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Introduction: The agri-food sector has been identified as one of the most 
significant contributors to environmental degradation and emissions. Thus, in 
order to respond to the societal demand for cleaner and greener products, 
in recent years, the food industry has been striving to identify and apply more 
sustainable practices to minimize the negative impact on the environment. 
Within the agri-food sector, one of the industries requiring efforts to mitigate its 
environmental footprint is the tomato processing industry, which represents an 
important industry within the Italian industrial food processing sector. Efficient 
utilization of resources and adoption of innovative methods in the production 
lines of the tomato processing industry can be envisaged as strategic measures 
to increase sustainability. This study aims to discuss the results of the case study 
in which an Italian tomato processing company has been analyzed by applying 
the LCA methodology.

Method: Foreground data were obtained from the tomato processing facility 
located in southern Italy, and Ecoinvent database was the source of background 
data. The assessment was carried out by SimaPro software using ReCiPe 2016 
(V1.03). The feasible conservation strategies in the production line have been 
evaluated through water-energy nexus simulation by SuperPro Designer® 
before the implementation, and different scenarios have been evaluated by 
SimaPro to decrease the environmental load.

Results and conclusion: This study demonstrates that the production of 1  kg 
of peeled tomatoes and tomato puree leads to greenhouse gas emissions 
of 0.083  kg CO2 eq and 0.135  kg CO2 eq, respectively. A deeper analysis to 
evaluate the contribution of the different tomato processing stages indicated 
that the thermal units are the main ones responsible for adverse effects on 
the environment, and any improvement in their performance can be seen as 
an unmissable opportunity. The conservation strategies identified resulted in 
considerable water (23.4%), electricity (14.7%), and methane (28.7%) savings 
and, consequently, in 16 and 19% reduction of global warming potential in 
peeled tomato and tomato puree production lines, respectively. These findings 
provide new insights for tomato processing companies wishing to adopt more 
sustainable processing practices, reducing their environmental impact to a 
considerable extent and improving their economic performance.
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1 Introduction

The agri-food sector plays a crucial role in global greenhouse gas 
(GHG) emissions, contributing to approximately 25% of the total 
emissions worldwide (Reavis et al., 2022). In Europe (EU-25), the 
agricultural sector is responsible for approximately 10–12% of global 
GHG emissions, while the food industry as a whole accounts for over 
20% of all GHG emissions (Bevilacqua et al., 2007; Garnett, 2011). 
Additionally, the food processing sector contributes significantly to 
environmental burdens, with 20–30% of the global warming, ozone 
formation, and acidification and over 50% of eutrophication 
(European Commission, 2006). The impact of the agri-food sector 
extends beyond greenhouse gas emissions, encompassing considerable 
resource consumption as well. According to the EU Commission’s 
communication, the food and drink industry alone contributes to 28% 
of resource consumption in Europe (European Commission, 2011).

Thus, reducing the impacts of the agri-food sector is one of the 
foremost priorities within the European Sustainable Production and 
Consumption policies (Castillo-Díaz et al., 2023). To determine the 
sustainability of an agri-food network, it is essential to assess the 
environmental impact and resource usage throughout the product’s 
life cycle (Del Borghi et al., 2021). To address this problem, Life Cycle 
Assessment (LCA) is a widely accepted standard methodology in 
order to produce greener products (Ghnimi et  al., 2021). LCA 
methodology comprehensively rates environmental impacts of a 
product or process by quantifying energy and material consumption, 
waste generation, and their respective environmental consequences 
(Jiménez-González et al., 2000). With this approach, the entire life 
cycle is taken into consideration from raw material production, 
processing, packaging, and transportation to end-of-life stages, such 
as recycling or disposing, which is commonly referred to as “cradle-
to-grave” analysis (Roy et al., 2008). However, other approaches such 
as “from cradle to gate” (Anton et  al., 2014), “from gate to gate” 
(Jiménez-González et al., 2000; De Marco et al., 2015), or “from gate 
to grave” (Rossi et  al., 2014) are used to deeply analyze specific 
products. With these assessments, it is possible to restrict the 
assessment to part of the production processes. This provides a 
systematic way to evaluate and compare the potential routes for 
cleaner manufacturing (De Marco et al., 2017). This approach not only 
detects environmental burdens across a product’s life cycle but it can 
also constitute the basis for individuating and validating alternative 
scenarios to lessen environmental consequences throughout the 
supply chain using process simulation (Beccali et al., 2009).

Among the agricultural products, tomato is the most widely 
diffused vegetable undergoing industrial transformation (Eslami et al., 
2023a). In 2023, approximately 44.2 million tons of tomatoes were 
utilized in the tomato processing sector to produce different types of 
tomato-based products (Tomato News, 2023). Italy is the third-largest 
tomato processor in the world, producing more than 5.4 million tons 
(12.2% of global production) of processed tomatoes, representing 52% 
of the European production (Anicav, 2023), being the Campania 

Region, in southern Italy, the main Italian production area (Eslami 
et al., 2023b). Generally, substantial amounts of water and energy in 
the cultivation, processing, packaging, and distribution phases are 
consumed to produce tomato-based products, and consequently, a 
significant environmental load is generated in each stage (Avellán 
et al., 2018; Stamou and Rutschmann, 2018; Liu et al., 2019; Pineda 
et al., 2020). The environmental impact of tomato cultivation has been 
extensively studied in many countries, such as Italy (Cellura et al., 
2012; Garofalo et al., 2017; Ronga et al., 2019), Australia (Page et al., 
2012), Canada (Ghasemi et al., 2020), Iran (Khoshnevisan et al., 2013; 
Pishgar-komleh and Shine, 2019), Albania (Canaj et al., 2019), Spain 
(Muñoz et  al., 2007; Anton et  al., 2014; Pérez et  al., 2018), and 
Colombia (Ricardo et al., 2014), as reported in the comprehensive 
review by Pineda et al. (2020). Fewer studies are found in the literature 
discussing the environmental impact of the tomato processing 
industry on different products, such as tomato purée (Del Borghi 
et al., 2014; Manfredi and Vignali, 2014), tomato paste (Brodt et al., 
2013; Winans et al., 2020), diced tomatoes (Brodt et al., 2013; Del 
Borghi et al., 2014; Winans et al., 2020), tomato sauce (Parajuli et al., 
2021), ketchup (Wohner et al., 2020), and peeled tomato (Del Borghi 
et al., 2014), and to the best of our knowledge, an in-depth analysis of 
the processing phases of mashed tomato (De Marco et al., 2018) and 
peeled tomato (Garofalo et al., 2017; Arnal et al., 2018) is reported 
only in three studies. Most of these studies consider the tomato 
processing phase as a black box with the total inputs of water and 
energy, without investigating their effective consumption in the 
different processing stages. This lack of information makes it difficult 
to determine the specific contribution of each processing step or 
individual opportunity and corrective actions to decrease the 
environmental impact.

Indeed, significant water and energy savings can be  achieved 
through the implementation of conventional conservation measures 
that are economically and environmentally efficient. However, their 
subsequent impacts are often overlooked in research studies available 
in the literature, particularly within the context of LCA. To the best of 
our knowledge, no studies report the results of the LCA analysis of 
tomato processing lines, discussing reduction of the environmental 
impact on the implementation of conventional strategies to reduce 
water and energy consumption in the processing phases. Additionally, 
it is worth noting that there is a notable gap in the utilization of 
process simulators as benchmarking tools for water and energy 
analysis at the unit level in the tomato processing industry. This 
powerful tool could help to unveil the black box of the tomato 
processing phase, identifying the contribution of each processing step 
to the environmental impact and evaluating the effectiveness of 
conventional saving strategies before implementation. Within this 
context, only a few studies on other food processes specifically 
targeted the utilization of process simulators as benchmarking tools 
for water and energy analysis, evaluating the environmental burden 
and the costs associated with process optimization and introduction 
of conventional or new technologies to reduce energy and water 
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consumption. For instance, Tomasula et  al. (2013) assessed the 
environmental impact of milk powder production using SuperPro 
Designer process simulation software. They benchmarked greenhouse 
gas emissions by calculating the carbon footprint for the energy usage 
for each unit operation while also characterizing water usage in each 
step. The study revealed that process simulation effectively identified 
water and energy consumption in processing steps, highlighting major 
contributors to greenhouse gas emissions throughout the facility. The 
authors emphasized how the process simulator aided in identifying 
areas of high water and energy consumption within the unit 
operations, defining opportunities for resource efficiency 
improvements and reduced emissions. In 2014, the same research 
group expanded on this study using the process simulator to develop 
and assess the impact of alternative technologies for pasteurization 
and savings measures on overall process efficiency (Tomasula et al., 
2014). Another study by Fritzson and Berntsson (2006) investigated 
energy efficiency in a slaughter and meat processing facility. The study 
aimed to identify potential energy savings (both electrical and 
thermal) within the plant. Employing a process integration approach, 
specifically, pinch analysis combined with process simulation using a 
HYSIS process simulator, the authors explored opportunities to 
decrease energy usage. The process simulator played a crucial role in 
modeling and simulating the refrigeration plant and investigating 
potential actions for energy savings (Fritzson and Berntsson, 2006).

Overall, these studies underscore the effectiveness of the process 
simulator as a powerful tool for characterizing water and energy use 
at the unit level across facilities. This approach enables pinpointing 
areas for improvement and testing alternative measures for 
cost-saving.

Intending to evaluate the sustainability of the tomato processing 
industry, this research reports the results of the LCA study, using 
SimaPro software with ReCiPe 2016 (V1.03) methodology at the level 
of the midpoint, of a tomato processing company located in southern 
Italy, starting with the analysis of water and energy consumptions in 
different stages of peeled tomato and tomato puree production lines 
to identify the hotspots in the processing phases. In this study, 
sensitivity analysis enabled comparing the different improvement 

scenarios following the implementation of suitable and feasible 
conservation measures to reduce water and energy consumption in 
this industry. The improvement scenarios in the processing phase 
were further examined by process simulation using software SuperPro 
Designer®. Finally, LCA analysis reconsidered the improved scenario, 
and the results were compared with the assessment of the current 
situation to determine the reduced environmental load of tomato 
processing when the suggested conservation measures are put in place.

2 Method

2.1 Description of tomato puree and peeled 
tomato production line

The tomato processing company processes approximately 54,000 
tons of tomatoes from July to September. 42 tons of tomatoes per hour 
enter the processing lines to produce peeled tomatoes in tinplate cans 
(300, 400, 3,000, and 3,400 g), and tomato puree in glass bottles (370, 
500, and 690 g) of different weights. To evaluate the environmental 
impact of tomato processing, all the production steps must 
be analyzed, and water and energy (thermal, electrical) consumption 
precisely measured during production. The Current Value Stream 
Maps (CVSM) of tomato puree and peeled tomato production with 
information on water and energy consumption in each step are shown 
in Figure 1.

2.1.1 Peeled tomato production line

2.1.1.1 Washing and sorting
Fresh tomatoes are unloaded into a hydraulic flume and 

transported to the processing line. Tomatoes are washed in two 
washing channels and then sorted (manually and optically) before 
being subjected to thermophysical peeling. After washing, in the 
grading station consisting of a sorting belt, the operators manually 
remove the defective fruits and other undesired materials. This 
manual sorting is followed by automated optical sorting to remove 

FIGURE 1

Current Value Stream Map (CVSM) for peeled tomato and tomato puree, with water [m3/FU], electricity [kWh/FU], and energy (thermal and electrical) 
[kWh/FU] consumption. (Functional Unit (FU)  =  1  kg of product).
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green tomatoes. These wastes feed a reject conveyor, are transported 
to a collecting area, and are sold as cattle feed. The cleaned and sorted 
tomatoes then proceed through the thermophysical peeling step.

2.1.1.2 Thermophysical peeling and sorting
During the peeling stage, the tomato fruits are first blanched with 

pressurized steam (1.0–1.3 bar) and then vacuum-cooled before being 
conveyed onto pinch rollers for mechanical peeling. Then, peeled 
tomatoes undergo an optical and manual sorting step to remove 
tomato fruits not complying with the commercial standards due to 
color, presence of black spots or scars on the surface, or undersize.

2.1.1.3 Canning and juice adding
Whole peeled tomatoes (~4.7–5 °Brix) are filled in cans of 

different weights that are conveyed through a juice filler to add tomato 
juice (~8°Brix). The latter is used to fill the voids between peeled 
tomato fruits to improve heat transfer during the following thermal 
treatment for pasteurization. The peeled tomato to juice ratio is 
approximately 60:40 (w/w). The average soluble solid concentration of 
the canned product is approximately 6.5 °Brix. After filling, the cans 
are sealed by seaming and then conveyed to the pasteurization unit.

2.1.1.4 Pasteurization and packaging
The sealed cans are conveyed through two parallel pasteurization 

tunnels where cans are steam heated up to approximately 98–100°C 
and then cooled down to 45–50°C using water pumped from the 
wells. Finally, sterilized canned tomatoes are placed in an automatic 
palletizer for labeling and stored in bulk before delivering 
to customers.

2.1.2 Tomato puree production line

2.1.2.1 Washing and sorting
The washing and sorting phases of tomato puree production are 

the same as for peeled tomato production and have been already 
described in section 2.1.1.1.

2.1.2.2 Chopping and hot break
Washed/sorted tomatoes are fed in the chopping section, 

consisting of a special pump provided with a pre-feeding screw. Then, 
chopped tomatoes are heated with steam up to 80–85°C to inactivate 
pectolytic enzymes before undergoing juice extraction.

2.1.2.3 Juice extraction
The juice extraction unit consists of a pulper and a refiner. Two 

streams come out from this processing step, namely, refined juice 
(approximately 5°Brix) undergoing concentration and peels and 
seeds, which are disposed of and then sold as cattle feed. The average 
extraction yield is approximately 94% and, generally, depends on pulp 
temperature (juice yield increases with increasing the temperature), 
tomato variety, and extractor technical features, such as type of sieves 
and rotation speed. The refined juice is collected in a holding tank 
constantly feeding the concentration units.

2.1.2.4 Tomato juice concentration
Tomato juice concentration is carried out in continuous triple-

effect evaporators, where the refined juice, with an initial solid content 
of 4.7–5%, reaches a final concentration of up to approximately 8°Brix. 

Tomato juice is pumped to the two parallel evaporation units, each 
consisting of three evaporators operated in a series in a countercurrent 
mode. The entire concentration process, which is one of the most 
energy-intensive steps of the tomato puree processing line, takes place 
under vacuum at relatively low temperatures.

2.1.2.5 Pasteurization, bottling, and cooling
The concentrated tomato puree is pumped from the evaporation 

unit directly to the tube-in-tube pasteurization unit, where the puree 
is pre-heated up to 96°C. The hot juice is filled in bottles or cans and 
pasteurized at approximately 98–100°C in a pasteurization tunnel. In 
the final section of the tunnel, bottles are cooled utilizing cold water 
(45–50°C).

2.1.2.6 Packaging and labeling
Finally, tomato puree cans or bottles are placed in an automatic 

palletizer for labeling and then stored in bulk in a warehouse.

2.2 Life cycle assessment

Life cycle assessment is a standard methodology used to evaluate 
the environmental impacts of a product or service throughout its 
entire life cycle, from the acquisition of raw materials to the final 
disposal or treatment of waste, which is formally adopted by ISO 
standards 14,040 to 14,044 (ISO, 2006a,b). By using this method, all 
possible environmental impacts can be  quantified, understood, 
evaluated, and analyzed. A comprehensive LCA analysis typically 
consists of the following four steps or sub-sections: definition of the 
goal and scope of the study, life cycle inventory (LCI), life cycle impact 
assessment (LCIA), and interpretation of results (Del Borghi 
et al., 2021).

Generally, LCA studies are classified into two main groups 
consequential (effect-orientated) and attributional (state-oriented) 
analyses (Bamber et al., 2020). In the former case, the objective is to 
identify the overall environmental effect in a steady state, whereas in 
the latter case, it is possible to determine how the environmental 
impact changes as the state changes. Since this study considered the 
current situation of the company with a focus on the improvement 
scenarios in the processing stage, an attributional analysis was 
considered (Hospido et al., 2010).

2.2.1 Goal and scope definition
The goal and scope of an LCA study is a critical step that 

determines the boundaries and purpose of the analysis of a 
system, considering all relevant stages and activities in the life 
cycle of the product. The scope of the LCA study should be defined 
clearly and transparently to ensure that the results are reliable, 
comparable, and useful for decision-making (Del Borghi et al., 
2021). The goal of this study is to initially conduct a baseline LCA 
to evaluate the environmental impact generated in the processing 
phase of peeled tomato and tomato puree, manufacturing to 
identify the hotspots in tomato processing. Afterward, possible 
improvement scenarios in the processing phase were identified, 
and the effects of their implementation on water and energy 
saving were evaluated by simulation using SuperPro Designer® 
software. Furthermore, Life Cycle Assessment (LCA) was 
conducted again to assess the reduction in environmental burden 
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using new data obtained from simulations via SuperPro Designer® 
software. These findings were then compared with the current 
situation to gauge the extent to which conservation strategies are 
effective in reducing the environmental impacts of the tomato 
processing phase.

2.2.1.1 Functional unit
In LCA, the functional unit (FU) is defined as a quantified 

description of the performance of a product, service, or process, 
which is being studied. It serves as a reference unit for 
standardizing inventory data (ISO, 2006a), facilitating the 
comparison of different products and services (ISO, 2006b). In the 
context of the food industry, the FU is typically defined based on 
the mass of products under analysis. All inputs and outputs 
associated with its production are evaluated on this basis (Del 
Borghi et al., 2021). In this study, 1 kg of peeled tomato in tomato 
juice (60% peeled tomato and 40% juice) and 1 kg of tomato puree 
(8 °Brix) are considered as FU.

2.2.1.2 System boundaries and key assumptions
LCA evaluation in the processing phase of tomato puree and 

peeled tomato production is the objective of this study. To this 
purpose, a “gate-to-gate” approach is proposed, considering solely 
the tomato processing stage in the analysis. This study considers 
the consumption of water, electrical energy, and methane during 
different stages of tomato processing, as well as the associated 
emissions into air, water, and soil, within the system boundaries 
of the study. Other stages, such as cultivation, packaging, and 
downstream processes (e.g., delivery of raw tomato, distribution 
of the final products, and end-of-life phase), as well as the eventual 
other ingredients used in the processing phase (e.g., salt), are 
excluded from the system boundaries of this study (Figure 2).

During tomato processing, various types of by-products, 
including tomato waste (seeds, peels, and pomace), green 
tomatoes, leaves, branches, soil, and sludge are generated. 
According to the company, tomato waste is used as cattle feed, and 
other biowaste products are sent to the company to be modified 
and used as compost for agriculture purposes. Therefore, these 
by-products are not included in the system boundaries of the 
LCA, since they offer environmental benefits and do not have 
negative impacts (Del Borghi et al., 2014). Moreover, according to 
the “Polluter-Pays (PP) allocation method,” waste generators are 
responsible for carrying the full environmental impact of their 
actions until the point wastes are transported to a gate of the waste 
processing plant. As a result, system expansion and the avoided 
burdens from recycling are not taken into account in this 
particular study (European Court of Auditors, 2021).

2.2.2 Data collection and life cycle inventory
Life Cycle Inventory (LCI) is a crucial step of LCA to quantify 

the inputs and outputs, including data on raw materials, energy 
consumption, and emissions throughout the product’s entire life 
cycle. LCI is a key stage being the validity of an LCA study 
completely contingent on the quality of data. It allows identifying 
the stages in a product’s life cycle with the most significant 
environmental impact, known as hotspots, and informing the 

decision-makers on how the environmental performance of a 
product can be improved (Rosenbaum et al., 2018).

As already underlined, in this study, only the tomato 
processing phase was considered, and the foreground data were 
collected from the company. Figure 1 provides a detailed life cycle 
inventory for peeled tomato and tomato puree production with 
information on water and energy consumption in the processing 
lines measured by different sensors installed in different units or 
evaluated through mass and energy balances in different units of 
the tomato processing line. The sensors allowed the accurate 
monitoring and measurement of the resources used at each 
production stage. However, the company generates various 
tomato-based products with some shared units and cannot 
provide specific information on the flows for each product. For 
this reason, the allocation issue was raised. In such a situation, the 
ISO (2006b) 14044 guidelines suggest using physical relationships 
between products to discriminate between inputs and outputs. 
Therefore, the consumption of resources for the common stages 
is allocated to the various products in proportion to the amount 
of tomato processed in the two different production lines (ISO, 
2006b). According to the background data, the information 
regarding the production of electricity, methane, and water 
sources was obtained from the Ecoinvent database (V3.5) (Wernet 
et al., 2016). The information used in this study considers the 
Italian context whenever possible, and, in the case of lack of such 
information, the study relies on data broadly representing the 
European situation.

Regarding the related emissions to water during processing, 
the wastewater, considered as final waste flow in the assessment, 
is discharged into the municipal sewage system after being treated 
in a wastewater treatment unit. However, laboratory tests were 
conducted on samples collected from the company’s wastewater 
generated during tomato processing, and all the water pollutants 
generated were considered in this study. As far as air pollution is 
concerned, the company uses methane as fuel to provide thermal 
energy in the various stages of tomato processing. Table 1 presents 
the data on emissions from peeled tomato and tomato puree 
production, which is based on the information provided by the 
Environmental Protection Agency (EPA) on the emissions from 
methane combustion and their consequent impacts on the 
environment (Eastern Research Group, 1998).

2.2.3 Impact assessment
The potential environmental effects associated with different types 

of resources are evaluated, and the subsequent emissions are presented 
using a set of indicators. In this study, ReCIPe 2016 (V1.03) method 
is used to assess the environmental impact of peeled tomato and 
tomato puree processing operations. This method, developed by the 
National Institute for Public Health and the Environment in the 
Netherlands (Huijbregts et al., 2017), involves 18 impact categories, as 
shown in Table 2.

2.2.4 Evaluation of improvement scenarios by 
SuperPro designer

A commercial process simulation tool, SuperPro Designer (version 
13; Intelligen Inc., Scotch Plains, NJ), is utilized to describe tomato 
processing lines. This process simulator contains models (unit 
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procedures) for general unit operations and equipment, which can 
be linked to each other to develop a flow sheet diagram representing 
the entire process. Each model is a mathematical representation of the 
physical processes taking place in each unit. Once the models are 

constructed and connected via software connector lines, process data 
obtained from the plant operators and unit specifications are integrated, 
and mass and energy balances can be evaluated. Data considered in the 
process simulation base line are shown in Supplementary material.

FIGURE 2

System boundaries in the tomato processing industry and consequent emissions to air, water, and soil.

TABLE 1 Direct emission values (g/FU) into the air for methane consumption in the processing phase of peeled tomato and tomato puree production.

Emission to air Peeled tomato Tomato puree

Carbon dioxide (CO2) 24.95 32.36

Sulphur dioxide (SO2) 1.61E-04 1.61E-04

Methane (CH4) 4.77E-04 6.19E-04

Lead 1.04E-07 1.35E-07

Dinitrogen monoxide (N2O) 4.58E-04 5.95E-04

Nickel (Ni) 4.37E-07 5.67E-07

Zinc (Zn) 6.04E-06 7.84E-06

Benzo(a)pyrene 2.49E-09 3.24E-09

Selenium (Se) 5.00E-09 6.48E-09

Organic compound 2.26E-03 2.93E-03

Volatile organic compound (VOC) 1.10E-03 1.42E-03

Particulates (< 2.5 μm) 1.58E-03 2.05E-03
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3 Results and discussion

3.1 Interpretation of LCA in the processing 
phase for peeled tomato and tomato puree

The LCI analysis highlights significant resource consumption in 
various stages of peeled tomato and tomato puree production. In the 
former case, the washing and sorting stages consume most of the 
processing water (2.66E-03 m3/kg product), and the juice production 
stage uses the largest amount of energy which is 1.2E-01 kWh/kg 
product for the combined use of thermal and electrical energy. In the 
latter case, a more resource-intensive consuming process, washing, 
and sorting stages require the highest quantity of water (2.29E-03 m3/
kg product), and the tomato juice concentration stage consumes the 
largest amount of energy which is 1.4E-01 kWh/ kg product, 
encompassing both thermal and electrical energy.

Data on the environmental impacts of the processing steps of 
peeled tomato and tomato puree are shown in Table 2 and Figures 3, 4.

LCA analysis of peeled tomato production demonstrates that juice 
preparation (31.1–45.95%) and thermophysical peeling (14.1–38.3%) 
together have a contribution of over 57% in most of the environmental 
impact categories, except WD and MEP. The washing and sorting phases 
have a contribution to WD and MEP of 75.5 and 49.8%, respectively, 
related to the high water consumption and wastewater generation in the 
washing stage. The total GWP for producing 1 kg of peeled tomato is 
8.30E-02 kg CO2 eq, of which the juice preparation process contributes 
approximately 45%. From these results, it can be concluded that the 
environmental impact of a processing step is directly proportional to its 
thermal and electrical energy consumption; the higher the amount of 
energy consumed, the greater the environmental impacts are generated. 
This information can be used to identify areas for improvement and can 

be considered as a guideline to develop more sustainable production 
practices for the tomato processing industry.

In tomato puree production, the concentration step has the 
highest environmental impact, contributing from 29 to 35.2% in all 
categories, except WD (71.1%) and MEP (30.5%), in which the 
washing and sorting phases have the highest contribution. According 
to GWP, tomato puree production (1 kg) is responsible for 1.35E-01 kg 
CO2 eq generation, being concentration the step with the highest 
contribution (35.2%). In both peeled tomato and tomato puree 
production, the canning, bottling, and palletization stages have the 
lowest energy consumption and, consequently, the lowest contribution 
to all categories of environmental impact (less than 4%).

The thermal units have significant environmental effects due to 
their large electricity and methane consumption. Moreover, fossil fuel 
combustion in thermal units results in the emission of greenhouse 
gases, such as carbon dioxide, nitrogen oxides (NOx), and sulphur 
oxides (SOx). These gases contribute to air pollution, smog, and acid 
rain formation, leading to negative effects on human health and 
ecosystems. The environmental impact of thermal units extends beyond 
their direct use. The extraction and production of fossil fuels contribute 
to habitat destruction, ecosystem disruption, and air and water 
pollution. Additionally, the transportation of these fuels over long 
distances further adds to the carbon footprint associated with thermal 
units (Eastern Research Group, 1998; Grubert and Brandt, 2019; IEA, 
2023). Moreover, a significant portion of electricity worldwide is 
produced utilizing fossil fuels, such as coal, natural gas, and oil. The 
combustion of these fuels releases carbon dioxide (CO2) and other 
greenhouse gases into the atmosphere, contributing to climate change 
and global warming (Grubert and Brandt, 2019; IEA, 2023). Addressing 
this issue requires the development of more sustainable energy solutions 
and the implementation of effective environmental management 

TABLE 2 Environmental impact indicator values for peeled tomato (1  kg) and tomato puree (1  kg) production.

Impact category Acronym Unit Peeled tomato Tomato puree

Global warming GWP kg CO2 eq 8.30E-02 1.35E-01

Stratospheric ozone depletion ODP kg CFC-11 eq 1.62E-07 2.31E-07

Ionizing radiation IRP kBq Co-60 eq 5.18E-03 1.09E-02

Ozone formation, Human health POCP kg NOx eq 1.02E-04 1.82E-04

Fine particulate matter formation PMFP kg PM2.5 eq 1.49E-04 2.30E-04

Ozone formation, Terrestrial ecosystems TPOCP kg NOx eq 1.03E-04 1.85E-04

Terrestrial acidification TAP kg SO2 eq 8.03E-04 1.16E-03

Freshwater eutrophication FEP kg P eq 5.47E-05 7.16E-05

Marine eutrophication MEP kg N eq 1.22E-05 1.32E-05

Terrestrial ecotoxicity TETP kg 1,4-DCB 7.43E-02 1.15E-01

Freshwater ecotoxicity FETP kg 1,4-DCB 3.64E-03 5.13E-03

Marine ecotoxicity METP kg 1,4-DCB 4.84E-03 6.83E-03

Human carcinogenic toxicity HTPinf kg 1,4-DCB 2.97E-03 4.49E-03

Human non-carcinogenic toxicity HTPn-inf kg 1,4-DCB 8.33E-02 1.18E-01

Land use LU m2a crop eq 4.54E-03 6.77E-03

Mineral resource scarcity MRS kg Cu eq 1.03E-04 1.68E-04

Fossil resource scarcity FRS kg oil eq 1.08E-02 2.14E-02

Water demand WD m3 3.17E-03 5.11E-03
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practices to minimize the environmental burden of the tomato industry, 
as discussed in a more detailed manner in the following section.

To the best of our knowledge, only a few studies presenting the 
LCA of the processing stages of tomato-based products are available 
in the literature. Garofalo et al. discussed the environmental impact 
of peeled tomato production, analyzing and evaluating different 
impact categories. According to their results, juice production stage, 
together with pasteurization and peeling, has the highest 
environmental impact. These three stages are responsible for 90% of 

the total impact, as a consequence of their significantly high energy 
requirements (Garofalo et al., 2017). Arnal et al. also reported that 
thermophysical peeling and pasteurization have the highest 
environmental impact on all categories. However, it should 
be mentioned that the production of juice is not considered in their 
study (Arnal et al., 2018). Moreover, De Marco et al. evaluated the 
environmental impact of the processing stages of mashed tomato, and 
their results are coherent with those obtained in this study for tomato 
puree production. The authors reported that hot break, concentration, 

FIGURE 3

Environmental impact contributions at the midpoint level of peeled tomato production (1  kg) in the different processing stages (other usages: blowers, 
cooling tower fans, and pumps for recirculating water).

FIGURE 4

Environmental impact contributions at the midpoint level of tomato puree production (1  kg) in the different processing stages (other usages: blowers, 
cooling tower fans, and pumps for recirculating water).
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and pasteurization steps contribute to the highest extent to the 
majority of the midpoint categories (De Marco et al., 2018).

3.2 Environmental impact mitigation: 
potential development scenarios

In the tomato processing industry, some opportunities for the 
improvement can reduce water and energy consumption and mitigate 
the environmental impacts of this processes. The LCA of the 
processing stages of peeled tomato and tomato puree production has 
been determined considering the current situation of the company. 
This allowed the identification of the hotspots of the two processing 
lines. Furthermore, conventional strategies for water and energy 
savings were individuated, and the development scenario was 
evaluated by SuperPro Designer® software, allowing simulation of 
how the implementation of the conventional conservation strategies 
hypothesized would affect the water mass balance and the energy 
balance in the processing lines. The results derived from process 
simulation and calculations employing a rule-of-thumb approach, as 
elaborated in the subsequent section, were utilized as new data for 
SimaPro to measure the environmental impact reduction that can 
be achieved in the new production scenario.

To advance sustainability within the tomato processing industry, 
this study employed two scenarios for sensitivity analysis during the 
processing phase of tomato puree and peeled tomato manufacturing. 
These scenarios simulated the implementation of conservation 
strategies in the tomato processing line.

CS: A baseline scenario that reflects the current situation for 
tomato puree and peeled tomato production.

SA.1: A scenario in which conventional conservation measures 
are considered in the processing phase of peeled tomato production.

SA.2: A scenario in which conventional conservation measures 
are considered in the processing phase of tomato puree production.

3.2.1 Identification of potential measures to 
improve the environmental performance of 
tomato puree and peeled tomato processing 
through sensitivity analysis

Based on the information obtained from analyzing in depth the 
processing plant of the company during the tomato production year 
2023, an integrated technical assessment of the water-energy nexus 
(WEN) in the facility was performed. WEN is a concept when water 
and energy overlap in their use; heat is necessary to generate steam 
from water and water is involved upstream in the processing of 
electricity or natural gas. WEN assessment is a descriptive quantitative 
approach for characterizing the water and energy use of the facility 
(Peterson et al., 2022).

The data for the WEN assessment resulted from interviews with 
the plant operators, documents, and records available at the facility 
and through readings of the water flow meter sensors and monitoring 
devices installed on the key processing steps of both the tomato 
processing lines. These procedures enabled the collection of primary 
data, including the coefficient of usage for relevant equipment and 
unit operations. This technical assessment was integrated into the 
simulation tool SuperPro Designer® using the primary data as input 
to quantify the unknown streams and solve the mass and energy 
balances. The integrated technical WEN assessment allowed the 

development of the Current Value Stream Map (CVSM) based on 
accurate data on the amount and distribution of water, electricity, and 
thermal energy usage in the most relevant processing steps (Figure 1). 
Moreover, different scenarios were developed and simulated by 
SuperPro Designer®, considering the potential conventional measures 
for water and energy conservation through the different stages of 
tomato processing.

As the facility has already implemented a few conventional 
strategies, such as water reuse in units such as washing phases and 
cooling systems, there remains room for adopting additional 
solutions. In light of this, a set of feasible conservation measures 
have been considered, based on the information on the facility 
layout and productivity, such as maintenance actions, including 
improving the insulation of steam pipes and distribution systems, 
prevention of water overflow and leakage, process retrofitting, 
including the enhancement of the closed-loop system for cooling 
units, recovering and using waste heat from tomato evaporate 
condensate in the hot break unit, recovering heat from flue gas 
exiting the boilers, and integration in the processing units of well-
established technological solution such as vapor recompression in 
the concentration systems, and Variable Frequency Drives (VFDs) 
on pumping systems, blowers, and cooling towers fans. A more 
detailed description of those improvements is reported in the 
following paragraphs.

Process simulation by SuperPro Designer® allowed the evaluation 
of how and to what extent the implementation of conventional 
measures could reduce water and energy consumption at the industrial 
facility examined. This integrated approach is considered powerful for 
compiling more detailed information on water-energy usage in each 
unit, thereby enhancing the resolution in LCA studies. The result of 
the process simulation is shown in Table  3, illustrating how the 
implementation of these conventional strategies in the tomato 
processing facility can provide considerable opportunity to reduce 
water consumption by approximately 23.4%, electrical energy 
consumption by approximately 14.7%, and methane consumption by 
approximately 28.7%. Afterward, to assess the feasibility of the 
envisaged strategies and their potential to reduce environmental 
impact on a tomato processing facility, an integrated approach was 
employed, utilizing process simulation and LCA to determine the new 
baseline after the implementation of process-specific measures that 
can decrease water and energy usage at the individual unit operation 
level, representing approximately 16 and 19% reduction in GWP in 
the peeled tomato and tomato puree production line of the case 
study company.

The utilization of two software, namely, SuperPro Designer® and 
SimaPro, can provide data to decision-makers on improving the 
overall performance of the production plant in a controlled and cost-
effective manner. This approach is useful to analyze many alternative 
processing scenarios before implementing corrective actions to reduce 
the environmental impact of the food processing industry, resulting 
in a significant saving of intellectual and economic resources.

3.2.2 Water conservation opportunities

3.2.2.1 Preventing water overflow and pipe leakage as an 
opportunity for water conservation

Water overflow is a common issue in many food industries. In this 
case study, significant water overflows occur in three main units, 
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namely, the washing flume, the cooling tower tank, and the water 
accumulation tank. The overflow of water is due to the lack of control 
of the water flow rate in the first unit and the lack of exploitation of 
intermediate water current reuse. For example, the condensate 
produced in the evaporation units in the tomato processing plant 
results in significant water discharge into the sewer. Therefore, the 
implementation of conventional strategies, such as the installation of 
VFD on the pumps feeding the water in the washing tunnels, could 
contribute to drastically limiting water overflow in this processing 
phase. Moreover, resizing the cooling tower tank and installing a level 
sensor on the accumulation tank should be considered to prevent 
excessive water overflows in these units. The potential water saving 
associated with these improvement measures was quantified via a 
process simulator, which allowed an estimation of the expected 
reduction in water consumption. The results from this endeavor 
indicate that the proposed saving measures could lead to a 
considerable reduction in water usage of approximately 6.5% of the 
total freshwater consumption.

3.2.2.2 Implementation of a closed-loop system for the 
cooling unit

Based on WEN analysis, the use of a single pass cooling unit for 
cans in the peeled tomato processing line represents an additional 
opportunity to improve the efficiency of water usage. Given that 
cooling is the second highest water-demanding step at the facility, 
substantial water savings could be obtained by implementing closed-
loop recirculating cooling systems. The evaluation of the impact of 
this measure on water savings was achieved through process 
simulation. The results show that the implementation of a closed-loop 
system for can cooling units can reduce approximately 4% the total 
freshwater consumption. Even though the adoption of such systems 
introduces additional energy demand in cooling tower operations, the 
overall net benefits from both economic and environmental 
perspectives may offset the impact of the acquisition of an additional 
cooling tower.

3.2.3 Thermal energy conservation opportunities

3.2.3.1 Heat recovery from boiler flue gas
Preliminary auditing of the technicians of the tomato facility during 

the WEN assessment revealed that two fired-tube boilers lacked 
economizers, presenting an opportunity for significant energy efficiency 
improvement. Heat recovery from flue gas is often the best opportunity 

for heat recovery in steam systems (Dockrill and Friedrich, 2001). This 
involves using the heat from flue gas to preheat boiler feed water 
through an economizer. While this practice is common in large boilers, 
there is often room for additional heat recovery. A simulation trial was 
performed to quantify the fuel savings achievable with the 
implementation of an economizer. The results indicate that 
approximately 3.6% of fuel used in the boiler could be saved when the 
water makeup is preheated through the economizer from 41°C to 
approximately 65°C. This aligns with the general principle that 
approximately 1% of the fuel used is saved for every 25°C reduction in 
exhaust gas temperature (Masanet et al., 2008). While this strategy 
results in a modest decrease in the overall thermal energy percentage, 
its significance becomes more evident when considering the substantial 
volume of natural gas consumed at the facility.

3.2.3.2 Improvement of pipe insulation in the steam 
distribution system and the condensate return pipeline

In the tomato production facility, it was observed that the steam 
distribution systems were only partially insulated, and the steam 
condensate pipelines lacked insulation, leading to a significant loss of 
sensible heat. Furthermore, approximately 50% of the steam condensate 
was not recovered in the boiler, resulting in a significant demand for 
makeup water, which was supplemented with fresh water in a buffer tank. 
This further contributed to a considerable loss of sensible heat and 
therefore increased the amount of heating that occurs in the deaerators 
to heat the makeup water fed to the boiler at a temperature of 
approximately 41°C or even lower. Improving the thermal insulation of 
the steam distribution systems and steam condensate pipelines and 
reclaiming all recoverable steam condensates can result in a substantial 
thermal energy saving. Process simulation was used to quantify the 
savings obtained by applying these measures. The results demonstrated 
that reclaiming hot steam condensate to the boiler at 75°C allows saving 
approximately 6% of the total methane consumption. This increased 
temperature of the steam condensate can be  achieved by properly 
insulating with suitable materials the pipelines in which the condensate 
streams are flowing. The reuse of all steam condensate in boilers not only 
enables lower fuel consumption but also allows reducing the amount of 
treated water to be fed to the boiler, with a saving of approximately ~5% 
of the total freshwater. This, in turn, lowers the electrical energy 
consumption of pumps for water makeup in the boiler and reduces the 
amount of chemicals used for makeup water treatment. The significant 
energy and cost savings associated with the measures described make the 
implementation of a return condensate piping system highly attractive.

TABLE 3 Water, electrical energy and methane saving opportunities in the tomato processing industry.

Conventional measures Water Electricity Methane

[m3] [kWh] [m3]

Prevent overflow 6.5% 0.7%

Insulation of steam systems and condensate recovery 6% 0.6% 6.0%

VFD on Pumps/Fans/Blowers 13.1%

Economizer 3.6%

TEC for the Hot break 5% 0.1% 3.1%

Recompression MVR 1.9% 0.07% 16%

Closed-loop system 4% 0.1%

Total 23.4% 14.7% 28.7%
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3.2.3.3 Integration of a vapor recompression system
The WEN assessment revealed that significant energy savings can 

be  achieved in the concentration unit, the most energy-intensive 
operation in the tomato processing facility, by integrating vapor 
recompression technologies, such as Mechanical Vapor Recompression 
(MVR) and Thermal Vapor Recompression (TVR). This was 
considered in the process simulation, and the results showed that 
utilizing MVR in the triple-effect evaporator could significantly 
reduce thermal energy consumption, namely, steam usage, by 
approximately 81%. Instead, the utilization of TVR accounts for a 49% 
energy consumption reduction in the concentration unit. Single-effect 
evaporator with TVR is nearly as energy-efficient as a two-effect 
evaporator without TVR but at a considerably lower cost (Ahmetović 
et al., 2018). Additionally, a three-effect evaporator system with MVR 
can halve operating costs compared with a conventional seven-effect 
evaporator system with TVR (Ahmetović et al., 2018). The selection 
of the two alternative MVR or TVR technologies depends on several 
factors, such as facility layout, investment costs, steam production 
costs, and productivity (Ahmetović et al., 2018). In this case study, 
TVR is recommendable due to space limitation, production volume, 
and product concentration.

3.2.3.4 Recovery and utilization of tomato evaporate 
condensate in the hot break unit

Thermal energy efficiency improvement in the concentration unit 
is an additional opportunity in the tomato processing facility. The 
majority of water evaporated from tomato juice exits the evaporation 
unit as condensate at a temperature of 71°C. This condensate is cooled 
down, partly fed to flume systems and partly discharged. The sensible 
heat in the TEC represents a potential heat resource for the hot break 
process, which has a significant thermal energy demand. Therefore, 
thermal energy reduction can be potentially achieved by recovering 
sensible heat from the tomato water condensate. To implement this 
strategy, the installation of an additional heat exchanger is required 
before the hot break step, transforming the hot break process into a 
two-stage operation. In this configuration, a fraction of the total 
thermal energy requirement in the hot break is accomplished with 
recovered sensible heat in the first stage, while the remaining heating 
is achieved with steam in the second stage. The heat transfer between 
the TEC and crushed tomatoes in the first stage of the hot break was 
modeled and simulated using process simulation software to predict 
the amount of energy that can be recovered (i.e., the potential energy 
savings gained by partially replacing steam heating). The results 
demonstrate that approximately 16% of steam demand in the hot 
break can be saved. Moreover, reduced electrical energy consumption 
from groundwater pumping, cooling tower use, and wastewater 
treatment can be  accomplished with the reuse of TEC after heat 
recovery. While this strategy contributes only a modest reduction to 
the overall thermal and electrical energy consumption at WEN points, 
the high cost of natural gas in boilers and the increased electrical 
energy costs could encourage the adoption of this 
conservation measure.

3.2.4 Electrical energy-saving opportunities

3.2.4.1 Installation of VFD on water pumps
The preliminary inspection of the electrical energy consumption 

conducted at the tomato processing facility revealed actions for energy 

saving. Certain pumps used to feed water from concentration units to 
flume systems for reuse were operating at their full speed continuously, 
despite intermittent process flow and water demand variations are 
likely to occur. Often, these pumps are oversized and are either 
throttled or bypassed to control the flow and pressure. In this situation, 
energy efficiency improvement is possible and the installation of VFD 
can be  suggested. The overall energy saving resulting from the 
installation of VFD to adjust the speed of water pumps to match 
intermittent water demand was not feasible to be evaluated through 
process simulation. Alternatively, the evaluation of energy savings in 
the pumping system is fundamentally calculated by employing affinity 
laws. Nevertheless, due to constraints in conducting onsite audits, the 
assessment of energy savings in the pumping system of the facility was 
based on insights from previous studies. These studies indicate that 
the implementation of VFD can yield electrical energy savings ranging 
from 30 to 50% (Arun Shankar et al., 2016). Considering the average 
energy savings, it was evaluated that an electrical energy saving of 45% 
in the pumping systems translates into a reduction of the total 
electrical energy consumption in the facility of approximately 11%.

3.2.4.2 Installation of VFD on cooling tower fans and 
boiler blowers

According to WEN analysis, cooling towers are the second most 
electrical energy-intensive unit in the tomato processing facility. 
Cooling towers are extensively used for cooling the TEC produced 
in the concentration units and the water leaving the cooling section 
of the pasteurization tunnel. Adjusting the airflow from fans through 
the installation of VFD when the ambient wet-bulb temperature is 
below the design conditions might lead to significant electrical 
energy savings. Just like in the pumping system, evaluating the 
energy savings achieved by VFD was not possible through process 
simulation. Furthermore, the application of fan laws, as outlined by 
Al-Bassam et  al., was also not considered, given the auditing 
limitations and difficulty in identifying the average fan flow speed 
regulated by VFD in this particular case study (Al-Bassam and 
Alasseri, 2013). Consequently, the determination of electrical energy 
savings was carried out by employing a practical rule of thumb for 
achieving a 20% energy saving proposed by Owen and Carlson 
(2018), which is in line with the range (22–89%) reported by Saidur 
(2010). Therefore, to avoid overestimation, this approach assumed 
that the minimum achievable energy saving of approximately 20% 
of the cooling tower fan power load could be used to estimate the 
energy savings achieved by installing a VFD. In this study, the results 
obtained utilizing the above-mentioned approach indicate that the 
implementation of a VFD could lead to a saving of approximately 
1.7% of the total electrical energy consumed at the facility. Although 
Trueblood et al. reported that implementing VDF on fans in cooling 
towers can result in a reduction between 42 and 63%, a range 
significantly higher than our simplified approach calculated, our 
results offer an initial estimation of the potential benefits of the 
proposed action (Trueblood et al., 2013).

3.2.4.3 Installation of VDFs on boiler blowers
The blowers providing the airflow for combustion to the boilers in 

the tomato processing plant are controlled by inlet vanes or dampers. 
Thus, additional energy saving can be obtained by substituting vanes/
dampers with VFD. Similarly to the procedure described in the previous 
paragraph, the estimation of the overall electrical energy saving can 
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be derived by installing VFD on boiler blowers, and a rule of thumb 
proposed by Owen et al. was applied (Owen and Carlson, 2018). The 
results showed that VFDs allow reducing the total energy consumption 
at the facility by approximately 0.4%.

3.3 Overview of the conservation strategies 
and their effects on environmental impact 
reduction

Table 3 summarizes the conventional conservation measures that 
can be implemented in the processing stages of both peeled tomatoes 
and tomato puree production for energy and water saving.

To quantify the reduction in water, electrical energy, and methane 
consumption achievable through the implementation of all considered 
measures, it was necessary to develop an adjustable baseline model for 
simulating tomato processing. The results of these evaluations, 
presented in Table 3, showed that preventing water overflow and leakage 
in critical units, such as the washing flume, cooling tower tank, and 
water accumulation tank, represents a significant water conservation 
opportunity. The installation of VFD on water pumps and the resizing 
of cooling tower tanks could drastically reduce water overflow, with an 
estimated reduction of total freshwater consumption of approximately 
6.5%. Additionally, improving a closed-loop system for the cooling unit 
is translated into a potential reduction in total freshwater consumption 
of 4%. The suggested thermal energy conservation measures, namely 
the recovery of heat from boiler flue gas, the harnessing of sensible heat 
from TEC in the hot break unit, the improvement of insulation of pipes 
and steam distribution systems, and the integration of vapor 
recompression systems in boilers, resulted in a reduction of methane 
consumption of about 3.6, 3.1, 6, and 16%, respectively. Furthermore, 

the installation of VFD on water pumps, cooling tower fans, and boiler 
blowers translates into approximately 13.1% savings on total electrical 
energy consumption. However, it is worth noting that the effects of 
conservation measures were evaluated in WEN points, thus they 
simultaneously affect each other, as shown in Table 3. The measures 
aimed at preventing overflow and leakage, as well as improving the 
closed-loop system, have a more pronounced impact on water 
conservation compared with other strategies and influence electrical 
energy consumption to a lower extent. Conversely, the installation of 
VFD on pumps, fans, and blowers is the most impactful strategy for 
reducing electrical energy consumption. Additionally, the integration of 
TVR is the most impactful strategy for methane savings, together with 
the improvement in insulation and condensate recovery, the latter being 
the least impactful on electrical energy consumption.

From a wider perspective, strategies focusing on the conservation 
of thermal energy, despite the lower savings achievable, play a pivotal 
role in a substantial reduction in the environmental burdens of tomato 
processing due to the complex and impactful extraction, production, 
transportation, and combustion processes of fossil fuels.

Overall, the suggested strategies yielded substantial savings, notably 
reducing water consumption by approximately 23.4%, electrical energy 
by approximately 14.7%, and methane by approximately 28.7%. These 
findings highlight that a multifaceted approach is needed for sustainable 
resource management in food processing industries, emphasizing the 
considerable impact of implementing conventional measures on water, 
electrical energy, and fuel savings.

To further assess the impact of the envisaged conservation 
strategies, a sensitivity analysis was conducted using SimaPro, 
incorporating the new data on water and energy consumption 
obtained through simulation. The results are shown in Table 4 and 
Figure 5.

TABLE 4 Sensitivity analysis of the processing phase in peeled tomato and tomato puree production.

Impact category PT (CS) SA.1 (REI)% TP (CS) SA.2 (REI)%

GWP 8.30E-02 6.92E-02 16% 1.35E-01 1.01E-01 19%

ODP 1.62E-07 1.20E-07 26% 2.31E-07 1.59E-07 26%

IRP 5.18E-03 4.33E-03 16% 1.09E-02 1.33E-02 23%

POCP 1.02E-04 8.02E-05 21% 1.82E-04 1.20E-04 24%

PMFP 1.49E-04 1.12E-04 25% 2.30E-04 1.50E-04 26%

TPOCP 1.03E-04 8.13E-05 21% 1.85E-04 1.22E-04 24%

TAP 8.03E-04 5.90E-04 26% 1.16E-03 8.04E-04 27%

FEP 5.47E-05 4.36E-05 20% 7.16E-05 5.09E-05 24%

MEP 1.22E-05 1.02E-05 16% 1.32E-05 8.70E-06 22%

TETP 7.43E-02 5.61E-02 24% 1.15E-01 9.08E-02 26%

FETP 3.64E-03 2.66E-03 27% 5.13E-03 3.58E-03 27%

METP 4.84E-03 3.54E-03 27% 6.83E-03 4.79E-03 27%

HTPinf 2.97E-03 2.22E-03 25% 4.49E-03 3.05E-03 26%

HTPnon-inf 8.33E-02 6.10E-02 27% 1.18E-01 8.38E-02 27%

LU 4.54E-03 3.37E-03 26% 6.77E-03 4.45E-03 27%

MRS 1.03E-04 9.38E-05 23% 1.68E-04 1.45E-04 25%

FRS 1.08E-02 7.21E-03 18% 2.14E-02 1.43E-02 23%

WD 3.17E-03 2.35E-03 27% 5.11E-03 3.93E-03 24%

TP (CS), Tomato Puree (Case Study); PT (CS), Peeled Tomato (Case Study). Reduction in Environmental Impact (REI).
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The environmental benefits of employing these conservation 
strategies in both processing lines are clearly shown. For tomato 
puree production, environmental impact reductions ranging from 
19 to 27% across various categories were observed. Similarly, for 
peeled tomatoes, the reduction spanned from 16 to 27%. Notably, 
compared with the base scenario, a significant decrease in global 
warming potential from 0.083 to 0.069 kg CO2 eq for peeled 
tomatoes and from 0.135 to 0.110 kg CO2 eq for tomato puree 
production was found. This accounts for 16 and 19% reduction of 
GWP, respectively. These reductions are attributed to diminished 
water, electricity, and methane consumption in the identified 
hotspots in the processing lines.

These findings highlight the critical role of embracing resource-
efficient practices in the food industry to mitigate environmental 
impact and foster sustainable production. This research suggests that 
further exploration and implementation of such strategies can pave 
the way for a more environmentally conscious approach to 
food processing.

4 Conclusion

European sustainable production and consumption policies 
consider that agri-food has a top priority over other industrial 

FIGURE 5

Percentage variation of the environmental impacts in different categories for peeled tomato and tomato puree for sensitivity analysis.
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sectors. Efficient resource utilization and adoption of innovative 
methods play a crucial role in mitigating the environmental impact 
and increasing the sustainability of the food industry. To enhance 
suitability in the tomato processing industry, an in-depth 
quantitative LCA analysis with a “gate to gate” approach was carried 
out, considering only the processing phases of peeled tomato and 
tomato puree production. The results of this study showed that to 
produce 1 kg of peeled tomato and 1 kg of tomato puree, the juice 
preparation in peeled tomato production and the concentration 
unit in tomato puree production have the highest contribution to 
global warming. In pursuit of advancing sustainability within the 
tomato processing sector, the development scenarios, defined 
through water-energy nexus simulation, reveal that the 
implementation of the conventional conservation measures 
identified in this study in the production lines of peeled tomato and 
tomato puree resulted in water (23.4%), electrical energy (14.7%), 
and methane (28.7%) savings, and consequently, environmental 
impact reduction in all categories subsequently led to tomato 
processing industry which is more sustainable. Some of these 
conservation measures can be easily applied in the processing plant 
analyzed in this study, being financially viable. For instance, the 
installation of insulation on water and steam pipelines is feasible. 
However, the most sustainable solution can be selected only if an 
assessment of the alternatives is carried out, considering Design for 
the Environment (DfE) methods in combination with Life Cycle 
Assessment (LCA) and Life Cycle Cost (LCC) for an 
economic evaluation.

However, to improve the accuracy and reliability of the LCA 
results, it will be necessary to conduct an extensive and accurate 
inputs and outputs data collection throughout the processing 
stages of peeled tomato and tomato puree production and carry 
out the analysis of uncertainties. This will provide a more 
complete picture of the environmental impacts associated with 
each stage. In view of improving the sustainability of the tomato 
processing industry, exploring the effect of introducing 
innovations, also through novel technologies, can be considered 
as an important further step along with the evaluation of social 
and economic life cycle assessments.
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