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Abstract

:

Knowing the energy balance in agricultural systems is essential for a holistic understanding of sustainability, productivity and economic return. The aim of this study was to estimate the cumulative energy demand (CED), greenhouse gas (GHG) emissions and carbon footprint in industrial potato and tomato production systems in the Southeast region of Brazil, identifying mitigation strategies in different scenarios. The Life Cycle Analysis methodology was used, and two functional units were defined: one hectare of cultivation and one kilogram of vegetable produced. The CEDs for tomato and potato production were 59,553.56 MJ ha–1 (or 0.54 MJ kg–1) and 57,992.02 MJ ha–1 (or 1.45 MJ kg–1), respectively. The GHG emissions were 5425.13 kg CO2 eq ha–1 for potato production and 5270.9 kg CO2 eq ha–1 for tomato production, resulting in carbon footprints of 0.135 and 0.042 kg CO2 eq kg–1, respectively. Fertilizers, diesel and pesticides were the main contributors to CED and GHG emissions. Thus, in order to achieve greater sustainability in the production of these vegetables and mitigate the impacts on the environment generated by the high demand for energy and GHG emissions, it is necessary to replace synthetic fertilizers with organic sources, chemical pesticides with biological pesticides, diesel with biodiesel or the use of electric vehicles and tractors, resulting in reductions of up to 39 and 52% in the GHG emissions for potatoes and tomatoes, respectively.
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1. Introduction


Energy, in its different forms, is present in practically every product and service sector and is essential for humanity. Nowadays, the efficient use of energy is directly related to sustainability issues in the production sectors, especially in agriculture [1]. Knowing the balance between energy input and output in agricultural systems is essential for a holistic understanding of productivity, economic return and sustainability, allowing the sector to adapt to the use of clean energy sources, thereby reducing the impact of climate change [2,3].



Greenhouse gas (GHG) emissions are the main cause of global warming, and the Brazilian agricultural sector is responsible for 27% of Brazil’s GHG emissions [4]. Among agricultural products, vegetables belong to a sector that reflects the significant growth of agriculture in recent years, consequently increasing the intensive use of inputs such as fertilizers, pesticides, fuel and electricity, which contribute, both directly and indirectly, to the GHG emissions associated with this production sector [5,6]. It is, therefore, imperative to understand vegetable production systems from the point of view of energy and associated GHG emissions, with a view to optimizing the use of natural resources and minimizing the sector’s impacts [1].



Studies evaluating energy input, output and GHG emissions in vegetable production systems have been carried out in various countries, including studies on potato [1,2,7] and tomato crops [8,9]. In a study conducted by Pérez Neira et al. [9] to evaluate the cumulative energy demand for table tomato production in Almeria, Spain, the authors demonstrated that diesel, natural gas and electricity were the main contributors to the CED. Similarly, Khoshnevisan et al. [10] and Bolandnazar et al. [1], while assessing energy use in potato production in Iran, estimated values of 83,723 MJ ha⁻1 and 84,309 MJ ha⁻1, respectively; in both studies, the authors found that irrigation (electricity) and fertilizers were the primary contributors. Evaluating the CED for open-field tomato production in Iran, Zarei et al. [11] reported values ranging from 1.2 to 2.6 MJ kg⁻1 and concluded that diesel use was the main contributing source. Assessing the impact of greenhouse tomato cultivation systems in Greece and Germany, Ntinas et al. [12] reported values ranging from 7.6 to 58.7 kg CO2 eq m⁻2 (equivalent to 76 to 587 t CO2 eq ha⁻1) under different scenarios, with electricity and natural gas consumption being the main contributors. In California, USA, Winans et al. [13] used Life Cycle Analysis (LCA) to estimate the impacts of processing tomato production, reporting a carbon footprint of 0.16 kg CO2 eq per kilogram of tomatoes. The primary emission sources were natural gas used in greenhouse heating systems and electricity consumed by irrigation systems. In Sicily, Italy, Timpanaro et al. [14], employing the LCA methodology, estimated emissions of 9385 kg CO2 eq ha⁻1 for conventional potato production, with synthetic fertilizers being the main emission source. According to Pishgar-Komleh et al. [15], such studies are fundamental to achieving sustainability in the vegetable production process and must consider the compatibility between economic, environmental and social aspects. To achieve this goal, Life Cycle Analysis (LCA), a methodology defined by the International Organization for Standardization [16,17], has been the main evaluation tool used, as shown by some studies [11,13,15,18,19,20,21].



Brazil is one of the main producers of vegetables in the world [22], with potatoes and tomatoes for industry being two of the main vegetables produced in the country. In the literature, no studies were found using LCA to assess the cumulative energy demand and the impact of GHG emissions from these vegetables in the country. In addition, studies carried out in other countries do not reflect the Brazilian reality, since approximately 83% of the Brazilian electricity matrix is based on renewable energy sources [23], unlike other countries, which mostly use fossil energy sources. Therefore, determining the GHG emissions using the LCA method is a key factor in evaluating the impact of a production system on global warming and climate change. It plays a significant role in efforts to mitigate global warming caused by food production [15].



In view of factors such as consumer demand for products with a high standard of quality, the scarcity of natural resources, and the need to achieve the goals proposed by the United Nations for sustainable development, among which are the sustainable development of agriculture, environmentally responsible consumption and production and climate action [24], the objectives of this study were to: (1) estimate the cumulative energy demand (CED) in intensive potato and tomato production systems for industry, (2) estimate greenhouse gas emissions and carbon footprint in these systems and (3) identify strategies for reducing the demand for energy use and mitigate greenhouse gas emissions associated with the production of these vegetables in different production scenarios.




2. Materials and Methods


2.1. Characterization of Tomato and Potato Production Areas


In the states of Minas Gerais and São Paulo, respectively, the production of potatoes and tomatoes for industry is intensive and mechanized. The area occupied by potato crops in the state of Minas Gerais, the largest potato-producing state in Brazil, is approximately 38,799 hectares, producing over 1.3 million tons, while in the state of São Paulo, tomato cultivation occupies approximately 11,475 hectares, producing over 850 thousand tons, making it the second-largest tomato-producing state [25]. As important potato and tomato growing centers, these regions offer a unique opportunity to study the environmental impacts of intensive agriculture, being essential for advancing sustainable agricultural practices and addressing the growing challenges of food security in the context of climate change. According to Köppen’s classification, the climate of the area is classified as Aw (megathermal: tropical with rainy summers and dry winters), with average temperatures between 14 and 31 °C. The rainy season is between October and April, and the dry season is between May and September.




2.2. Life Cycle Analysis—Functional Units and System Boundaries


The Life Cycle Analysis (LCA) methodology, described in ISO 14040 and 14044 [16,17], was used to assess greenhouse gas (GHG) emissions, carbon footprint and cumulative energy demand (CED) in the intensive potato and tomato production system for industry, in the states of São Paulo and Minas Gerais, Brazil.



The functional unit (FU) is used to standardize the system’s input data, allowing comparison between different products and services [17]. Two functional units were chosen to represent the impact of GHG emissions and CED, defined as follows: one hectare (ha) of cultivation and one kilogram (kg) of fresh vegetables produced.



The boundaries established for the study cover the agricultural phase of vegetable production, transportation from the cradle to the processing industry and the manufacture of inputs. Three phases of the system were characterized (Figure 1): Phase (1) Agricultural production. This phase quantified the direct GHG emissions caused by the application of fertilizers (N fertilizer and liming) and the use of fuel (diesel) in the operations carried out during the cultivation of the vegetables, and the CED directly associated with the fuel (diesel) and electricity consumed by the irrigation system; Phase (2) Transportation. In this phase, GHG emissions and the CED originating from burning fuel (diesel) in the transportation of inputs and materials to the farm, and from the tomato harvest to the processing industry, were quantified; Phase (3) Input manufacturing. In this phase, the GHG emissions and CED originating from the manufacture (off the farm) of fertilizer inputs (N, P, K, limestone and gypsum), pesticides (insecticides, herbicides and fungicides), fuels (diesel), material for the structure of the irrigation system and energy consumed in the system, machinery and seedling production were quantified.




2.3. Life Cycle Analysis Inventory–Data Collection


Data and information on the relevant inputs and outputs of potato and tomato production systems (inputs used, operations carried out during the production year and yield) were collected by means of a questionnaire and interviews with technical production managers on farms in the states of Minas Gerais and São Paulo. Potato production was assessed on a 10,500-hectare property, of which 4000 hectares were used to produce this vegetable. For tomatoes, data were obtained from five properties, covering a total area of 783 ha, with 172 ha per year destined for industrial tomato production. For both crops, the data corresponded to the 2020/2021 growing year (Table 1).



The crop rotation system is used on all the properties, with soybeans being planted before tomatoes, and corn, millet and Brachiaria before potatoes. Soil tillage for potato and tomato planting was carried out conventionally, using plowing, harrowing, subsoiling and a leveling roller. Both vegetables are cultivated using chemical pesticides (herbicides, fungicides and insecticides). Harvesting is carried out mechanically and all production is used in the industry for the production of fries and tomato products.




2.4. Life Cycle Impact Analysis


2.4.1. Cumulative Energy Demand Indicators


The aim of evaluating energy use is to quantify its efficiency in the system, with a view to offering sustainable solutions to the system’s demand for energy consumption [26]. Thus, energy input into the system was classified as renewable or non-renewable. Renewable energy includes electricity (hydroelectric) consumed in the irrigation system and the energy incorporated in the production of seedlings, while non-renewable energy includes energy from fossil sources and incorporated in the production of fertilizers, pesticides, fuel (diesel), machinery and infrastructure of the irrigation system.



CED was calculated using the factors established by Aguilera et al. [27], a database that includes the direct and indirect accumulation of energy associated with the main agricultural inputs at the maximum level of disaggregation, based on a historical evaluation series between 1930 and 2010, and other specific coefficients (Table 2 and Table 3). The CED values were calculated according to Equation (1) and standardized in mega Joule (MJ) of energy. The energy output of the system was calculated by converting the total yield (marketable and non-marketable) (TY, kg ha−1) of the vegetables into energy, using the conversion factors according to TACO [28], equal to 0.64 and 2.69 MJ kg−1 for tomatoes and potatoes, respectively (Equation (2)). In addition, the net energy rate was calculated, which represents the energy balance of the system and the return on energy invested (EROI), using Equations (3) and (4), respectively:


CED = ∑ Input(j) × β(j) × AC



(1)






Energy output = TY × αb



(2)






Net Energy = Energy output − CED



(3)






EROI = ((Energy output − CED)/CED) × 100



(4)




where CED = cumulative energy demand in the system (MJ ha−1); j = input described in Table 1 (unit ha−1 or kg−1); β(j) = equivalent energy coefficient (MJ unit−1); AC = depreciation coefficient based on the year of life of the input (dimensionless), if applicable; Energy output = total energy produced by the system in the form of economically valuable biomass (MJ ha−1); TY = total yield (kg ha−1) (average used in the calculations equal to 110,800 kg ha–1 of tomato and 40,000 kg ha–1 of potato); αb = conversion coefficient of vegetable biomass into energy (MJ kg−1); Net Energy = net energy balance of the system (MJ ha−1); EROI = return on energy investment (%), adopted from Pérez Neira et al. [9].




2.4.2. GHG Emissions Indicators


GHG emissions were calculated using factors associated with the inputs, materials and energy used at each stage of the production process, in accordance with the limits established in this study (Table 2 and Table 3). The methodology of the Intergovernmental Panel on Climate Change [29] and, in some cases, specific local factors (Tier 2) were used. The total GHG emitted was calculated in terms of carbon equivalent (CO2 eq), using the global warming potential of CO2, CH4 and N2O equal to 1, 28 and 265, respectively, over a given period of 100 years [30], according to the following Equation (5). The carbon footprint for the production of one kilogram of potatoes and tomatoes was calculated using Equation (6):


GHGtotal = ∑ Input(j) × EF(j) × AC



(5)






CF = GHGtotal/TY



(6)




where GHG total = total GHG emissions in the system kg CO2 eq ha−1; j = input as described in Table 1 (unit ha−1 or kg−1); EF(j) = emission factor (kg CO2 eq unit−1); AC   =   depreciation coefficient based on the year of life of the input (dimensionless), if applicable; CF = carbon footprint (kg CO2 eq kg−1 potato or tomato); TY = total potato or tomato yield (kg ha−1  )  .





 





Table 2. Energy equivalence coefficients (β(j)) and greenhouse gas (GHG) emission factors (E.F.) used to calculate EDC and GHG in Phases 1 and 2 of this study.






Table 2. Energy equivalence coefficients (β(j)) and greenhouse gas (GHG) emission factors (E.F.) used to calculate EDC and GHG in Phases 1 and 2 of this study.












	Input
	Unit
	      β   ( j )      
	E.F.

(kg CO2 eq unit−1)
	Reference





	Phase 1
	
	
	
	



	N fertilizer
	
	
	
	



	 N application
	kg N
	–
	4.24
	[30]



	 N leaching
	kg N
	–
	0.70
	[30]



	 N volatilization
	kg N
	–
	0.56
	[30]



	Urea
	kg
	–
	0.73
	[29]



	Lime
	kg
	–
	0.48
	[29]



	Diesel (tractor)
	L
	56.8
	2.603
	[27,31]



	Electricity
	kWh
	3.6
	–
	-



	Phase 2
	
	
	
	



	Diesel (Transportation)
	L
	56.8
	2.603
	[27,31]










 





Table 3. Energy equivalence coefficients (β(j)) and greenhouse gas (GHG) emission factors (E.F.) used to calculate EDC and GHG in Phase 3 of this study.






Table 3. Energy equivalence coefficients (β(j)) and greenhouse gas (GHG) emission factors (E.F.) used to calculate EDC and GHG in Phase 3 of this study.












	Input
	Unit
	β(j)

(MJ unit−1)
	E.F.

(kg CO2 eq unit−1)
	Reference





	Phase 3
	
	
	
	



	N fertilizer
	kg N
	51.82
	3.97
	[27,32]



	P fertilizer
	kg P2O5
	12.44
	1.13
	[1,32]



	K fertilizer
	kg K2O
	11.15
	0.71
	[32]



	Lime
	kg
	1.16
	0.01
	[32,33]



	Gypsum
	kg
	1.31
	0.03
	[34,35]



	Fungicide
	kg a.i.a
	173–397
	11.94–27.39
	[36]



	Insecticide
	kg a.i.a
	57.8–580
	3.99–40.02
	[36]



	Herbicide
	kg a.i.a
	201–400
	13.87–27.6
	[36]



	Diesel
	L
	–
	0.581
	[32]



	Machinery
	kg
	122.4
	8.45
	[27] adapted



	Electricity—generation
	MJ
	0.05
	0.102
	[27,37]



	Structure irrigation b
	kg
	32.2–60
	1.06–3.1
	[27,38]



	Tomato seeds c
	kg
	32.2–58.5
	1.8–5.1
	[27,38]



	Potato seeds
	kg
	1.6
	0.16
	the authors







a Active ingredient; b Materials considered in the calculations were galvanized steel, iron, polyvinyl chloride (PVC) and polystyrene rubber; c Materials used to produce the seedlings: polypropylene trays, plastic film and greenhouse steel.













2.5. Depreciation


In the machinery depreciation calculations, the life cycles of 20 years for tractors and 10 years for equipment (plow, harrow, grader, fertilizer spreader, harvester, etc.) were considered (Table 1). As for the irrigation system, based on information from manufacturers, the weight of a center pivot system was sized to be sufficient to irrigate an area of 91 hectares. The life cycles were 20 years for the steel structure, 10 years for the gear motor and motor pump, 5 years for the polyvinyl chloride (PVC) pipes used in the water main and 10 years for the polystyrene rubbers used in the electrical coverings (Table 1). With regard to the materials used in the greenhouse to produce the tomato seedlings, the life cycle used in amortization was 40 years for the steel structure and 3 years for the polyethylene film covering the roof and the polypropylene film on the sides of the greenhouse (Table 1).




2.6. Mitigation Scenarios


After calculating GHG emissions, three mitigation scenarios were drawn up to reduce GHG emissions associated with the use of synthetic N fertilizer, pesticides and diesel/machinery. The scenarios were defined as follows: Scenario 1 (C1)—replacing synthetic N fertilizer with organic N (cattle manure or crop rotation) and chemical pesticides with biological ones; Scenario 2 (C2)—replacing synthetic N fertilizer with organic N (cattle manure or crop rotation), chemical pesticides with biological ones and diesel/machinery with electric tractors; Scenario 3 (C3)—replacing synthetic N fertilizer with organic N (cattle manure or crop rotation), chemical pesticides with biological ones and diesel with biodiesel.



GHG emissions associated with organic N fertilizer and biological pesticides were calculated using emission factors according to IPCC [30] and adapted by Cech et al. [39], respectively. To replace the diesel tractor/machinery with an electric tractor and diesel with biodiesel, the respective studies of Lagnelöv et al. [40] and Canabarro et al. [41] were used. According to Lagnelöv et al. [40], the use of electric tractors has the potential to reduce GHG emissions by 65% compared to combustion tractors, and according to Canabarro et al. [41], the replacement of diesel with biodiesel in Brazil would reduce GHG emissions by around 66.8%.





3. Results


According to the limits established in this study, the average cumulative energy demands (CED) for tomato and potato production in an intensive system were, respectively, 59,553.56 MJ ha−1 or 0.54 MJ kg−1 for tomatoes and 57,992.02 MJ ha−1 or 1.44 MJ kg−1 for potatoes (Table 4). The highest energy consumption occurs in the input and material manufacturing phase (phase 3), contributing around with 35,747.16 MJ ha−1 for tomatoes and 35,377.11 MJ ha−1 for potatoes, which represent around 60% of the total demanded by the crops. In the agricultural phase (phase 1), the energy consumptions were 20,463.72 and 21,578.31 MJ ha−1 for tomato and potato production, respectively, and the lowest consumptions were observed in the transportation phase (phase 2), with values equal to 3342.68 MJ ha−1 for tomatoes and 1036.60 MJ ha−1 for potatoes (Table 4). The consumption of non-renewable energy by tomato (52,825.08 MJ ha−1) and potato (48,149.94 MJ ha−1) crops was higher than the consumption of renewable energy, 6728.49 and 9842.09 MJ ha−1 for tomatoes and potatoes, respectively (Table 4).



When analyzing the energy output of the production systems, it was observed that potatoes produced more energy, around 107,600.00 MJ ha−1, while tomatoes produced around 70,912.00 MJ ha−1. Consequently, the net energy rate of the potato production system, 49,824.95 MJ ha−1, was higher than that of tomatoes, 11,592.10 MJ ha−1 (Table 4). Potato cultivation provided 86.24% return on the energy invested and tomato cultivation, 19.54% (Table 4).



Regarding the contribution of each input to the energy consumption of the crops evaluated, the use of fertilizers and limestone, plus nitrogen and other fertilizers (P, K and correctives), had the largest share, contributing with 36.2 and 34.3% of the CED for potatoes and tomatoes, respectively (Figure 2). Fuel consumption (diesel) contributed approximately 32% of the CED for both vegetables. Plant protection products ranked third (9.6% for potatoes and 14% for tomatoes), followed by seedling production (9.1% for potatoes and 3.1% for tomatoes), irrigation (electricity and energy incorporated into the structure) (8.7% for potatoes and 9% for tomatoes) and machinery (4.9% for potatoes and 7.1% for tomatoes), which alternated between the fourth and fifth largest contributors to the CED, according to the crop under analysis (Figure 2).



As for GHG emissions associated with inputs, materials and fuel, it can be seen that potato production emitted an average of 5425.13 kg CO2 eq ha−1, while tomato production emitted 5270.9 kg CO2 eq ha−1. Indirect GHG emissions associated with the manufacture of inputs and materials (phase 3) were the largest contributors (3202.11 and 2757.72 kg CO2 eq ha−1 for potatoes and tomatoes, respectively), followed by emissions in the agricultural (Phase 1) and transportation (Phase 2) phases (Table 4). The carbon footprint for potato production was 0.136 kg CO2 eq kg−1 and, for tomato production, 0.042 kg CO2 eq kg−1.



Regarding the contribution of each GHG emitting source associated with the production of the crops evaluated, it was observed that nitrogen fertilizers were the main contributors, accounting for 39.2 and 44.4% of the total emitted in potato and tomato production, respectively (Figure 3). This was followed by the use of fuel (diesel) (18.9% for potatoes and 20.3% for tomatoes), the use of other fertilizers (P and K) and correctives (limestone and gypsum) (19.8% for potatoes and 13.8% for tomatoes) and the use of pesticides (7.1% for potatoes and 11.3% for tomatoes).



With regard to the scenarios designed to mitigate GHG emissions, Scenario 2 (3336.4 and 2509.6 kg CO2 eq ha−1 for potatoes and tomatoes, respectively) was the one that led to the greatest reduction in GHG emissions compared to actual production conditions (5425.1 and 5270.9 kg CO2 eq ha−1 for potatoes and tomatoes, respectively). In Scenario 1, total GHG emissions would be 4132.2 and 3398.2 kg CO2 eq ha−1 for potatoes and tomatoes, respectively, and, in Scenario 3, they would be 3447.9 kg CO2 eq ha1 for potatoes and 2681.8 kg CO2 eq ha−1 for tomatoes (Figure 4).




4. Discussion


According to the results obtained in this study, it is possible to suggest some agricultural practices to be adopted with a view to sustainability in intensive industrial potato and tomato production systems, in relation to reducing CED, the use of renewable energy sources and GHG emissions. By replacing synthetic N fertilizer with organic N fertilizer, chemical pesticides with biological ones and diesel tractors with electric tractors or diesel tractors with biodiesel, GHG emissions can be reduced by 36 to 39% in the potato planting system and 49 to 52% in the tomato planting system, as suggested in Scenarios 2 and 3 (Figure 4). In addition, the practices suggested in Scenarios 1, 2 and 3 promote the use of inputs and fuel from renewable energy sources, which would significantly reduce dependence on fossil energy sources, since potato and tomato production depends on approximately 83% and 89%, respectively, of non-renewable energy (Table 4). These farming techniques that reduce greenhouse gas emissions are aligned with global climate goals, such as the Paris Agreement and the UN Sustainable Development Goals, enabling the integration of climate-smart strategies into national agricultural frameworks.



When evaluating the energy use of potato production in Iran, Bolandnazar et al. [1] calculated values of 84,309 MJ ha−1, and Khoshnevisan et al. [10] estimated values of 83,723 MJ ha−1. In both studies, the authors found that irrigation (electricity) and fertilizers were the main contributors. Pérez Neira et al. [9] found that the cumulative energy demand for table tomato production in Almeria, Spain, is equal to 246.4 × 103 MJ ha−1 (equal to 246,400 MJ ha−1), with electricity use being the main contributor. Unlike these results, in this study, irrigation (electricity and structure) accounted for approximately 9% of energy consumption, which is mainly related to the differences in the energy and water matrices between Brazil and Iran. While, in Asian countries, it is necessary to pump water over long distances and, in Spain, fossil energy sources are mostly used, in Brazil, the water resources are close to the cultivation site, and around 83% of the Brazilian electricity matrix is based on renewable energy sources [24].



Khoshnevisan et al. [10] calculated that the CED for producing one kilogram of potatoes in Iran ranges from 2.24 to 5.2 MJ kg−1, and Pishgar-Komleh et al. [7] estimated values between 1.7 and 2.7 MJ kg−1. The values calculated in this study were 1.42 to 1.48 MJ kg−1 (Table 4). This variation is directly related to potato yield, with an average of 21 t ha−1 in the studies cited, while the average yield used in the calculations of the present study was 40 t ha−1, since the CED values per hectare between the studies cited and the present study were similar. The same relationship with yield can be considered for tomatoes, as Karakaya and Özilgen [42] calculated 2412.8 MJ t−1 (equal to 2.4 MJ kg−1) for tomato production in Spain, and Zarei et al. [11] report values between 1.2 and 2.6 MJ kg−1 for tomato production in open fields in Iran, while in the present study, the calculated values were 0.46 to 0.57 MJ kg−1. In addition, these variations are also related to the differences between the electrical matrices of the countries mentioned compared to Brazil.



As for the carbon footprint, Clavreul et al. [43] calculated 51 kg CO2 eq t−1 (0.051 kg CO2 eq kg−1 of tomatoes) for open-field tomato production in Spain, and Pishgar-Komleh et al. [44] estimated values ranging from 0.1 to 0.4 kg CO2 eq kg−1 of tomatoes produced in Iran, values close to those determined in this study (Table 4). However, when evaluating the carbon footprint for tomato production in Florida, USA, Jones et al. [45] estimated values ranging from 0.19 to 0.27 kg CO2 eq kg−1 of tomatoes, with irrigation and the use of N fertilizers being the main contributors. For potato production, Khoshnevisan et al. [10] calculated a carbon footprint of 1.6 kg CO2 eq kg−1, with fertilizers accounting for 34% of the carbon footprint, as in the present study, where fertilizer use, especially nitrogen, was the main contributor (Figure 3). Therefore, the replacement of synthetic N fertilizers with organic N sources proposed in Scenarios 1, 2 and 3 of this study (Figure 4) is one of the main practices needed to reduce GHG emissions and, consequently, the carbon footprint in intensive tomato and potato production systems.



It is important to note that the results obtained in this study are subject to the uncertainties common in this type of study, due to the limits established and coefficients used in the calculations (Tiers 1, 2 or 3) [46], highlighting the importance of carrying out local studies aimed at understanding and proposing sustainable alternatives for CED, GHG emissions and the carbon footprint of potato and tomato production, such as those proposed in Scenarios 1, 2 and 3 of this study (Figure 4). Furthermore, due to the limited research on the impacts of potato and tomato production in Brazil, it is currently impossible to make broader projections regarding the potential contribution of the vegetable sector to Brazil’s proposed GHG emission reduction targets, underscoring the need for further studies.




5. Conclusions


The results obtained in this study showed that fertilizers, especially nitrogenous fertilizers, diesel and pesticides are the main sources contributing to the cumulative energy demand and GHG emissions associated with the production of potatoes and tomatoes for industry in Southeastern Brazil. The way to reduce the cumulative energy demand and mitigate the GHG emissions associated with the production of these vegetables is to replace synthetic fertilizer inputs with organic sources, replace chemical pesticides with biological ones, and replace diesel and machinery with electric or biofuel-powered vehicles and tractors in the near future. The cumulative energy demand for the production of potatoes and tomatoes from non-renewable sources is evaluated to be around 83% and 89%, respectively, and replacing these sources with renewable sources is essential for the sustainability of potato and tomato production in Brazil. These sustainable practices provide pathways to mitigate the environmental impact of intensive potato and tomato production systems and ensure that agricultural practices are aligned with global efforts to limit temperature increases under the Paris Agreement and contribute to the achievement of the United Nations Sustainable Development Goals (SDGs).
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Figure 1. Flowchart for assessing the cumulative energy demand (CED), greenhouse gas (GHG) emissions and carbon footprint of intensive potato and tomato production during one agricultural year. 
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Figure 2. Percentage contribution of each input, material and fuel to the cumulative energy demand (CED) for potato and tomato production in an intensive cultivation system. 
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Figure 3. Percentage contribution of each input, material and fuel to total greenhouse gas (GHG) emissions for potato and tomato production in an intensive cultivation system. 
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Figure 4. Real condition (CR) of greenhouse gas (GHG) emissions and scenarios (C1—replacement of synthetic N fertilizer with organic sources and chemical pesticides with biological ones; C2—replacement of synthetic N fertilizer with organic sources, chemical pesticides with biological ones and diesel/machinery with electric tractors; and C3—replacement of synthetic N fertilizer with organic sources, chemical pesticides with biological ones and diesel with biodiesel) of alternatives proposed for mitigating emissions associated with the main emission sources used in the production of potatoes and tomatoes, in an intensive cultivation system. 
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Table 1. Average values of inputs and materials used in potato and tomato production in an intensive system.






Table 1. Average values of inputs and materials used in potato and tomato production in an intensive system.












	Source
	Characteristics
	Unit
	Tomato
	Potato





	Machinery a
	
	
	
	



	
	Tractors (90 to 210 hp), plows, subsoilers, harrows, fertilizers, sprayers and harvesters.
	kg ha−1 year−1
	447.7
	592.0



	Fertilizers
	
	
	
	



	N fertilizer (N)
	Urea, Calcium Nitrate, MAP, NPK
	kg ha−1 year−1
	233.40
	184.62



	P fertilizer (P2O5)
	MAP, NPK
	kg ha−1 year−1
	319.40
	541.63



	K fertilizer (K2O)
	Potassium chloride, NPK
	kg ha−1 year−1
	322.80
	327.63



	Limestone
	Dolomitic limestone
	kg ha−1 year−1
	641.67
	301.35



	Gypsum
	Agricultural gypsum
	kg ha−1 year−1
	-
	528.00



	Pesticides
	
	
	
	



	Herbicides (i.a) b
	Metribuzim, Triazinona, etc.
	kg ha−1 year−1
	0.58
	1.39



	Fungicides (i.a) b
	Copper oxychloride, mancozeb, etc.
	kg ha−1 year−1
	41.87
	21.91



	Insecticides (i.a) b
	Acephate, Formentanate hydrochloride, etc.
	kg ha−1 year−1
	4.49
	3.43



	Fuel
	
	
	
	



	Fuel for tractor
	Diesel used in tractor operations
	L ha−1 year−1
	278.00
	303.50



	Fuel for transportation
	Diesel used in transport operations
	L ha−1 year−1
	58.85
	18.25



	Electricity
	Electricity consumed by the irrigation system
	kWh ha−1 year−1
	1298.14
	1205.42



	Irrigation structure
	
	
	
	



	Steel c
	Galvanized steel used in the system structure
	kg
	10,499.27
	10,499.27



	Iron c
	Iron used in gearmotor and motor-pump assemblies
	kg
	110.16
	36.72



	PVC c
	PVC pipes used to assemble the pipeline
	kg
	1652.61
	1652.61



	Rubbers c
	Polystyrene rubbers used to cover electrical wiring
	kg
	1180.50
	1180.50



	Seedling
	
	
	
	



	Seedling trays
	Polypropylene trays
	kg ha−1 year−1
	26.68
	-



	Steel c
	Galvanized steel used in the structure of the greenhouse
	kg
	3500.00
	-



	Polyethylene c
	Plastic used in the greenhouse
	kg
	160.00
	-



	Seed potatoes
	Seed potato production
	kg ha−1 year−1
	-
	3303.50







a The values correspond to the weighted average of the weight of tractors (20-year amortization) and equipment (10-year amortization); b Active ingredient; c Values not amortized.













 





Table 4. Cumulative energy demand (CED), energy balance, greenhouse gas (GHG) emissions and carbon footprint of potato and tomato production in an intensive cultivation system.
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Energy

	
Tomato

	
Potato




	
Max.

	
Med.

	
Min.

	
Max.

	
Med.

	
Min.






	
Phase 1 (MJ ha–1)

	
22,324.14

	
20,463.72

	
17,864.90

	
22,281.32

	
21,578.31

	