana exports, including insufficient government support, poor infrastructure, 

and reliance on the European market (Bornal et al., 2021). Despite being a top global producer, its exports are 

limited due to diseases and competition with companies like Dole and Chiquita (Ploetz & Ma, 2023). 

Global banana production reaches approximately 155.2 million tons, led by India, China, and Indonesia 

(Ajay et al., 2020). Brazil produces around 7 million tons, but Ecuador is the largest exporter (Jangam & Singh, 

2021). In 2017, Brazil ranked fourth in production, while the top importers were the EU, USA, Russia, and Japan 

(FAO, 2021). 

 

 
Figure 1: Global Banana Production by Country. Source: FAO Stats, 2021. 

 

Table 1 summarizes global banana production data and each country's significance in the industry. 

 

Country Production 

(million tons) 

Global Production 

Share (%) 

Notes Source 

India 30,8 29 Largest producer; primarily domestic 

consumption 

Ajay et al. (2020) 

China 11 7,1 Second largest producer; primarily 

domestic consumption 

Ajay et al. (2020) 

Indonesia 8 5,2 Third largest producer; primarily 

domestic consumption 

Ajay et al. (2020) 

Brazil 7 4,5 Most production consumed 

domestically 

Ajay et al. (2020) 

Ecuador 6 3,9 Largest exporter; about 28% of global 

exports 

Jangam & Singh 

(2021) 

Table 1: Global Banana Production by Country (Ajay et al., 2020; Jangam & Singh, 2021) 

 

According to FAEPA (2021), Pará ranks as Brazil’s 8th largest banana producer, with an annual output of 

381,248 tons across 33,662 hectares. Production is concentrated in the Transamazon region, which accounts for 

38.27% of the state’s total. The main varieties grown include Prata, Mysore, Nanica, and Branca. Despite its 

significance, the state faces logistical challenges, with only 6% of production reaching Belém. 

This study employs Life Cycle Assessment (LCA) to examine banana production around Tucuruí Lake in 

Pará State (Fig. 2). Data was collected from three farms, including the area’s largest producer, to analyze and 

optimize the production process. 
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The research integrates LCA and economic analysis to assess the feasibility of vertically integrating fresh 

banana production for sustainable economic growth. It emphasizes separating production costs from family 

income—a distinction often overlooked by local producers. By evaluating costs, annual revenues, and 

environmental impacts (e.g., water and carbon footprints), the study aims to enhance economic, social, 

and environmental outcomes. 

 

Figure 2 - Location of the study area: the Tucuruí reservoir and the seven municipalities affected by the 

reservoir. 

 

We collected data on three main properties. The first is the largest banana producer in the Lake Tucuruí 

region. The second and third properties also possess significant expertise in planting and distribution. As leaders 

in production, improvements in their processes could serve as a model for other producers in the area. 

This paper examines banana production costs, annual revenues, and environmental impacts to improve this 

region's economic, social, and environmental indicators, resulting in better economic indices in Pará and Brazil. 

 

2. Literature Review 

2.1 LCA Studies 

Life Cycle Assessment (LCA) is a widely used methodology for quantifying environmental impacts throughout a 

product's life cycle. In food production, such as banana cultivation, this approach helps identify critical factors 

influencing sustainability, enabling the implementation of strategies to minimize environmental damage. 

 

2.1.1 Importance of LCA in Agricultural Production and Environmental Impact Factors 

Life Cycle Assessment (LCA) in agriculture is essential for mapping and understanding environmental impacts 

from cultivation to commercialization. Recent studies emphasize evaluating agricultural processes based on 

water footprint, carbon footprint, and energy efficiency (Kallendorf, 2023; Cakmakci et al., 2023). Banana 

production, like other intensive crops, requires large amounts of water and fertilizers. 

Advanced techniques, such as IoT-based precision irrigation and fertilization, have reduced water use by 73% and 

NPK fertilizer consumption by 50%, though they may decrease yields by 12% (Impact of IoT-Enabled Variable 

Irrigation..., 2023). 
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Irrigation systems are a critical factor in banana production's water footprint. Materials like galvanized steel 

pipes and sand filters have significant environmental impacts due to energy costs and frequent maintenance 

(Angnes et al., 2023). Agroecological practices, such as mulching and cover cropping, enhance moisture retention 

and promote more sustainable farming (Traditional Agricultural Knowledge..., 2023). 

 

2.1.2 Carbon Footprint, Waste Management, and Circular Economy 

Fertilizer use, transportation, and organic waste management affect banana production's carbon footprint. 

Improper decomposition of peels releases methane, a potent greenhouse gas (Lisciani, 2024; Sari et al., 2024). 

Training programs on waste recycling enhance environmental awareness (Sari et al., 2024). 

Converting waste into non-activated carbon for bio-lubricants offers a sustainable alternative (Dube et al., 2023). 

SMEs adopting sustainable models achieve over 40% cost returns with innovative waste practices (Prasetyo et 

al., 2024). 

Processing overripe bananas into food products (cakes, chips) reduces waste and carbon emissions (Fiona et al., 

2024). Banana fibers are also used in bioplastics and biodegradable packaging, supporting circular economy 

principles (Provin et al., 2024; Beram, 2024). 

 

2.1.3 Transportation, Fertilizer Use, and Energy Efficiency 

Transportation is a major contributor to banana production's carbon footprint, emitting up to 625.44 kg CO₂-

Eq/ton due to fossil fuel use in trucks and refrigerated containers (Pérez-Neira et al., 2020). Alternatives like 

biogas/hydrogen-powered vehicles and logistical optimization can significantly cut emissions (Machado et al., 

2021; Crippa et al., 2021). 

Nitrogen-based fertilizers drive N₂O emissions, especially in young plantations (Silva et al., 2022). Optimized 

fertilization, biochar, and AI-based models can reduce chemical use by 65%, lowering energy consumption and 

emissions (Kazlauskas et al., 2021; Ramezanpour & Farajpour, 2022). 

Despite progress in LCA (Life Cycle Assessment), challenges like methodological variability persist (FAN et al., 

2022). Circular bioeconomy strategies, low-carbon tech, and waste valorization are key for sustainable banana 

production (VÉLIZ et al., 2022). 

 

2.2 The Life Cycle Assessment 

Life Cycle Assessment (LCA), governed by ISO 14040 and 14044 standards, is a methodology that evaluates 

environmental impacts from production to final disposal, including recycling and waste management. 

The process consists of four key phases: 

 

1. Goal and scope definition - sets study objectives and boundaries; 

2. Inventory analysis - collects data on all inputs and outputs; 

3. Impact assessment - quantifies and interprets environmental effects; 

4. Interpretation - analyzes results and suggests process improvements. 

 

2.3 Calculation of production costs 

The Total Cost of Production (TCP) in agriculture encompasses all expenses associated with the cultivation 

process. It is composed of two main components: the Effective Operational Cost (EOC) and the Indirect Costs 

(IC). The EOC includes variable costs such as machinery use, labor, and agricultural inputs, covering all activities 

from soil preparation to harvesting. 

On the other hand, the IC refers to fixed costs including land ownership, taxes, and equipment depreciation, as 

well as expenses incurred before planting and support provided to the farming family. Together, these two 

categories form the TCP, representing the complete financial commitment required for agricultural production. 

 

TCP = EOC + IC (01) 
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Labor and fertilizers are primary drivers of operational costs in banana production, exerting a direct impact on 

profitability. Research indicates that the availability of labor and the degree of mechanization significantly 

influence production costs (Mohiuddin et al., 2022; Rivera et al., 2024). Among inputs, potassium fertilizers— 

such as muriate of potash (MoP)—and integrated fertilization strategies that combine organic and synthetic 

sources are known to enhance both yield and soil health (Djohar, 2023; Meya et al., 2023). 

Larger farms benefit from economies of scale; although they bear higher absolute costs, they typically achieve 

superior net returns (Vaishnavi & Khobarkar, 2024). Meanwhile, smallholder farmers—such as those in Brazil— 

can improve efficiency and reduce expenses through cost management tools tailored to optimize resource use 

(Bastos, 2021). 

Indirect costs, including administrative expenses, maintenance, taxes, and depreciation, also influence the 

economic viability of banana farming. These costs can vary substantially depending on the allocation method, 

with labor and machinery components potentially fluctuating by ±35% and ±20%, respectively (Lips, 2017). For 

instance, a study in Colombia reported that indirect costs accounted for 19.73% of total production costs (Rivera 

et al., 2024). In India’s Wokha district, a cost-benefit ratio of 2.68 was observed, underscoring the profitability of 

banana farming in that region (Murry, 2019). 

 

2.4. Calculation of economic performance 

Several financial categories determine cultivation's economic performance: leveling point or Break-Even Point 

(BEP), Safety Margin (SM), and benefits/costs ratio (BCR). 

The break-even point is when sales are just enough to cover expenses (fixed and variable), in which expenditure 

is equal to revenue, without a loss or profit. Thus, the Break-Even Point is the stable point of exploration. The 

relation gives it, 

 

BEP = Total exploration cost / Unit selling price of the product (02) 

 

Determining the break-even point (BEP) is crucial for banana producers as it establishes the minimum production 

and sales volume needed to cover costs. This analysis enables strategic decisions about optimal planting timing 

and quantities by assessing the relationship between fixed and variable costs, profit margins, and operational 

volume. A study of the banana chips company "Berkah Jaya" showed how BEP analysis can set sales targets and 

prevent losses (Khanifah & Septiana, 2020). 

Accurate BEP calculation helps producers align production with market demand and cost structures, minimizing 

losses and increasing profitability. According to Amanda and Fauji (2024), the safety margin - the percentage 

difference between actual sales and break-even point - indicates a company's capacity to absorb sales declines 

before operating at a loss. Thus 

 

SM= (Total Cost of Production – Revenue) / Revenue (03) 

The return on investment will be calculated using the relation of Kihal et al. (2021), who measure the overall 

efficiency as: 

 

Return Rate = Revenue /Total Cost (04) 

The return on investment is the business's profit, the higher the rate, the greater the profit. 

Productivity 

Productivity measures production efficiency in the number of bananas produced per hectare. 

 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = (𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓 𝐵𝑎𝑛𝑎𝑛𝑎𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑  (𝑘𝑔)/  (𝑃𝑙𝑎𝑛𝑡𝑒𝑑 a𝑟𝑒𝑎 (ℎ𝑒𝑐𝑡𝑎𝑟𝑒𝑠)) 

(05) 

 

Cost per Unit Produced 

This metric identifies the costs associated with producing each unit of banana. 
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𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑈𝑛𝑖𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = (𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝐶𝑜𝑠𝑡𝑠 /𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑎𝑛𝑎𝑛𝑎𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑢𝑛𝑖𝑡𝑠) 

 

 

) 

(06) 

 

Profit Margin 

The profit margin is the difference between the selling price and the production cost, expressed as a percentage 

of the selling price (Каripova & Baktybaeva,2023). 

 

 

𝑃𝑟𝑜𝑓𝑖𝑡 𝑀𝑎𝑟𝑔𝑖𝑛 (%) = (𝑆𝑒𝑙𝑙𝑖𝑛𝑔 𝑃𝑟𝑖𝑐𝑒 −(𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝐶𝑜𝑠𝑡/ 𝑆𝑒𝑙𝑙𝑖𝑛𝑔 𝑃𝑟𝑖𝑐𝑒 ) × 100 

 

(07) 

 

2.5. Water Footprint Calculation 

The water footprint in agricultural production comprises green, blue and grey components representing 

different water sources. Green water refers to rainfall consumed by plants, blue water to irrigation use, while grey 

water is calculated based on applied chemicals and required dilution volume. Recent studies highlight this 

analysis' importance for sustainable water management, with research in India and Ethiopia showing significant 

regional variations in these components (Mehla et al., 2023; Hirpa et al., 2023). 

N2O emissions in banana cultivation, both direct and indirect, represent a major environmental impact. Mainly 

resulting from synthetic fertilizers like ammonium sulfate and urea, these emissions vary according to fertilizer 

type and environmental conditions (Silva et al., 2022; Benghzial et al., 2023). Mitigation strategies include 

reduced nitrogen use and nitrification inhibitors (Liu et al., 2020; Aguilera et al., 2021). Banana cultivation shows 

one of the highest fertilization rates per hectare among food crops. 

 

Table 2: Water Footprint Components in Banana Production: Green, Blue, and Grey Water Usage 

 

Green Water Rainwater stored in the soil 120 R et al., 2024 

Blue Water Surface and groundwater used for irrigation 30 Liu et al., 2024 

Grey Water Water required to dilute pollutants 10 Fatima et al., 2024 

 

Figure 3 is a plot that shows the regional distribution of the water footprint for banana cultivation, with data 

from different regions, such as Latin America, Southeast Asia, and Sub-Saharan Africa. The plot highlights the 

variations in the contribution of each type of water in the respective regions, according to the cited studies. This 

information is essential to understanding the environmental impact of banana production in different 

geographical contexts and to planning more sustainable agricultural practices. 
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Figure 3: Regional Distribution of Water Footprint for Banana Cultivation 

 

2.6. Carbon Footprint Calculation 

The carbon footprint, as defined by ISO 14067 (2012), represents the climate change impact caused by direct or 

indirect greenhouse gas (GHG) emissions during a product's life cycle. Recent studies confirm this standard 

remains a fundamental reference for quantifying and communicating GHG emissions, providing a robust Life Cycle 

Assessment (LCA) framework covering all stages from production to disposal (Smith et al., 2020; Zhang et al., 

2021). ISO 14067 complements other standards like ISO 14040 and 14044, ensuring consistency in 

environmental assessments. Current research highlights the use of modern technologies such as computational 

simulations to improve emission estimates across industrial scenarios (Johnson et al., 2020; Oliveira et al., 2021). 

However, challenges persist in data collection and modeling all life cycle stages (Martinez & Ruiz, 2022). GHG  

emissions are calculated by combining activity data with emission factors, as shown in equation (08). 

 

GHG Emissions = Activity Data x Emission Factor (08) 

 

The Global Warming Potential (GWP) is a crucial metric for converting greenhouse gas emissions into CO2 

equivalents (tCO2e), using the emission factor of 0.0275 as established in Brazil's Second Greenhouse Gas 

Inventory (MCTI, 2010). Recent studies show that the GWP100 method, assessing impacts over 100 years, is 

being complemented by alternatives like GWP*, which offers greater accuracy for short-lived climate pollutants 

like methane. Research by Lynch et al. (2020) proves GWP* reduces methane effect overestimations, while Smith 

et al. (2021) demonstrated this metric is 35% more accurate than GWP100. 

Data from Pressman et al. (2023) in California revealed a 28% improvement in matching simulated emissions 

with actual impacts when applying GWP*. Kendall et al. (2020) further highlight that time-adjusted warming 

potentials (TAWPs) can reduce CO2 equivalents by up to 30% by considering specific emission timing. These 

advances emphasize the importance of alternative metrics for more precise and efficient climate policies. 

 

2.7 Emergy Calculation 

The emergy concept, introduced by H.T. Odum, assesses the real value of renewable resources by accounting 

for all energy invested by nature and human processes, unlike traditional economic assessments that undervalue 

these resources. Emergy quantifies environmental value based on the biosphere's time and space, showing that 

renewable resources' actual value is inversely proportional to their market price. It represents the total energy 

required to sustain a process throughout its production chain, measured as solar energy equivalent embodied 

in products or services, as shown in equation, 

 

Emergy = Sum of the energy required (09) 

 

Emergy application in banana production provides valuable sustainability insights by integrating resources, 

energy flows and environmental impacts. Yang et al. (2021) demonstrate that low-carbon practices reduce 

emissions and improve resource efficiency, assessing both direct (fossil fuels) and indirect (solar energy, labor) 

contributions. Emergy analysis identifies inefficiencies and optimizes resource use, enhancing economic and 

environmental performance. The same study shows social media use increases sustainable practice adoption by 

1.1 times. 

Transformity, the quantitative variable converting energies to solar equivalents (sej/J), is essential for 

agricultural sustainability assessment. Odum (1996) established that renewable resources' real value is inversely 

proportional to market cost. This approach identifies more efficient practices like low-consumption irrigation 

systems and integrates with LCA to quantify environmental impacts. Recent works (Barros & Silva, 2020; Souza & 
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Mendes, 2021; Cocampo, 2022) highlight its role in valuing ecosystem services and sustainable policy planning. 

 

3; System description 

Banana cultivation involves key steps including soil preparation, plowing, fertilization, and seedling acquisition, 

crucial for optimal growth conditions. Recent studies show integrated nutrient management, such as 

intercropping with cowpeas, can increase yields by 15.07% (Sathya et al., 2024). Variety selection is critical, with 

research focusing on crossing commercial triploids with improved diploids to develop new genotypes (Scherer et 

al., 2024). Disease control has advanced with AI detection techniques, reducing pesticide use (Thirumeninathan 

et al., 2024). Figure 4 shows a complete production flowchart from soil preparation to commercialization, 

including irrigation, cultivation practices, harvest, and transportation. 

 

 
 

Figure 4 - Banana plantation flowchart. 

 

Mapping the banana production process from land preparation to commercialization helps identify 

environmental factors and atmospheric emissions, with subsystems quantifying energy use in irrigation and 

transport. Transformity analysis (sej/J) assesses the solar equivalence of energy required at each stage: soil 

preparation with fossil-fueled machinery shows high transformity, while organic fertilizers demonstrate lower 

environmental impact than chemical ones. Using local seedlings reduces energy costs for production and 

transport. This approach identifies critical energy consumption points, optimizes renewable resources (water, soil 

nutrients), and evaluates environmental impacts throughout the life cycle, enhancing production chain efficiency 

and sustainability.3.1. Banana plantations visited 

The municipalities of Novo Repartimento and Goianésia do Pará, situated in the region of Lago de Tucuruí, 

were visited from January 2017 until January 2018. The family farmers were asked to complete an open- ended 

questionnaire. The interviewer noted their responses and observations in face-to-face contact with the 

interviewees. These interviewees stated that the cultivation and marketing of bananas were necessary in the 

region. The location is shown in Figure 5.
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Figure 5 - Location of the properties visited. 

 

The studied properties are located 80 km from Novo Repartimento (Property A), 6 km from Goianésia do Pará 

(Property B), and between 18-22 km from Goianésia do Pará/Breu Branco (Property C). Property A was selected 

to analyze a new planting system, while B and C for their experience in traditional methods. Data was collected 

on losses, water consumption, fertilizer use (organic/chemical), and transport fuel. 

In Latin America, organic banana producers often mix production costs with family income, complicating 

financial management (Armijos et al., 2021). Bio-stimulants like Trichoderma asperellum show potential to 

improve nutrient efficiency and economic viability (Maués et al., 2022; Cevallos-Jungal et al., 2024). 

Agroecological production, though emerging, offers sustainability benefits (Quiloango-Chimarro et al., 2024). 

Table 3 summarizes key sustainable production aspects, including transformity (energy per unit produced), 

energy efficiency (optimized irrigation, renewable energy), precision agriculture, and environmental policies, 

aiming to reduce impacts and costs. 

 

Table 3: Key Insights into Sustainable Banana Production 

Topic Description 

Transformity A measure of the energy required to produce a unit of output is used to 

analyze the energy efficiency of banana farming. 

Family-Based Farming Economics Economic analysis of family-based banana farming, exploring the 

relationship between 

production costs and family income. 

Sustainable Farming Practices Implementing sustainable farming practices can reduce production costs 

and improve energy efficiency, leading to better economic and 

environmental outcomes. 

Energy Efficiency  

Carbon Footprint The carbon footprint of banana production includes all greenhouse gas 

emissions from 

                        cultivation to consumption, 

providing insights into the environmental impact.  
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Precision Agriculture Precision agriculture techniques optimize inputs like fertilizers and water, 

reducing costs and environmental impact. 

Irrigation Systems Efficient irrigation systems, such as drip irrigation, reduce water and 

energy 

consumption, contributing to lower production costs. 

Renewable Energy Integration Integrating renewable energy sources, such as solar and wind, into banana 

farming 

operations reduces reliance on fossil fuels and production costs. 

Supply Chain Analysis Analyzing the banana supply chain helps identify stages where emissions 

and costs can be reduced, improving overall sustainability. 

Agricultural Machinery Efficiency Using energy-efficient machinery in banana farming reduces fuel 

consumption and 

emissions, contributing to cost savings and environmental benefits. 

Waste Management Practices Implementing effective waste management practices in banana 

production minimizes 

emissions and reduces costs associated with waste disposal. 

Food Waste Reduction Reducing food waste significantly lowers bananas' carbon footprint and 

improves farmers' economic returns. 

Environmental Policy Impact Understanding the impact of environmental policies on banana farming 

provides insights into how regulations can support sustainable practices 

and economic 

                         performance.  

 

a. The phases of LCA 

Life Cycle Assessment (LCA) systematically evaluates environmental impacts of products or processes through 

four core phases. First, study goals and boundaries are defined. Next, data on all inputs and outputs is collected 

(inventory analysis). The third phase assesses potential environmental impacts against established criteria. 

Finally, results are interpreted to identify improvements and recommend sustainable practices. This framework 

helps minimize environmental footprints and guides strategic decisions. 

i. Objective e scope of LCA 

This study analyzes the life cycle of banana production in the Tucuruí Lake region using LCA (Life Cycle 

Assessment), with a functional unit of 1,000 kg/hectare. The system covers soil preparation, harvesting, washing, 

packaging and transportation to consumer markets, as shown in Figure 6 ("Cradle-to-Grave" approach). The 

analysis excludes waste reuse and production loss phases, focusing on core production processes to assess 

environmental impacts and social benefits. 
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Figure 6 – Lifecycle of Bananas. 

 

Three types of products were investigated in the processing phase: the manufacturing of candy, banana chips, 

and banana flour. 

System limits 

The ¨boundaries¨ that lie within the system's scope refer to the stages of the process that form part of the 

evaluation (and whether or not they are part of the evaluation of the life cycle) and define how far the system 

will be studied. 

 

3.2.2. An Inventory Analysis 

Life Cycle Inventory (LCI) consists of subsystems of a wide range of data collected through interviews with 

banana producers, traders, and vendors in the region and by applying a form (Appendix 1). This inventory will 

consolidate primary information on processes and the distribution of banana suppliers into three properties: A, 

B, and C. 

 

3.2.3. A Life Cycle Impact Assessment (LCIA) 

This phase evaluates environmental impacts of banana cultivation and processing, building on previous 

agricultural studies. A model similar to Tucuruí Lake conditions was used to analyze water footprint, carbon 

footprint and emergy expenditure, following Ingwersen's (2012) pineapple cultivation approach. The assessment 

focused on energy consumption, carbon emissions and water use, excluding soil erosion, human toxicity and 

ecosystem toxicity. 

3.2.4. Interpretation of the life cycle assessment 

Based on the results and conclusions of the assessment of the life cycle and the extent to which the objectives 

of the studies were achieved, an evaluation was made here to determine if the properties studied can improve 

their farming techniques and if the impacts caused by their processes are different from those of other studies 

on LCA. 

 

II.Results and discussions 

This section presents a detailed analysis of banana production's economic, environmental, and 

operational performance on three farms. It explores key financial indicators (such as cost-benefit ratio, production 

efficiency, and profitability). It assesses ecological impacts (water and carbon footprints, emergy) to identify 
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opportunities for resource optimization and sustainable practices. The results highlight potential improvements 

in cultivation techniques, cost reduction, and, as a result, increased profitability. 

4.1 Study of economic viability 

Table 4 summarizes three banana-producing farms' cost, revenue, and profit data (A, B, and C). It details total 

production, selling price per kilogram, productivity per hectare, and expenses for inputs, energy, labor, and 

indirect costs, leading to each property's effective operating cost and total cost. This comparative view highlights 

the financial performance and cost-effectiveness of each unit. 

 

Table 4 – Cost, Revenue, and Profit Values of Properties A, B, and C 

 

Property A B C Total cost (US$) 

 Total production (kg) 120000 390000 302250 69817,84 

 Sale price (us$/kg) 0,9624 0,4679 0,3799 79718,62 

 Productivity (t/ha) 15000 57352 30250 20550,13 

 Inputs (US$) 4550,14 3710,16 2334,49  

 Energy (US$) 267,38 302,67 802,14  

 H/h (us$) 568,72 914,44 3935,83  

 Indirect costs (US$) 30442,01 29839,99 4727,27  

 Effective operational cost (US$) 39401,07 49955,88 15829,52  

 Total cost (US$) 69847,36 79790,25 20558,87  

 

Table 4 compares operational costs and production outputs across three banana farms. Property B leads in 

production (390,000 kg), followed by C (302,250 kg) and A (120,000 kg), with unit prices decreasing with scale 

(US$0.96 to US$0.38/kg). Property C shows higher labor costs (US$3,932) but lower energy expenditure, while 

A bears the highest overhead (US$30,441). Table 5 presents key financial indicators including operating 

cost/hectare, total revenue, safety margin and cost-benefit ratio, crucial for assessing economic viability. Precision 

agriculture strategies could optimize costs, particularly for smaller operations. 

Table 5 – Financial Indicators of Properties A, B, and C 

 

Property A  B  C 

Coe 1ha 2,302.75  2,542.29  2,345.00 

Total revenue 432000  682500  453750 

Revenue (1t/ha) 54000  100367,7  45375 

Total margin 432000 US$ 685500 US$ 435750 

Total cost of production 261229.12 69,847.36 298416 79,790 76866 

Leveling point 72563,64  170523,2  54131,27 

Gross profit 170771  384084  376884 

Safety margin -0,4  0,34  -0,83 

Cost benefit 0,6  1,34  0,17 

 

Total production costs were calculated using equations (1)-(4). Table 2 shows significant financial performance 

differences among the three properties. Property B has the highest operational cost/hectare (US$680.13) and 

total revenue (US$182,486), with a US$183,311 gross margin and 1.34 cost-benefit ratio, showing greater 

economic stability (positive 0.34 safety margin). In contrast, Properties A and C show negative safety margins (-

0.40 and -0.83) and lower profitability (0.60 and 0.17 BCR). Property C, despite lower revenue per ton 

(US$12,127), achieved the highest ROI (83%), surpassing the 34% reported by Araujo (2003) for similar crops. 

Break-even points ranged from 54,131 kg/ha (C) to 170,523 kg/ha (B), confirming economic viability across all 

production scales. 
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4.2. Calculation of water footprint 

 

 
 

Figure 7 - Total Water Footprint Values 

 

Figure 7 shows the green, blue, and gray water footprint values for each property analyzed. These values indicate 

the water consumption in banana production at each location, highlighting variations in water resource usage 

and identifying potential areas for improvement. 

The average regional water footprint is 134.20 m³ per ton of bananas (134.20 L/kg). Data reveals significant 

water use differences among properties: A (228,940 L/t), B (59,930 L/t) and C (113,710 L/t), reflecting variations 

in planted areas (8, 27.2 and 10 hectares) and yields (15,000, 57,352 and 30,250 kg/ha). Only Property B used 

artificial irrigation, with a recommended rainwater reuse system to reduce energy costs, based on Hoekstra's 

(2011) methodology and INMET data. 

4.3. Calculation of the carbon footprint 

The N₂O emissions associated with synthetic fertilizer use can be direct or indirect, resulting from nitrogen 

volatilization and leaching. The Second Brazilian Inventory of Anthropogenic GHG Emissions (MCTI, 2010) adopts 

an emission factor of 0.0275 for N₂O from fertilizers. Notably, banana cultivation has the highest fertilization 

rate per hectare among food crops, which increases its potential for N₂O emissions. 

 

Figure 8 shows the direct and indirect values contributing to each assessed property's carbon footprint. 

 

 
Figure 8 - Carbon footprint. 
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Carbon emissions were calculated based on: (1) annual diesel consumption (US$0.91/L, Petrobras 2018) 

with 2.63 kg CO₂/L emission factor - Properties A (US$2,394.12/year), B (US$2,086.63) and C (US$1,796.79); 

(2) plastic packaging (3.09 kg CO₂/kg); and (3) electricity (0.064 kg CO₂e/kWh, IEA 2011) for irrigation (B and 

C spend US$302.14-US$802.14/year). Values were normalized per ton of bananas produced. 

 

4.4 The emergy calculation 

Emergy consumption (Fig. 9) varies significantly: A (3.44×10¹⁷ seJ/year), B (4.29×10¹⁷) and C (8.27×10¹⁷), with C 

being 2.4×A and 1.9×B. Property A shows higher natural resource use, while B and C invest more in inputs and 

labor. Notably, C prioritizes fertilizers to ensure quality and productivity. 

 

Figure 9 - Emergy in Properties A, B and C. 

 

Comparative studies show significant differences in agricultural systems' energy performance. In banana 

cultivation, agroforestry systems demonstrate higher sustainability (68% renewability, ELR=0.46, EYR=3.2) 

compared to conventional methods (29% renewability, ELR=2.41, EYR=2.8) (Rodríguez et al., 2014). Analyses of 

other fruits reveal mangoes (40% renewability, ELR=1.55, EYR=3.0) perform better than avocados (22%, 

ELR=2.80, EYR=2.5) (Feitosa et al., 2021; Kuczuk & Pospolita, 2020). Figure 10 visually compares these indicators, 

highlighting agroforestry systems' superiority in reducing environmental impact and improving energy efficiency. 

Recent research confirms sustainable practices can significantly enhance ecological balance ("Efficient 

Management...", 2022; Vijayakumar et al., 2022). 

 

Figure 10 - Emergy Analysis of Different Cultivation Systems: Renewability, Environmental Impact, and 

Resource Efficiency 

 

4.5. Comparison with LCA studies 

The water footprint of bananas has become an increasingly significant topic due to the necessity for sustainable 

agricultural practices and global water scarcity. The total water footprint of a farming product comprises three 

primary components: green water (from rainfall), blue water (from irrigation), and gray water (needed to dilute 

pollutants). These elements differ based on geographical location, cultivation methods, and irrigation efficiency. 

To better understand this impact, four distinct graphs were created to analyze the water footprint of bananas 

in various regions and to compare them with other fruits. 
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The first horizontal bar chart (figure 11) compares the water footprint of bananas in different regions and years. 

In Ceará, Brazil (2009), the water footprint ranged from 998 to 1,107 m³/t, one of the highest recorded values 

(Oliveira, 2017). In Thailand (2009), the water footprint was 842.02 m³/t, consisting of 443.50 m³/t of green 

water and 398.52 m³/t of blue water (Rattanapan & Ounsaneha, 2020). In Tamil Nadu, India (2009), the value 

was 501 m³/t, lower than that of rice (2,173 m³/t) but higher than that of sugarcane (304 m³/t) (Ramachandran et 

al., 2022). The Canary Islands (2009) recorded one of the lowest values at 340.80 m³/t, demonstrating greater 

water use efficiency (Cruz-Pérez et al., 2022). The water footprint in Ecuador (2009) was 690 m³/t, while in the 

Present Work (2018), it was 135 m³/t, the lowest recorded value. This last figure indicates that more efficient 

agricultural methodologies can drastically reduce water use in banana production. 

 

 
 

Figure 11 - Comparison of the Water Footprint of Bananas by Region and Year 

 

The pie chart (fig. 12) shows the distribution of bananas' water footprint by region. It highlights that most water 

consumption is concentrated in Ceará and Thailand, while the Canary Islands and the present study have 

significantly smaller shares. This reinforces the idea that climatic factors and the use of efficient irrigation 

technologies are crucial in reducing banana production's water footprint. 

 

Figure 12 - Distribution of the Water Footprint of Bananas by Region 

 

The horizontal bar chart (fig.13) compares bananas' water footprint with other fruits. The apple (India, 2024) 

had the highest water footprint at 2,430 m³/t, due to its cultivation in temperate regions where irrigation is 

essential (Bhavana et al., 2024). The avocado (Canary Islands, 2009) showed a high consumption of 1,741.94 

m³/t, approximately five times higher than bananas in the same region, due to high irrigation needs and long 

growth cycles (Cruz-Pérez et al., 2022). The mango (Ridoutt et al., 2009) recorded 850 m³/t, an intermediate value 

between that of bananas and avocados. Oranges (Pimentel, 2009) had a water footprint of 600 m³/t, higher than 
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that of bananas in this study but lower than those of other tropical fruits. The most relevant finding is that in the 

Present Work (2018), the water footprint of bananas was only 135 m³/t, indicating a substantial difference 

compared to higher water-consuming fruits like apples and avocados. 

 

 

 

Figure 13 - Comparison of the Water Footprint of Bananas with Other Fruits 

 

The line chart (Fig 14) represents the trend of bananas' water footprint across regions. A significant peak is 

observed in Ceará and Thailand, where climatic conditions require more irrigation. Ecuador and Tamil Nadu had 

moderate values, while the Canary Islands and the present study indicated lower water consumption. This visual 

analysis reinforces the influence of local conditions and agricultural practices on water use efficiency. 

 

 

Figure 14 - Trend of the Water Footprint of Bananas by Region
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Bananas exceed the other fruit cultivars regarding water consumption in liters/kg. Thus, bananas need 13 

times more water than apples, studied by Blanke and Burdick (2009), 4.5 times more than Pimentel oranges 

(2009), and 1.6 times more than mangoes by Rideout et al. (2009). It should be noted that these cultivars also 

require a lot of water for their production. The complicated factor is that they were evaluated based on 

different criteria from those that were adopted in this study. 

When a comparison is made with this study, which had average emissions of 0.213 CO 2 eq./kg, the closest value 

found was that of the study of bananas by Lescot (2012), which was between 0.324 and 1.124 CO 2 eq./kg of 

emissions, as shown in Figure 15. 

 

 

Figure 15 - PC results published for Fruit products 

 

In the three properties studied, the bananas produced results of 0.062, 0.195, and 0.381 kg CO2—product eq./kg, 

respectively, for 1 kg of banana produced and a mean average of 0.214 kg CO2—product eq./kg. These results 

approximate the value of Lescot (2012) (Table 4) and the values of Mordini et al. (2011) in the study of apples. 

 

4.6. Economic viability of banana processing 

The estimate for running a banana processing company proved very attractive in terms of economic 

management, social income, and reuse of the fruit. Among the processes for utilizing fruit, it is worth highlighting 

banana candy, which was economically viable and made a profit of 48% on each kilogram produced; banana 

flour, with a 51% profit; and banana chips, with a profit of 6% on the by-products discussed earlier in this study. 

The investment showed a profit on all types of banana processing, as can be seen in Table 6: 

 

Table 6 - Profit from banana processing 

 Banana Sweet Banana Chips Banana Flour 

Production (kg/month) 176000 176000 176000 

Safety Margin (MS) 0,97 -0,27 -0,78 

Return Rate (TR) 0,51 1,37 4,58 

Value (USD) 210409,41 343698,82 1309082,35 

Expenses (month) (USD) 29657,51 19772,15 128795,73 

Revenue (month) (USD) 180751,90 323926,67 1180286,62 

Break-even Point (PN) (USD) 72136,94 16237,95 9412,61 

Calculated Break-even Point 

 

(USD)

  

35478,82 21057,48 144571,75 
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The banana processing cost analysis shows candy production has the highest total cost (US$1,330,399.06), 

followed by flour (US$963,088.06) and chips (US$887,094.06). Unit cost per kg reveals candy is most economical 

(US$4.40), versus US$7.07 for chips and US$13.00 for flour. However, flour offers the best contribution margin 

(US$13.95/kg), surpassing chips (US$7.67) and candy (US$1.71). Table 6 shows impressive monthly returns: 

137% for chips, 51% for candy and 45% for flour. Break-even points are quickly achieved: chips in under 1 month 

(60,729.92 kg), flour in under 1 month (35,203.16 kg) and candy in under 2 months (269,792.15 kg), proving the 

business's high profitability 

4.7. Improvements in the LCA process for bananas 

The LCA application to banana production in Tucuruí Lake identified key opportunities to enhance environmental 

and economic performance. Fertilizer management can be optimized with 15% application reduction through 

precision fertilization or organic alternatives to minimize nitrogen emissions and grey water footprint. Water 

management can be improved with rainwater harvesting systems to utilize wet season surplus (500-600 

mm/month) and meet dry season demand (30 mm/month), reducing irrigation costs. Internal logistics could cut 

CO₂ emissions by 30% by replacing tractors with cable or rail cart systems. Increasing planting density to 3,332-

5,000 plants/ha (2-2.7 m²/plant) may boost yields from 17.4 to 28.7 t/ha. Integrating processing (flour, candy, 

chips) into the production chain adds value and reduces waste, aligning with circular economy principles. 

Implementing these measures requires farmer training, infrastructure investment, and supportive public 

policies. 

 

III.Conclusion 

This study provided a comprehensive Life Cycle Assessment (LCA) and economic analysis of banana 

production in the Tucuruí Lake region, revealing key environmental and financial indicators that directly influence 

sustainability in smallholder farming systems. The average water footprint across the three properties studied 

was 

134.20 m³/t, with a notable range from 59.93 m³/t to 228.94 m³/t, reflecting differences in irrigation practices 

and rainfall dependence. The carbon footprint varied from 0.062 to 0.381 kg CO₂-eq/kg, with a mean of 0.214 kg 

CO₂- eq/kg, driven mainly by diesel use, fertilizer application, and electricity consumption for irrigation. The 

emergy dissipation reached up to 8.27×10¹⁷ seJ/year, particularly in systems with greater use of labor and 

external inputs. 

From the economic perspective, property B emerged as the most profitable, achieving a cost-benefit ratio 

of 1.34, a gross profit of US$ 384,084, and a positive safety margin of 0.34, indicating high financial resilience. In 

contrast, while showing the lowest total cost, property C had the highest labor burden and a cost-benefit ratio 

of only 0.17, highlighting the risks of scale limitations and inefficiencies in resource allocation. The study also 

confirmed that value-added banana processing is economically viable, with banana flour achieving a 51% return, 

banana chips 137%, and banana candy 45%, with breakeven points achievable in less than two months of 

production. 

The findings reinforce the necessity of adopting sustainable practices, such as rainwater harvesting for 

irrigation, reduced synthetic fertilizer use, efficient logistics, and the integration of agro-industrial activities to 

promote verticalization. These strategies reduce environmental impacts and significantly increase profitability 

and social inclusion. Moreover, implementing circular economy principles, including using banana residues for  

energy or bio-based materials, opens new avenues for innovation in Amazonian agriculture. 

Public policy support is essential to unlocking this potential. Governmental actions should include 

financial incentives, technical assistance, LCA and cost-control training, and infrastructure investment to ensure 

competitiveness and sustainability. Since the Tucuruí Lake region hosts one of Brazil’s largest banana-producing 

municipalities (Novo Repartimento), prioritizing this area in agricultural development programs could generate 

regional economic growth while preserving ecological balance. 

Future studies should expand the LCA scope to include the environmental impact of banana by-products, 

explore renewable energy integration in irrigation and processing, and simulate different agroforestry models 
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to evaluate synergies between biodiversity and productivity. The convergence of environmental, economic, and 

social dimensions highlighted in this study positions banana farming as a strategic vector for sustainable 

development in the Brazilian Amazon. 
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