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Abstract: Thanks to food technology, the production of cold tomato soups such as salmorejo, a tra-
ditional Spanish dish, has become industrialised. Thermal treatments play an important role in
ready-to-eat meals, prolonging their shelf-life. Radiofrequency (RF) heating is less energy-intensive
than conventional heat exchangers and has been successfully used to pasteurise food; novel applica-
tions, however, provide results at laboratory or pilot scale, so conclusions might not be translatable to
industry. In this study, a prospective Life-Cycle Assessment of salmorejo pasteurised using RF was per-
formed to highlight the relevance of upscaling and to compare its environmental impacts with those
of conventional pasteurisation. “Gate-to-gate” results show that the pilot has greater environmental
impacts due to its greater energy consumption, as thermal energy is not recovered. The packing and
landfill of organic waste exhibit the highest impacts at industrial scale. RF technology does not imply
significant environmental improvements versus conventional pasteurisation. Potential changes in
the energy background of future scenarios have relevant consequences in the environmental impacts.
“Farm-to-factory-gate” analysis highlights ingredients and tomato valorisation as the most impacting
stages. The prospective LCA of scaled up scenarios constitutes a tool for environmental screening in
food ecodesign, contributing to Sustainable Development Goal 12.

Keywords: emerging technology; prospective LCA; pasteurisation; radiofrequency; salmorejo; scale
up; tomato homogenate

1. Introduction

Food products are associated with relevant environmental impacts throughout their
life cycle. Literature on food life-cycle assessment (LCA) shows that the agricultural stage
is often the largest contributor to their total life-cycle impacts [1], with food processing in
second place, accounting for 28% of the total energy use in the EU [2]. In a review on energy
usage within the food industry, Ladha-Sabur et al. [3] highlight processes involving phase
change (e.g., drying, freezing, etc.) as the most energy-demanding ones, although thermal
treatments (pasteurisation, blanching, etc.), which are extensively used in the food industry,
are also remarked as energy-intensive operations accounting for a large share of the energy
consumption in food processing. However, such treatments play an important role in
making fresh ready-to-eat meals long-lasting. The same review also remarks on the energy
consumption associated to cleaning in dairy products [3], while energy consumption for
cleaning in other food products has not been accounted for. Process optimisation, and
technological and manufacturing behavioural changes have been proposed to decrease
energy consumption in food manufacturing [4].
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Traditional Spanish meals, in particular those forming part of the Mediterranean diet,
are held in higher and higher regard and increasingly consumed as part of a healthy lifestyle.
Therefore, industry has made some homemade recipes available in supermarkets thanks to
advances in food science and technology. That is the case of cold tomato soups, such as
gazpacho and salmorejo, which are in great demand in Spain, especially during the warmest
months. Its production is thus seasonal: 70–80% is consumed between May and September.
In the last few years, such cold soups have also become popular abroad, and these products
are being exported to France, Portugal, Belgium, the United Kingdom, and Germany [5] in
greater quantities every year. In 2018, 64.4 million litres of gazpacho were produced [6]. The
economic importance of those tomato homogenates has recently been highlighted by their
soaring sales [7]. Recipes of gazpacho (mostly tomato, other fresh vegetables, and olive oil)
and salmorejo (mostly tomato, garlic, bread, and olive oil) are similar and even made along
the same processing lines. Hereinafter, we will refer to salmorejo, instead of cold tomato
soup or viscous tomato homogenate, to distinguish it from others, such as gazpacho.

These vegetable soups are often pasteurised to extend their shelf life using conven-
tional heating treatments, which involve transferring heat to the food through conduction
or convention mechanisms. The conditions used in conventional heating processes can lead
to an alteration of the sensorial and nutritional properties [8]. Therefore, novel pasteurisa-
tion technologies, such as dielectric heating (e.g., radiofrequency), have been developed,
allowing for the effective inactivation of the common microorganisms and enzymes at lower
processing times and temperatures, and the improved preservation of food quality with
respect to conventional methods [9,10]. Another factor that has driven the development of
such alternative technologies is the operating expenses: these are lower as less energy is
consumed [11]. In principle, dielectric technologies are less energy-intensive [12,13] and,
thus, more sustainable.

Radiofrequency (RF) heating has been studied in solid food for the purposes of
sterilising dried fruits [14,15], cereals [16,17], spices [18,19], and meat [20–22]. The success
of its application to liquids in continuous processing is due to the high degree of penetration
of RF energy, achieving a uniform heating of the product [23]. Specifically, research on the
RF pasteurisation of liquids has been carried out in dairy products [24], and even in liquid
viscous foods [25], such as liquid egg [26]. However, there are no studies available into
acidified homogenates with added acidulants, such as citric juice or vinegar, that require
mild pasteurisation temperatures. Despite all this research work, current studies on liquid
foods only provide results at laboratory and/or pilot scales, so that there may often be great
uncertainty as regards the results at industrial scale [27], since the scaling up has not been
carried out. In fact, there has been no reported use of RF technology for the commercial
pasteurisation of acidified food despite its huge potential [13].

Taking into account that Sustainable Development Goal (SDG) 12 calls for sustainable
and responsible consumption and production, prospective tools are needed to detect the
environmental hotspots at early stages of product design, when there are still opportunities
to use environmental guidance for major changes. Along these lines, prospective LCA has
been shown to be a suitable tool with which to assess the environmental impact of novel
foods or conventional foods developed using new processing techniques [28–31], providing
useful information at early stages of product development to be further incorporated
into industrial-scale manufacturing [32,33]. However, inventory data area great challenge
in prospective LCAs, as many times only lab or pilot scale data are available. Many
authors agree that the scaling effects should be considered when assessing emerging
technologies [34–36]. Upscaling in the food industry is usually complex and, thus, a pilot
plant is useful in the testing of new processing equipment under industrial-like operating
conditions [37]. Several LCA studies on alternative food-processing technologies are only
at laboratory or, at least, at pilot scale [38]. In addition, cleaning of the processing line is
mostly not accounted for in the LCA literature into processed food, neglecting that the
food industry is one of the most water-intensive and also the need to optimise cleaning
protocols [38,39]. This means that the conclusions of such research might not be translatable
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to industrial scale, since economies of scale, changes in the recipe, potential energy, or
material recovery, or the inclusion of additional unit processes, among other things, may not
be taken into account. Upscaling permits the bridging of the gap between lab or pilot data
and inventory data [40], and avoids overestimation of the impacts, as can happen when
using pilot data [41–43]. In this way, a likely environmental impact of the novel product
can be determined, which allows for further comparison with that of a reference product
system [44]. Different upscaling alternatives can be found in the literature on prospective
LCA. For instance, Piccinno et al. [45] and Zhou et al. [40] proposed frameworks to scale
up chemical production processes to industrial scale from laboratory experiments and pilot
plants, respectively. Tsoy et al. [46] and Thonemann et al. [47] review upscaling methods
applied in prospective LCA and provide methodological guidance. It must be highlighted
that the impacts of the scaled-up system are not often compared to those of the reference
product or technology [46,47].

To the best of the authors’ knowledge, the environmental impacts of products pas-
teurised with RF have not been assessed this far. Thus, in this study, a prospective LCA
of salmorejo pasteurised with RF was carried out, with a twofold goal: to highlight the
relevance of upscaling when performing prospective LCAs and also to compare their
environmental impacts with those of salmorejo processed using conventional pasteurisation
technology. To this end, current industrial data, together with information from a real pilot
plant, are the basis for an industrial upscaling considering two throughputs; in addition,
the environmental impacts of the product at pilot and industrial scales are assessed by
using LCA.

2. Materials and Methods

To carry out this case study, the ISO 14040/44 standards [48,49] were taken into
account, in addition to literature on prospective LCAs. Specifically, the study of Thonemann
et al. [47] was used to support decision making for the prospective case study. These authors
highlight three main challenges that arise when conducting a prospective LCA, namely,
comparability, data, and uncertainty. These challenges affect different methodological
aspects of the LCA that, as can be observed in the second column of Table 1, can be
interconnected and not necessarily assigned to one challenge, as challenges also overlap
with each other. It must be noted that only those relevant aspects from Thonemann et al. [47]
followed in our research are included in Table 1.

2.1. Aim of the Study, Goal, and Scope Definition

The aim of the LCA study is as defined in Section 1. In this way, this study aims
to answer the following questions: How relevant is processing in the salmorejo life-cycle
and how can its impacts be reduced? Are there relevant differences between RF and
conventional pasteurisation? Which unit processes and life-cycle stages most contribute
to impacts? Can the impact of salmorejo processing be reduced by improving energy
production processes?

The intended application is: (a) to demonstrate the relevance of upscaling in the devel-
opment of food products using new processing technologies by showing the differences
in the LCA results between a real pilot plant and simulated industrial processing; (b) to
compare the environmental impacts of salmorejo processed with RF with those of the same
product processed with conventional pasteurisation methods.
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Table 1. Methodological recommendations to overcome the challenges of prospective LCAs (elabo-
rated from the study of Thonemann et al. [47]).

Challenge Methodological Aspect Recommendation

C
O

M
PA

R
A

BI
LI

TY

Aim of the study

The aim of the study should include the technology readiness level
(TRL) and manufacturing readiness level (MRL) as an indicator of the
maturity of the technology. In comparative prospective LCAs, the
intended application of comparison should be explicitly stated. To
ensure comparability, the same or consistent time frame and
technological maturity levels are needed for all the modelled
technologies. This means, for instance, that the background data
should be adapted to the technological maturity levels.

Functionality and System
boundaries

When the new product substitutes the conventional without
providing additional functions, the definition of the functional unit is
straightforward. In that case, downstream life-cycle stages, such as
the use and the end-of-life, can be neglected.

Life-Cycle Impact Methodology

Impact-assessment methodologies need to be as comprehensive as
possible and must include the newest developments. Midpoint
methods are preferred over endpoint ones since they minimise
uncertainty.

D
A

TA

Availability

Data for the foreground and background systems must be
differentiated. The foreground system is scaled-up using data
obtained at lab/pilot scales and also other data sources (e.g., patents,
expert interviews, unpublished results). From these data, the process
can be simulated either by using specific software or performing
calculations. Background data are usually taken from databases or
from literature.

Quality In the foreground system, process-engineers’ communications can
support LCA-practitioners’ decisions and improve data quality.

Scaling

Upscaling can be carried out by generating predictive scenarios or by
setting scenario ranges. Foreground processes are upscaled by using
different methods (from existing plants, consultations with
machinery suppliers or process engineers, use of mass and energy
balances, power laws, etc.) to find out the mass and energy inputs
and outputs for each unit process. This can imply varying the
background system for the different scenarios, as it changes over time.
Technicians’ and engineers’ knowledge is key to creating realistic
flowcharts for the upscaling. In prospective LCAs, the attributional
approach is mostly applied instead of the consequential one.

U
N

C
ER

TA
IN

IT
Y

Uncertainty Uncertainty analysis, such as Monte Carlo simulation, is
recommended, especially for the scaled-up system.

Nowadays, RF technology is used at industrial scale for the continuous pasteurisation
of liquid foods, which is an advantage when tackling the scaling up in this research,
although it is not yet used in viscous liquids. Moreover, the industrial production of
salmorejo is already competitive and the introduction of the RF technology, which is at
a mature stage of development, would just imply a substitution of part of the heating
treatment already installed in present-day plants. Thus, although the upscaling is more
straightforward as there are few degrees of freedom (most parameters will be locked),
the possibility of modifying the design and ultimately environmental performance is
limited [50,51].
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The prospective LCA of the product pasteurised using a conventional heat exchanger
(TRL 9) and the emerging technology (RF) at both pilot (TRL 7) and industrial scales is
tested in the present (t0 = 2020) and it is also projected in the future (t1), namely, 2040
(Figure 1). This year was chosen because RF is a novel near-to-market technology and we
assumed it could be fully implemented in 20 years.

Figure 1. Temporal and technological status of each of the studied scenarios (adapted from Gavankar
et al. [42], European Commission [52], and Thonemann et al. [47]). CT, conventional technology;
PP, pilot plant; MS, medium-scale; LS, large-scale; RF, radiofrequency. Continuous red arrow: intra-
technology comparison. Dotted red arrow: inter-technology comparison. Dark colour: technology in
current time. Light colour: predicted technology.

The functional unit (FU) is defined as 1 kg of pasteurised packed salmorejo, without
including the weight of the packaging. Previous studies carried out in the research project,
and still to be published, show that product quality and shelf life are the same, regardless
of the pasteurisation technology applied or the production scale; hence, the reference
flows are the same. As to the system boundaries, two perspectives are applied, namely,
“gate-to-gate” and “farm-to-factory-gate” (see Figure 2). The core system is the salmorejo
processing, including the management of solid organic waste and the wastewater treatment
from facility cleaning. The distribution, use (e.g., refrigeration), and the end-of-life stages
(e.g., management of the packaging waste derived from product consumption) are not
included in this study, as they are assumed to be the same because, as stated above, the
product quality and shelf life are the same.

According to the Inventory Life Cycle Data (ILCD) handbook [53], foreground refers
to the parts of the system susceptible to changes due to decision makers (in this case,
salmorejo producers and project researchers), while background refers to those processes
not directly affected by those actors, usually established as average production mixes and
other market data. Foreground systems are those of the pilot plant and industry (the blue
font in Figure 2), while the rest is part of the background system (the black font in Figure 2).
Water, chemicals, energy, and wastewater corresponding to the cleaning-in-place (CIP) of
the equipment are also included in the background system.
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1 
 

 
  Figure 2. Processes involved in salmorejo production at pilot and the industrial scales. CT: conven-

tional technology, RF: radiofrequency.

2.2. Scaling-Up Procedure and Data Collection

There is no sole method for scaling up, but an array of methods can be found [54].
Arvidsson et al. [50] differentiated two main approaches for the modelling and process
upscaling of the foreground system, namely, predictive scenarios or scenario ranges. The
predictive method seeks to reflect likely technological developments, also taking into
account the status quo. Scenario ranges include minimum and maximum extreme scenarios
or even a grading scale. In this study, the applied upscaling methodology corresponds
mainly to the predictive approach, as RF technology is well-founded at commercial scale.

It must also be remarked that going from pilot to industrial scale often entails changes
in the processing line, which can be summarised in three categories [36,55]. The first
category takes place inside a unit process as some processes can change, e.g., yield, energy
supply, energy efficiency, amount of waste, etc. The second category corresponds to
synergies between processes, for instance, heat recovery or material recovery. The third
category refers to changes in production capacity because it is not always fully used in
pilot plants, whereas industrially the production capacity is efficiently organised, which
can entail changes in the energy consumption and in the number of required unit processes.
To sum up, plant configuration can be modified as a consequence of upscaling, resulting in
a rearrangement of the sequence of unit processes or the addition of new ones.

As stated in the introduction, industrial gazpacho processing is the same as that of
salmorejo, except for the ingredients. The same industrial line is even often used for making
either gazpacho or salmorejo. Thus, except the recipe, the same processing is considered
for the upscaling (e.g., unit processes, equipment used, energy consumption, etc.). In
addition, gazpacho is more commonly produced (in terms of the number of industries) and
the output is greater (in tonnes per year) than that of salmorejo; thus, more information
is available. Then, when specific information on the industrial production of salmorejo
was not available (e.g., unit processes involved, product capacity of factories, etc.), data
from gazpacho processing were used instead. However, as stated in the introduction, the
production of salmorejo is already carried out at commercial scale; hence, the procedure
relies not only on the pilot plant, which is usually the starting point, but also on current
information from equipment manufacturers.

Taking all this into account, as well as available literature [45,46,56], the upscaling
procedure followed for the foreground system is summarised in Table 2. The procedure
consists of three steps, and for each step the associated calculations or the treatment of the
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information is presented, together with its corresponding outcome and the data sources
required. Firstly, in step 1, representative production lines in the Spanish gazpacho and
salmorejo market are studied to set up the most realistic scenarios for the upscaling for
both thermal processing technologies: conventional tubular heat exchangers and RF. As a
consequence, scenarios are designed that take into account two production capacities at
industrial scale and available information on waste management at industrial processing
plants. In step 2, the ingredients of commercial salmorejo are examined, and real plants
are investigated in detail, analysing the production lines and the unit processes involved,
process parameters, and packed products. Once the unit processes are defined for the
industrial scales, step 2 also includes research on the equipment available in the market for
the corresponding scales. Step 3 consists of designing a processing line for each industrial
scale, which will give outcome data concerning mass and energy inputs and outputs and
reference flows of the unit processes. The methods used to estimate these data include mass
and energy balances, but also extrapolations using linear regressions (e.g., to relate the
power of equipment with process capacity) and optimisation factors based on economies
of scale. Optimisation factors are applied to specific unit processes, assuming that their
efficiency increases (e.g., reduction in energy requirements) with the scale [44]. Caduff
et al. [57] found that, if the cost scaling factor for equipment is based mainly on material
input and utility supply, it can be used as a scaling factor in the LCA. In Section 3.1, the
specific calculation methods and data sources used to estimate the energy consumption at
each scale are detailed.

Table 2. Overview of the procedure used in the predictive scaling up, outcomes, and data sources.

Procedure Step Information Treatment and
Calculations

Outcome Data Sources

1. Scenario definition.
Representative
throughputs/production
capacities of production
plants are set. Other criteria
can be used (e.g., organic
waste management).

Investigate current most
common salmorejo/gazpacho
plant production capacities.
Existing alternatives for waste
management are also
investigated.

Two productive scales:
medium- and large-scale
productions.

On-line press releases on
salmorejo production.

2. To have an overview of
common industrial plants and
different production lines.
Investigation of the
equipment used for the pilot
and industrial scales in each
unit process.

Unit processes involved,
flowchart, ingredients and
recipe, production parameters,
sales format. Process
parameters of the unit
processes (temperature,
pressure, product flow,
nominal power, etc.).

Scaled-up production flow of
the productive scales.

Industrial producers’ data:
videos of productive lines,
interviews, and researchers’
know-how. Pilot plant
equipment brands, equipment
manufacturers’ on-line data
and consultation, engineers’
know-how. Personal
communications with
equipment manufacturers.
Literature review.

3. To forecast designs and
working conditions of the
productive lines at industrial
scales from information
gathered in previous steps.

Selection/calculation of
processing conditions of the
scenarios (industry data,
equipment, etc.). Mass and
energy balances needed for
the LCA.

Scaled-up values of material
and energy inputs and
outputs and elementary flows
for each unit process.

Mass and energy balances,
potential laws and regression,
literature on food engineering,
interviews with producers,
pilot plant parameters, and
expert judgement.

Modelling can also affect the background processes. When background systems are
not expected to change very much, status quo scenarios are justified. However, in this
study, they were expected to change, and future scenarios are applied to avoid a temporal
mismatch with the foreground system. Specifically, the literature was referred to in order
to predict the electricity production mix and the natural gas (see Section 3.1.3).
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2.3. Impact Assessment Methods and Impact Categories

The method Recipe 2016 v1.1 Midpoint (H) [58] was used to assess the following
impact categories: climate change, no biogenic (CCnB) and climate change, biogenic (CCB),
as CO2 eq.; fine particulate matter (FPM), as kg PM2.5 eq.; fossil depletion (FD), as kg oil
eq.; freshwater eutrophication (kg P eq.) (FWEU); ionising radiation (IR), as kBq Co-60 eq.
to air; land use (LU), as annual crop eq.·y; marine eutrophication (MEU), as kg N eq.; metal
depletion (MD), as kg Cu eq.; photochemical ozone, ecosystems (PHE) and photochemical
ozone, human health (PHH), as kg NOx eq.; ozone depletion (ODE), as kg CFC-11 eq.;
terrestrial acidification (TA), as kg SO2 eq.; terrestrial ecotoxicity (TEC), as kg 1,4-DB eq.
In addition, freshwater ecotoxicity (ET), as CTUe (Comparative Toxic Units, ecotoxicity),
and both cancer (HTC) and non-cancer (HTnC) human toxicity are characterised through
UseTox 2.12 [59], as CTUh (Comparative Toxic Units, human), and water scarcity (WSC)
with AWARE 1.2C [60], as m3 world eq.

3. Results and Discussion
3.1. Implementation of the Scaling-Up Procedure
3.1.1. Throughput of Salmorejo at Industrial Scale and Scenarios

The processing of pasteurised gazpacho and salmorejo is mainly performed at medium
or large scales, although there are also small processors manufacturing fresh gazpacho and
salmorejo that are supplied to nearby stores. This study focuses on packed pasteurised
salmorejo and the chosen industrial throughputs are 4000 L·h−1 and 12,000 L·h−1, corre-
sponding to medium- and large-scale industrial production, respectively. The two industrial
scales chosen were estimated according to data on salmorejo marketed by different firms
gathered from Spanish press releases and consultation with experts in the sector revealing
throughputs of the most representative brands of gazpacho and salmorejo from 2015 to 2019.

Different scenarios are developed according to the production capacity (pilot, medium
scale, and large scale), the pasteurisation technology (conventional and novel RF technol-
ogy) and the end-of-life of the organic waste from the process (landfill and valorisation to
animal feed). Specifically, the “gate-to-gate” studied scenarios are:

(1). Pilot, medium, or large scale, using the novel technology (RF) in the future.
(2). Conventional pasteurisation using heat exchangers or RF technology at medium scale

in the future.
(3). Conventional heating with heat exchangers in the present or in the future, at

medium scale.

The analysed “farm-to-factory-gate” scenario corresponds to:

(4). Large scale RF technology in the future in which the organic processing waste is
landfilled or valorised to animal feed.

3.1.2. Industrial Processing of Pasteurised Salmorejo
Recipe and Product Characterisation

The traditional homemade recipe for 1 L of salmorejo typical from Córdoba (Andalusia)
is 1 kg of tomatoes (76.00%), 200 g of bread (15.20%), 100 g of olive oil (7.60%), 5 g of garlic
(0.38%), and (0.78%) 10 g of salt. However, the commercialised packed salmorejo differs
from these quantities and may even contain additional ingredients.

The recipe was formulated so that the mixture could be processed in the pilot plant of
the Institute of Agrifood Research and Technology (IRTA Monells, Catalonia), originally
designed for milk and juices, with a 200 L·h−1 processing capacity. The viscosity and
density of the formulation, mainly determined by the bread content, are factors limiting
the transportation of the product through the tubular heat exchangers, the RF equipment,
and the entire pumping capacity of the equipment. Thus, the salmorejo elaborated at the
pilot plant contains 87.6% tomatoes (Solanum lycopersicum, vine variety), 5.0% olive oil, 5.0%
breadcrumbs of white wheat bread, 1.5% vinegar, 0.7% salt, and 0.2% freeze-dried garlic.
The measured dynamic viscosity (rheometer Haake 550 with MV1 probe) and density
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(250 mL pycnometer) of the formulation are 14 mPa·s−1 (20 ◦C) and 1034 kg·m−3, respec-
tively. Each trial produced 150 L of salmorejo in continuous flow.

It can be foreseen that, at industrial scale, the installed equipment also somehow
determines the recipe. The fresh vegetable content, water content, and viscosity of salmorejo
hinders microbial and enzymatic inactivation without losing sensorial and nutritional value
at industrial scale. Thus, in commercial salmorejo and gazpacho it is common practice to
add water in order to decrease the viscosity of the mixture and favour continuous-flow
processing. Nevertheless, in this research the industrial scale salmorejo recipe is assumed to
be the same as the pilot.

Processing Line

Since the industrial production of salmorejo is both well-known and well-established, as
stated in Section 2.1, the upscaling was not based on the pilot plant unless data were unknown
or unavailable. Indeed, the processes involved in the pilot or industrial plants observed
through the abovementioned (Table 2) information sources were different (Figure 2). Then,
although pilot plant unit processes differ from those at industrial level, the relevant process in
the pilot was RF pasteurisation, which would support the prediction of the overall processing
conditions at industrial scale. The unit processes at industrial scale include:

• Reception and washing of tomatoes, performed by aspersion or by sinking the toma-
toes into water. Tomatoes can also be brushed to better clean the product surface and
remove the remaining water before the subsequent process.

• Grinding, sieving, and homogenisation by using a turbo-extractor.
• Deaeration or degassing, to remove the air bubbles trapped in the product so as to

avoid its oxidation.
• Pre-heating, carried out through tubular heat exchangers.
• Pasteurisation using either conventional heating with heat exchangers or RF, the

innovative technology.
• Product cooling, performed through heat exchangers.
• Primary aseptic packing in multilayer packaging (bricks), secondary, and

tertiary packaging.
• Cleaning-in-place every time the plant stops and/or starts.

Two additional buffer tanks are assumed at industrial scale. The first is for the fresh
product, just before the thermal treatment, which feeds the heating/cooling equipment; the
second is for the pasteurised product, and from it the packing machine is fed. Instead, at
pilot scale, tomato reception and washing, as well as the packing of the final product, are
performed manually, while grinding, sieving, and homogenisation occur in different pieces
of equipment: cutter, 3 mm steel automatic sieve, and colloid mill, respectively. In addition,
the product is not degassed and a second high-pressure homogenisation is carried out,
just prior to the pasteurisation. At both pilot and industrial scales, the thermal treatment
consists of a preheating step with a tubular heat exchanger, followed by pasteurisation in
conventional heat exchangers or RF pasteuriser and a subsequent cooling step, also using
tubular heat exchangers.

3.1.3. Forecast Design and Processing Conditions. Building up the Life-Cycle
Inventory (LCI)

Table 3 summarises the decision making as regards the upscaling for each scenario,
while the following subsections explain how these decisions were adopted and the specific
data sources used.
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Table 3. Aspects accounted for in the modelling of the foreground and background systems for
the pilot scale and the two studied industrial scales. R: primary data from the pilot plant. PS:
predictive scenario or extrapolated from real data (e.g., equipment specifications). SR: scenario ranges
(maximum and minimum).

Scaled Up Item Pilot Scale Medium Scale Large Scale

FO
R

EG
R

O
U

N
D

Production capacity
(L·h−1) 150 R 4000 PS 12,000 PS

Energy supply for
heating Electricity R Natural gas PS Natural gas PS

Boiler efficiency 80% PS 85% PS 95% PS

Nominal power of RF
equipment (kW) 45 R

135
(linear

regression)
PS, R

320
(linear

regression)
PS

Pasteurisation time (s) 2 PS 1.5 PS 1 PS

Thermal energy
recovery (from the
pasteurised product)

Not done 85% PS, SR 90% PS, SR

Organic waste generated
(tomato pomace) 12% R 8% PS 5% PS

Efficiency of RF
equipment 65% R 80% PS 80% PS

BA
C

K
G

R
O

U
N

D

Electricity Forecast Spanish production mix in 2040 PS

Natural gas Methane emissions: 40% reduction in 2040 PS

Foreground System

(a) Tomato washing

Tomato washing in the pilot plant is performed manually. In the case of large industrial-
scale processing, data from De Marco et al. [61] for tomato-paste production were used;
specifically, in that study tomatoes are cleaned in a simple collecting channel with a water
flow rate of 0.0605 kg water per kg tomato and an energy consumption of 0.00857 kWh per
kg tomato. To estimate the energy and water consumption at medium scale, and according
to Caduff et al. [62], the classical power law (Equation (1)) for economies of scale was used
based on the throughput [63]:

Clarge scale = Cmedium scale

( PClarge scale

PCmedium scale

)exp

(1)

where C stands for the water (L) or energy (kWh) consumption of the corresponding scale;
PC is the processing capacity (L·h−1) at the corresponding scale; and exp is the exponent,
0.6 in this case study, as it is the average value according to Wooley et al. [63].

(b) Mashing, sieving, and homogenisation

In the pilot plant, the nominal powers of the equipment (grinding, sieving, mixing,
and homogenisation machines) as well as real processing times were used to calculate the
energy consumption. Process conditions can be consulted in Table S1 (see Supplementary).
The energy consumption of electric devices is closely related to its nominal power, and
Equation (2) was used when processing time was available (from pilot plant, industrial
conditions, or scientific literature):

E = P·t·Ψ (2)
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where E is the energy consumption (kWh); P is the nominal power of the equipment (kW); t
the processing time (h); and Ψ is the fraction of nominal power consumed by the equipment.
Empirical values for Ψ are 52% for vacuum pumps and 28% for stirrers [64]. RF equipment
has an energy efficiency of 65% [65] and an improvement of up to 80% is assumed in the
future scenarios.

No data on the power of turbo extractors were found in the technical sheets of machin-
ery suppliers. Thus, at large scale, the electricity consumption of this process is calculated
as the sum of the pulper, finisher, and pump unit processes used for tomato juice from
Fenco Food machinery [66]; from the value at large scale, the consumption at medium scale is
calculated using Equation (1).

The organic waste (tomato pomace) measured in the pilot plant accounts for 12% of
the tomato input. Based on the Italian National Agency for New Technologies, Energy and
Sustainable Economic Development (ENEA) [67], 5% tomato pomace is considered in the
juice-extraction process at large industrial scale, whereas at medium scale, 8% is assumed.
In principle, organic waste is landfilled. When recovered, according to ENEA [67], tomato
pomace is mostly dried and sold for animal feed, substituting conventional fibre and protein
sources [68]. Marcos et al. [69] added up 180 g of tomato pomace, which substitutes both
100 g of barley straw and 48.1 g of wheat bran (as fibre sources), and 50 g of soybean meal
(as protein source). This information was used in the present study to calculate the avoided
loads associated with the use of dried tomato pomace instead of barley straw, wheat bran,
and soybean meal in a common ruminant’s diet formulation. Table S2 (see Supplementary)
shows the inventory data for organic-waste management (landfill and valorisation).

(c) Degassing

Vacuum deaeration removes the excess air trapped in the liquid food, resulting from
grinding and filtering. In this way, there is less risk of fruit oxidation and potential changes
in colour and flavour and, at the same time, the efficiency of the pasteurisation process
grows. At large scale, the electricity consumption from ENEA [67] for fruit-juice deaeration
was taken, whereas at medium scale it was calculated by using the power law (Equation (1)).
In addition, salmorejo was pumped to the next unit process (thermal treatment) with a
26.10 kW pump and a 55.93 kW one, corresponding to medium and large scale, respectively.

(d) Thermal treatment: preheating, pasteurisation, precooling, and cooling

Pasteurisation is a mild thermal process applied to liquid foods to extend their shelf
life and to ensure the safety concerns associated with both vegetative pathogens and en-
zymes. This thermal process affects product quality and extends the product shelf life.
Pasteurised salmorejo kept under refrigeration has a shelf life of up to 6 months, regardless
of the pasteurisation method used. Industrial salmorejo has a pH of around 3.8, due to the
natural acidity of tomato and the addition of wine vinegar. Hence, the microbiological
deterioration of salmorejo is unlikely, since the proliferation of moulds, yeasts, lactic acid
bacteria, and other microbes is difficult under refrigeration and in acidic conditions. This
type of vegetable homogenate undergoes sensorial changes mainly for non-microbiological
reasons [70]. Vegetable enzymes responsible for colour and flavour alterations, such as
peroxidase and polyphenol oxidase, are quite resistant to pasteurisation. Moreover, pre-
heating treatments and the presence of residual oxygen may enhance the activities of both
enzymes. The pectin methylesterase enzyme degrades pectin, producing a gradual clarifi-
cation. The polygalacturonase enzyme, in turn, degrades the polygalacturonic acid from
the previous reaction, also enhancing clarification. According to Dufort et al. [71], reference
pasteurisation data to ensure the inactivation of a cocktail of microorganisms (Escherichia
coli, Salmonella enterica, and Listeria monocytogenes) in acidified tomato-based foods are
71.1 ◦C for 30.6 s. However, this treatment may not inactivate the aforementioned enzymes;
therefore, heating the salmorejo by RF at 80 ◦C for 3 s ensures an efficient inactivation of
pectin methylesterase (and indirectly of polygalacturonase) and peroxidase enzymes, and
an acceptable inactivation of polyphenol oxidase enzyme. Using higher temperatures
and/or longer holding times scarcely improves these results and involves certain sensorial
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risk, since cooked-like flavours may appear. For this reason, according to previous research
on tomato processing [72,73], the pasteurisation temperature in the pilot plant was set at
80 ◦C (Table 4).

Table 4. Process conditions of the pasteurisation at the three scales. RF: radiofrequency. CT: conventional.

RF and CT RF-Technology Pasteurisation Heat-Recovery Rates

Pasteurisation
Temperature ∆T RF Heating RF Treatment Time RF Heating 2 Heat Exchangers

(◦C) (◦C) (s) (%) (%)

Pilot plant 1 80 40 2 0 80

Medium scale 2 80 20 1.5 85 85

Large scale 2 80 20 1 90 85

1 Tested conditions. 2 Data provided by RF equipment manufacturer [74].

Once the pasteurisation temperature is set, the operating conditions of the equipment
used at each scale must be defined. Pre-heating and precooling are carried out through
tubular heat exchangers using hot and cold water as heating and cooling media, respec-
tively. In the pilot plant, the hot water was generated with an electric boiler, whereas at
industrial scale it was assumed to be a condensing boiler with natural gas. As explained
in Section 3.1.2, the second homogenisation, which is conducted in specific equipment
with a power of 2.2 kW in the pilot plant, is performed in the tubular exchanger used for
pre-heating at industrial scale.

At both industrial scales, the heat from the pasteurised product leaving the RF equip-
ment was recovered by the heat exchanger used for preheating, whereas in the pilot plant
there is no heat recovery (Table 4). Pasteurisation using RF technology works with elec-
tricity and the RF triode equipment is cooled down either through air (pilot RF equipment
scale) or by using a water loop (industrial equipment scales), in which water is chilled to
below 16 ◦C [65]. To estimate the energy needed in the heat exchangers used for preheating
the product, the mass and energy balances in the heat exchangers were carried out from
measurements in the pilot plant (Table 4), such as the inlet and outlet temperatures of water
(w) and product (p) (Equation (3)):

E = mw cpw ∆Tw = mp cpp ∆Tp (3)

where m is the mass flow (kg·h−1); cp is the specific heat (kJ·kg−1· ◦C−1); and ∆T is the
temperature change (◦C, and subindexes w and p stand for water and product, respectively).

In the case of the scaled-up processes, the same pasteurisation temperature as in the
pilot plant was assumed. However, the temperature change (∆T) and treatment times of
each treatment step (preheating, pasteurisation, precooling, and cooling) were readjusted
according to large RF industrial equipment requirements [65].

By considering heat recovery at the two industrial scales, the synergies between
different equipment within the productive line are included. At both industrial scales,
heat recovery is achieved with the hot output product, which is used to pre-heat the input
product. As regards the heat-recovery rates provided by the equipment supplier [74], the
best scenario (90% recovery) was used for the large scale, whereas at medium scale the
worst scenario (85%) was assumed. The energy requirement was calculated according to
equations for thermal energy recovery from Sanjuán et al. [66].

To scale up the RF equipment, a regression analysis was applied using empirical data
from the technical specifications of different machines [65]. The resulting linear relationship
was used to calculate the scaled-up nominal powers for medium (4000 L·h−1) and large
industrial scales (12,000 L·h−1) (see Supplementary Table S3; see Supplementary Figure S1).
The energy consumption of RF equipment was calculated by multiplying the nominal
power of the equipment by the processing time taken from the pilot trials (Equation (2)).
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The energy for cooling the salmorejo down to 4 ◦C was calculated as one third of the total
energy needed to cause the temperature change, as calculated by Aganovic et al. [75]. The
coolant mixture consists of water (65%) and propylene glycol (35%) in a close loop circuit.

In the pilot plant, pumping from thermal treatments to packing was performed with
three pumps of 2.2 kW each. For medium and large scales, a 26.10 kW and 55.93 kW pump
were included, respectively.

(e) Packing

The primary packaging chosen was liquid multilayer cardboard brick with a plastic
lid and 1 L capacity, the most widely used in commercialised salmorejo. The amount
of packaging was adapted from Del Borghi et al. [76] assuming that, from the primary
packaging, 0.006 g per kg of product corresponds to a high density polyethylene (HDPE)
lid, 96% of the secondary packaging is cardboard, and the rest is low density polyethylene
(LDPE) film (see values of each packaging component in Table 5). In addition, EUR-pallets
were assumed to be reused 7.5 times on average. The filling was performed with a Joytech
35 kW filler [67].

(f) Cleaning-in-place

Cleaning operations can represent a significant share of the total energy and water
consumption in food processing [77]. However, few LCA studies into food production
include the cleaning of the whole processing line.

According to data collected at the pilot plant, an open CIP circuit cleans the whole
processing line in which basic (1% NaOH) and acid (2% HNO3) solutions are used, and
which consumes 920 L of water, takes 45 min in total, and neither water nor cleaning
solutions are reused in the next CIP. The thermal energy for heating the cleaning solutions
is recovered from the boiler’s condensing gases.

It is not recommendable to use a pilot plant to predict the cleaning variables (time,
volume of cleaning solutions, water temperature, etc.) of a CIP cleaning line at industrial
scale, since the equipment used is not representative and the scaling factors and rules are
unclear [78]. Therefore, a company specialising in industrial CIP [79] was consulted and the
CIP was designed according to the dimensions of the equipment used in the two industrial
salmorejo scales.

At industrial scale, four CIP lines are considered. Specifically, two CIP lines working
simultaneously: one line for the turboextractor and degassing equipment and a second
for the two buffer tanks. In addition, two autonomous CIP lines are used for specific
equipment, namely, the pasteuriser, which comprises the tubular heat exchangers and
the RF, and the packing line. The CIP protocol used in all the lines is summarised as
follows: (1) rinsing with water at room temperature to remove the remaining product
attached to the surface of the tubes (2–5 min); (2) cleaning with alkaline solution at 80 ◦C
(10–30 min); (3) rinsing (1–2 min); (4) cleaning with acid solution at 70 ◦C (10–20 min); (5)
last rinsing (3–5 min). Note that the shortest cleaning time corresponds to those CIP lines
for equipment working at room temperature and the longest corresponds to the cleaning of
the heat exchangers where high temperatures are reached. The first rinsing can be carried
out with water from the previous rinsing, which is still quite clean. Cleaning solutions
are recirculated at 2 m·s−1 at least to ensure an effective dragging. Cleaning solutions are
heated with the plant boiler using natural gas. Two pumps were assumed for each CIP
line and another for the autonomous systems, each pump with a power of 33.56 kW for
medium scale, and 55.93 kW for large scale. It must be noted that the equipment for tomato
washing is not cleaned using CIP, but with foam applied with pressure guns. Wastewater
generated in in the CIP together with that from tomato washing is treated in a municipal
wastewater treatment plant (Table 5).
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Table 5. Life-cycle inventory data for 1 kg salmorejo at the three production scales (processing stage). CT: conventional pasteurisation; RF: radiofrequency.

Unit Process Pilot Plant Medium Scale Large Scale Type of Data, Data Sources, and Additional Comments

Tomato washing
Input
- Electricity (kWh) - 0.0133 0.0086 Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)
- Water (kg) NA 1 0.0939 0.0605 Water production, deionised (Ecoinvent 3.6)
Output
- Wastewater (kg) NA 1 0.0939 0.0605 Municipal wastewater treatment mix (GaBi DB v.9)

Mashing, sieving, and homogenisation
Input
- Electricity (kWh) 0.02201 0.0170 0.0110 Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)
Outputs
- Organic waste (kg) 0.12 0.08 0.05

Degassing NA 1

Input -
- Electricity for deaeration (kWh) - 0.1188 0.1080 Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)
- Electricity for pumping (kWh) - 0.00065 0.00047 Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)

Pre-heating
Inputs
- Electricity (kWh) 0.1348 - - Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)

- Natural gas—RF (kWh) - 0.0445 0.0445 Heat production, natural gas, at boiler condensing modulating < 100 kW
(Ecoinvent 3.6)

- Natural gas—CT (kWh) - 0.0795 - Heat production, natural gas, at boiler condensing modulating < 100 kW
(Ecoinvent 3.6)

- Water (kg) 1.60 0 0 Water production, deionised (Ecoinvent 3.6)

Pasteurisation
Inputs

- Natural gas—CT (kWh) 0.0215 - Heat production, natural gas, at boiler condensing modulating < 100 kW
(Ecoinvent 3.6)

- Electricity—RF (kWh) 0.000248 0.0000209 0.000011 Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)

Pre-cooling
Inputs
- Water (kg) 4.11 0 0 Water production, deionised (Ecoinvent 3.6)
Outputs
- Wastewater 4.11 0 0 Municipal wastewater treatment mix (GaBi DB v9)
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Table 5. Cont.

Unit Process Pilot Plant Medium Scale Large Scale Type of Data, Data Sources, and Additional Comments

Cooling
- Electricity for cooling (kWh) 0.00594 0.01930 0.01930 Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)
- Electricity for pumping 0.0746 0.00065 0.00047 Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)
Filling and packing
Inputs
- Multilayer cardboard brick container (kg) 0.03 0.03 0.03 Liquid packaging board container production (Ecoinvent 3.6)
- Lid of container (HDPE) (kg) 0.006 0.006 0.006 Polyethylene production, high density (Ecoinvent 3.6)
- Corrugated board (kg) 0.0249 0.0249 0.0249 Corrugated board box production (Ecoinvent 3.6)
- Film (LDPE) (kg) 0.0025 0.0025 0.0025 Packaging-film production, low-density polyethylene (Ecoinvent 3.6)
- EUR-Pallet (kg) 0.0002 0.0002 0.0002 EUR-flat pallet production (Ecoinvent 3.6)
- Electricity filler (kWh) 0.018095 0.018095 0.018095 Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)
- Compressed air (m3/L) 0.031 0.031 0.031 Compressed air, 600 kPa gauge (Ecoinvent 3.6)

CIP cleaning
Inputs
- Electricity (kWh) 0.0108 0.0009 0.0006 Ecoinvent 3.6 modified according to data from Table S4 (see Supplementary)

- Natural gas 0 0.0087 0.003 Heat production, natural gas, at boiler condensing modulating <100 kW
(Ecoinvent 3.6)

- Water 0.5907 0.1932 0.0740 Water production, deionised (Ecoinvent 3.6)
- Acid agent (nitric acid) 0.0043 0.0002 0.00006 Nitric acid production, product in 50% solution state (Ecoinvent)
- Basic agent (caustic soda) 0.022 0.004 0.0001 Sodium hydroxide, without water, in 50% solution state (Ecoinvent 3.6)
Outputs
- Wastewater 0.76667 0.50119 0.24970 Municipal wastewater treatment mix (GaBi DB v.9)

1 NA: not available.
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Background Modelling

Raw-materials production
All the ingredients needed for salmorejo are supposed to be produced in Spain. As

to the farming stage, the Ecoinvent 3.6 database was used for the production of tomato
(processing grade at open fields), breadcrumbs, salt (sodium chloride), grape (for making
vinegar), and onion. Onion was used as a substitute for garlic because no process for garlic
is available in the database and the potential error is negligible as the mass contribution
of this ingredient is only 0.2% of the total product mass. The olive-oil inventory was
developed using olive-farming data from Romero-Gámez et al. [80], corresponding to the
traditional, non-mechanised, rainfed, conventional production, and olive-oil processing
data from Navarro et al. [81]. As to vinegar production, wine production (grape pressing
and wine making) was modelled according to Borsato et al. [82], whereas data for must
boiling and acetification processes were taken from Bartocci et al. [83].

Only transport to the industrial plant of those ingredients with a mass contribution
of over 5% was considered. Salmorejo industries are mainly located in the south (An-
dalucía) and east (Murcia and Comunitat Valenciana) of Spain, and taking into account
that Almeria and Jaen are the greatest producers of tomatoes and olive oil, respectively,
the corresponding average transport distances to the three manufacturing locations were
assumed, specifically 386 and 340 km. The tomatoes are transported in refrigerated lorries
and after arriving at the processing plant they are kept in cool storage. Cull tomatoes (waste
left in the fields) are assumed to be 10% of the yield [84].

Energy production
As explained in Section 2.1, as regards prospective LCAs, background processes can

change in the future. Specifically, changes forecast to both the Spanish electricity mix and
natural-gas production in 2020 and 2040 are accounted for. Data on the evolution of the
different technologies of the Spanish electricity mix in 2020 (t0) and 2040 (t1) were retrieved
from Navas-Anguita et al. [85]. Table S4 (see supplementary) shows the precise technological
share for each of these two-time frames. Note that there are great differences between 2020
and 2040. In 2040, it is predicted that 94% of the electricity will be produced by renewable
energy sources, contrasting with just 54% in 2020. This will affect the environmental results
and lower impacts are expected in the electricity mix of 2040. As to potential changes in
natural-gas production, the main environmental concern is not related to its combustion, but
to the methane leaked at extraction from wells and transportation through pipelines. Besides
being a far more potent greenhouse gas than carbon dioxide, methane can account for up
to 9% of the total greenhouse gas emissions associated with the whole life-cycle of natural
gas [86]. The International Energy Agency estimates that up to 40–50% of these methane
emissions could be avoided without any cost [87]; thus, a 40% reduction in methane emissions
was considered when predicting the natural gas used in 2040.

Using the information explained in the whole Section 3.1.3, the life-cycle inventory for
salmorejo production was estimated; this is summarised in Table 5 together with the data
sources of the inventory processes used.

3.2. Prospective LCA Results
3.2.1. Comparing Production Scales

The environmental impacts of the “gate-to-gate” prospective LCA of the RF technology
at pilot, medium, and large scales were assessed and compared. The results (Table 6) show
that the impacts at pilot scale, despite including fewer unit processes, are between 1%
and 39% greater, depending on the impact category, than at medium and large scales,
mainly due to the greater energy consumption and the change from an electric boiler in
the pilot plant to natural gas at industrial scale. In this way, Pereira da Silva et al. [43]
observed reductions of up to 97% of environmental impacts with the industrial upscaling
with respect to the laboratory scale, in the extraction of starch from mango.
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Table 6. Environmental impacts of 1 kg salmorejo pasteurised using novel RF technology at pilot, medium, and large scales in 2040.

“Gate-to-Gate” “Farm-to-Factory-Gate”
Pilot Medium Scale Large Scale Large Scale

RF—Landfill RF—Landfill CT—Landfill RF—Landfill RF—Landfill RF—Valorisation
Climate change, default, excl. biogenic carbon (kg CO2 eq.) CCnB 2.55·10−1 1.78·10−1 1.86·10−1 1.49·10−1 3.96·10−1 4.87·10−1

Climate change, incl. biogenic carbon (kg CO2 eq.) CCB 1.72·10−1 9.40·10−2 1.01·10−1 6.31·10−2 1.61·10−1 2.55·10−1

Fine particulate matter formation (kg PM2.5 eq.) FPM 2.32·10−4 1.92·10−4 1.92·10−4 1.85·10−4 6.55·10−4 6.78·10−4

Fossil depletion (kg oil eq.) FD 6.95·10−2 5.73·10−2 6.03· 10−2 5.57·10−2 1.25·10−1 1.72·10−1

Freshwater eutrophication (kg P eq.) FWEU 4.50·10−5 3.60·10−5 3.60·10−5 3.60·10−5 1.44·10−4 1.46·10−4

Ionising radiation (kBq Co-60 eq. to air) IR 1.09·10−2 1.00·10−2 1.00· 10−2 9.70·10−3 2.05·10−2 2.18·10−2

Land use (Annual crop eq.·y) LU 8.90·10−2 8.80·10−2 8.80· 10−2 8.80·10−2 4.08·10−1 3.95·10−1

Marine eutrophication (kg N eq.) MEU 2.80·10−5 2.20·10−5 2.10·10−5 2.10·10−5 4.17·10−4 4.05·10−4

Metal depletion (kg Cu eq.) MD 1.50·10−3 1.00·10−3 9.90·10−4 7.60·10−4 2.38·10−3 2.12·10−3

Photochemical ozone formation, ecosystems (kg NOx eq.) PHE 4.30·10−4 3.60·10−4 3.60·10−4 3.50·10−4 1.39·10−3 1.44·10−3

Photochemical ozone formation, human health (kg NOx eq.) PHH 4.10·10−4 3.40·10−4 3.40·10−4 3.30·10−4 1.36·10−3 1.41·10−3

Stratospheric ozone depletion (kg CFC-11 eq.) ODE 7.20·10−7 3.00·10−7 3.00·10−7 2.90·10−7 1.85·10−6 1.83·10−6

Terrestrial acidification (kg SO2 eq.) TA 5.40·10−4 4.30·10−4 4.30·10−4 4.00·10−4 1.98·10−3 2.05·10−3

Terrestrial ecotoxicity (kg 1,4-DB eq.) TEC 3.90·10−1 3.20·10−1 3.10·10−1 2.90·10−1 2.05·100 2.08·100

Ecotoxicity (CTUe) ET 6.30·102 4.50·102 4.50·102 4.20·102 1.92·103 2.00·103

Human toxicity, cancer (CTUh) HTC 1.04·10−8 8.80·10−9 8.70·10−9 8.50·10−9 2.48·10−8 2.57·10−8

Human toxicity, non-canc. (CTUh) HTnC 5.24·10−8 2.90·10−8 2.90·10−8 2.70·10−8 1.86·10−7 1.89·10−7

Water scarcity (m3 world eq.) WSC 3.97·10−1 1.10·10−1 1.30·10−1 9.00·10−2 2.28·100 2.26·100
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The greatest differences between the pilot and the medium scale correspond to CCnB
(16% greater at pilot scale), CCB (29%), MD (17%), and ODE (19%). The differences between
medium and large scales are evident only for CCnB (8%), CCB (17%), and MD (10%). In
this regard, Aganovic et al. [75] studied the novel dielectric heating of tomato juice at pilot
scale and concluded that the energy balance and environmental outputs might slightly
change by increasing product capacity.

Figures 3 and 4 show the relative contribution of each unit process to the total envi-
ronmental impacts of salmorejo production per category at pilot and medium scales. The
results of the relative contribution of the unit processes to the total environmental impacts
at large scale are quite similar to those at medium scale and, thus, such data are not shown.

Figure 3. Contribution of the unit processes to the environmental impacts of 1 kg salmorejo at pilot
scale using RF pasteurisation, “gate-to-gate” system boundaries, for the year 2040.

Figure 4. Contribution of the unit processes to the environmental impacts of 1 kg salmorejo at medium
scale using RF pasteurisation, “gate-to-gate” system boundaries, for the year 2040.
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At pilot scale (Figure 3), packing, thermal treatments, waste to landfill, and CIP are the
processes with the greatest environmental impact. Specifically, packing contributes more
than 24% to all the impact categories and up to 97% in the case of LU. Thermal treatments
are relevant in almost every category, with a contribution that ranges from 3% (ODE, LU)
to 39% (HTnC), except for WSC, which accounts for 78% of the total impact, because in the
pilot plant the rinsing water used for the CIP is not recirculated. Organic waste landfill is
critical in CCnB (39%), CCB (66%), and MD (54%). CIP contributes up to 12% to all the
categories in the pilot plant except ODE, with a 56% contribution to the total impact value.

At industrial scale (Figure 4), packing and organic waste landfill are the processes
with the greatest impacts. Packing predominates, with a contribution of more than 60% to
almost every impact category, except CCB (8% of the total impact), WSC (18%), and MD
(25%). Tomato-pomace landfill is quite relevant in CCnB (34% at medium and 24% at large
scale), CCB (71% at medium and 65% at large scale), and MD (54% at medium and 43% at
large scale). The contribution of thermal treatments is small (up to 5%) to every category,
except WSC, which accounts for 23% and 20% of the total impact at medium and large
scales, respectively. Degassing does not make a relevant contribution to any of the impact
categories (up to 7%).

For every scale, the impacts of packaging are mainly a consequence of the production
of the liquid multilayer cardboard brick. Tomato-pomace landfill is critical in CCnB, and
CCB due to methane release, and in MD because of the landfill infrastructure. CIP is
relevant in ODE mainly because of the production of nitric acid, which generates N2O
emissions. CIP is optimised at industrial scale, which explains the smaller contribution of
this stage to every impact category. As thermal treatments are also improved at industrial
scales, the relative importance of the rest of the unit processes increases (e.g., packing or
landfill) with respect to the pilot scale.

When comparing thermal treatments (preheating, pasteurisation, and cooling) at the three
scales, it can be observed that it is more than 70% greater in the pilot plant than at medium
and large scales in every impact category. In the pilot plant, the energy is mainly consumed
during preheating and cooling, since the energy from the pasteurised product is not recovered.
However, no significant differences as regards the RF pasteurisation were found between the
pilot and the industrial scales, because the RF heating parameters were similar.

De Marco et al. [61], in a “gate-to-gate” study into mashed tomato packed in liquid
multilayer cardboard brick, highlight that packaging is the main contributor to most of
the environmental impacts, with shares greater than 50%. In that research [61], prelimi-
nary phases, including transportation to the processing plant, washing, sorting, grinding,
blanching, and refining, contribute to more than 20% of the total impact for every category
assessed, whereas pasteurisation was only relevant in ODP. Del Borghi et al. [76] find that
the larger the format for tomato products, the more favourable the use of liquid multilayer
cardboard brick with a plastic cap as compared with tin-plated steel or glass packages. How-
ever, the latter authors do not assess plastic bottles as an alternative packaging. Salmorejo
is usually packed either in liquid multilayer cardboard brick or in plastic bottles. In this
regard, Aganovic et al. [75] proposed HDPE bottles as a better environmental alternative
than polyethylene terephthalate (PET) for tomato juice.

3.2.2. Comparing RF with Conventional Pasteurisation

When comparing RF with conventional heat exchangers at medium scale in the future
(year 2040), the results reveal small differences between both pasteurisation technologies
(Table 6). While some impact categories are slightly lower with RF, such as FPM (1%
lower), CCnB, CCB, and FD (around 5% lower), and even 15% lower in the case of WSC,
others remain the same or are even worse: this is the case for MD and HTC, which are 1%
greater when using RF, TEC (3% greater), and up to 5% for MEU. The small decrease in
the environmental impacts can be explained, firstly, by the fact that salmorejo requires mild
pasteurisation temperatures; therefore, thermal treatments, already improved at industrial
scale (e.g., through heat recovery), are not relevant in comparison with the remaining unit
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processes (e.g., packaging) and other life-cycle stages (landfill). In addition, RF technology
substitutes only one part of the thermal treatment and not the previous preheating, which
is mostly made by recovering the heat of the pasteurised product. Indeed, the smallest
amount of energy is consumed when using RF pasteurisation, and therefore, decreasing the
preheating temperature could allow preheating only using the recovered heat, decreasing
the consumption of both electricity and natural gas.

Arnal et al. [88] analysed the environmental impacts of applying pulsed electric field
(PEF) technology to facilitate the steam peeling of tomato and they also found that the
environmental benefits were limited from an overall processing perspective; however,
when assessing only the impacts of the thermo-physical peeling stage, every environmental
indicator showed a decrease of between 17% and 20% when the PEF technology was
used. Aganovic et al. [75] compared the environmental impacts of three pasteurisation
technologies (thermal, PEF, and high-pressure) of tomato and watermelon juices, and slight
differences between them were observed. In particular, slightly higher impact was observed
for HPP, followed by PEF and thermal.

3.2.3. Effect of Background Energy Processes on the Results

To detect how changes in background energy processes can affect the results, “gate-to-
gate” environmental impacts of conventional present-day technology (Table 7) and that of
the future (Table 6) were compared for the medium industrial scale. The most significant
improvement occurs in IR (37% lower in 2040), due to the greater share of renewable
electricity sources predicted in 2040 versus the oil and nuclear electricity production
in the present, whereas in most of the remaining impact categories, there is either no
improvement or it is unremarkable (below 5%). These results highlight the significance of
the share of the energy sources; impacts could shift from one category to another. Other
studies [89,90] reveal similar results in which the use of renewable energy sources in the
electricity background of future scenarios significantly lessens the environmental impacts.

Processes that consume a significant amount of thermal energy produced from natural
gas still have great impact in related categories, such as CCB and FD, despite the 40%
reduction in methane leakages accounted for in the future scenario. Indeed, García-Gusano
et al. [91] state that the relative growth in the use of natural gas in the future will be a
troubling source of impacts.

3.2.4. Expanding the Boundaries “From Farm-to-Factory-Gate” and Assessing the
Valorisation of Tomato Pomace

When the system boundaries are expanded, the impact assessment results for the
two waste management alternatives from large-scale production show that landfilling is
preferable to valorisation in almost every category (Table 6). The only slight improvements
observed are those in the valorisation scenario for LU, MEU, ODE, and WSC, which show
values of under 3%, with the greatest decreases being for MD, 11% lower than in the
landfilling scenario. On the other hand, the results for CCnB, CCB, and FD are, respectively,
23%, 58%, and 38% higher, due to the intensive use of the natural gas needed to dehydrate
the tomato pomace. The increase in the remaining impact categories is less than 6%.

The ingredients, in particular tomato (which is the main one) growing and its refriger-
ated transport, make the greatest contribution to the total impact in every category, ahead
of packaging and landfill (Figure 5). Similar results are obtained when organic waste is
valorised, except for CCnB, CCB, and FD (Figure 6). Del Borghi et al. [76] reported similar
results as regards the contribution of raw-material production and packaging for different
tomato products, mainly due to the elevated energy consumption of those life-cycle stages.
The importance of raw-material production (vegetables, meat, or fish) and packaging is
also highlighted in the LCAs of other food products [1,61,81,88].
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Table 7. Environmental impacts of the production of 1 kg salmorejo pasteurised using conventional
technology at medium scale in 2020 (“gate-to-gate” assessment).

2020—Medium Scale

CT—Landfill

Climate change, default, excl. biogenic carbon (kg CO2 eq.) CCnB 1.92·10−1

Climate change, incl. biogenic carbon (kg CO2 eq.) CCB 1.07·10−1

Fine particulate matter formation (kg PM2.5 eq.) FPM 1.97·10−4

Fossil depletion (kg oil eq.) FD 6.73·10−2

Freshwater eutrophication (kg P eq.) FWEU 3.60·10−5

Ionising radiation (kBq Co-60 eq. to air) IR 2.22·10−2

Land use (Annual crop eq.·y) LU 8.80·10−2

Marine eutrophication (kg N eq.) MEU 2.20·105

Metal depletion (kg Cu eq.) MD 9.70·10−4

Photochemical ozone formation, ecosystems (kg NOx eq.) PHE 3.70·10−4

Photochemical ozone formation, human health (kg NOx eq.) PHH 3.60·10−4

Stratospheric ozone depletion (kg CFC-11 eq.) ODE 3.10·10−7

Terrestrial acidification (kg SO2 eq.) TA 4.40·10−4

Terrestrial ecotoxicity (kg 1,4-DB eq.) TEC 3.00·10−1

Ecotoxicity (CTUe) ET 4.50·102

Human toxicity, cancer (CTUh) HTC 8.80·10−9

Human toxicity, non-canc. (CTUh) HTnC 2.90·10−8

Water scarcity (m3 world equiv.) WSC 1.30·10−1

Figure 5. Contribution of the unit processes to the environmental impacts caused by the large-scale
production of 1 kg salmorejo using RF pasteurisation and organic waste landfill, “farm-to-factory-gate”
system boundaries, for the year 2040.
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Figure 6. Contribution of the unit processes to the environmental impacts caused by the large-scale
production of 1 kg salmorejo using RF pasteurisation, valorised organic waste, “farm-to-factory-gate”
system boundaries, for the year 2040.

The valorisation of tomato pomace is critical in CCnB (26%), CCB (53%), and FD
(28%), as shown in Figure 5. On the other hand, tomato-waste valorisation reveals negative
impacts in LU, MEU, ODE, and WSC, due to the avoided impacts associated with growing
barley straw, wheat bran, and soybean for animal feed, although these negative impacts do
not offset the high values arising from the drying of the tomato pomace.

As for the landfilling scenario (Figure 5), landfill makes an important contribution
to CCnB, CCB, and MD with 9%, 25%, and 14% of the total impact values, respectively.
In this regard, Garofalo et al. [92] performed an LCA of whole-peeled-tomato production
and highlighted waste disposal as the life-cycle stage with the highest impact. These
authors [92] propose composting tomato waste as the best management option for the
purposes of improving the environmental performance of the product. Other studies point
to the selection of waste-treatment alternatives as crucial for reducing the environmental
impact of food products [93,94]. This highlights the influence of the end-of-life stage in
the environmental assessment of food products and the need to improve and develop
sustainable food-waste treatment strategies.

4. Conclusions and Prospects

The environmental impact of salmorejo manufacturing using a novel pasteurisation
technology (RF heating) was assessed through a prospective LCA. The process was scaled-
up to perform a comparison between the pilot plant and two industrial scales (medium
and large). In addition, the conventional medium-scale technology was compared with RF.

From the prospective “gate-to-gate” comparison between the three production scales,
it can be concluded that moving from the pilot to the industrial scales reduces the environ-
mental impact (with reductions between 1% in LU and 39% in CCB), mainly due to the
energy recovery but also to a more efficient use of ingredients, water, and energy. These
results are in line with previous prospective LCA studies and confirm the importance of
the upscaling.
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When comparing salmorejo manufactured using conventional and RF pasteurisation,
small differences (up to 5% in every category, except 15% in WSC) are observed, because,
although RF reduces the impact of the thermal treatment, this improvement is not enough
to overcome the impacts of the rest of the unit processes (packing) and life-cycle stages
(landfill of tomato waste). RF technology represents a part (the pasteurisation) of the total
thermal treatment and preheating is still carried out using heat exchangers (needed to allow
the heat recovery). In addition, CIP arises as a relevant source of impacts (up to 56% in
ODE) and such results emphasise the need to include cleaning in LCAs of food processing.

Future changes in the background system, namely, by achieving a greater share
of renewable sources in the electricity mix and decreasing leakage in the natural-gas
distribution, can also improve the environmental profile of salmorejo produced using
conventional methods, especially in IR (37%). Therefore, it can be concluded that both
switching to novel technologies and improving energy background can have positive
consequences on the environmental impacts of food products.

The “farm-to-factory-gate” assessment has shown that the agricultural production of
ingredients has the greatest environmental impacts, followed by the packaging, whereas
the thermal treatment makes a small contribution to the total impact (up to 2.5% in CCB and
even less in the remaining categories). These results are in line with those of other LCAs of
processed food. The thermal treatments of tomato products require mild pasteurisation
temperatures, and thus, their contribution to the total impacts is not relevant, especially
when a less energy intensive technology, such as RF heating, is used. However, although
the effect of RF technology per mass unit is not relevant, if we take into account the high
energy consumption of food processing globally, even small decreases can contribute to
more sustainable production of food.

The valorisation of tomato pomace is not preferable to landfill, as the drying of the waste
requires an intensive use of energy. Thus, other alternative tomato-pomace treatments should
be further explored. For instance, the sun drying of tomato pomace, especially during the
warmest months when there is greater demand for salmorejo, or composting, both contribute
to the circular economy. Further research should also contemplate alternative packaging
materials, such as HDPE or PET bottles. In addition, an uncertainty analysis can permit an
assessment of how the variability of some process parameters influences the impact results,
although varying the parameters of the RF can be irrelevant, as explained above.

One limitation of this study is that the data on mass and energy inputs and outputs
were mostly estimated or taken from scientific literature. Data on energy and water con-
sumption measured at existing industrial facilities could be used to validate the upscaling
results. Another limitation is related to landfill, as the process used was a proxy of mu-
nicipal waste and not specific for tomato pomace; therefore, the results of some impact
categories could change. In addition, the inclusion of the use and end-of-life stages could
change LCA results.

The prospective LCA of different scaled-up scenarios can be contemplated as a tool
for environmental screening applied to food ecodesign to promote the sustainability of
production, in line with SDG 12. This requires a multidisciplinary team including LCA
specialists, food engineers, food technicians, and other experts involved in the development
of the product, testing the pilot plants, and the design of the industrial processes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14031716/s1. Table S1: Characteristics of the equipment and
processing time of the pilot plant; Table S2: Inventory data for organic waste management at large
scale scenario; Table S3: Processing capacity (throughput) and power of RF machines [65]; Figure S1:
Linear relationship between power (P, kW) and processing capacity (PC, L·h−1); Table S4: Spanish
electric mix in 2020 and 2040 and inventory processes used in the prospective LCA. Data of the shares
of the electricity mix have been taken from Navas-Anguita [85].

https://www.mdpi.com/article/10.3390/su14031716/s1
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44. Villares, M.; Işıldar, A.; van der Giesen, C.; Guinée, J. Does ex ante application enhance the usefulness of LCA? A case study on an
emerging technology for metal recovery from e-waste. Int. J. Life Cycle Assess. 2017, 22, 1618–1633. [CrossRef]

45. Piccinno, F.; Hischier, R.; Seeger, S.; Som, C. From laboratory to industrial scale: A scale-up framework for chemical processes in
life cycle assessment studies. J. Clean. Prod. 2016, 135, 1085–1097. [CrossRef]

http://doi.org/10.1016/j.jspr.2016.04.007
http://doi.org/10.1016/j.fbp.2015.03.007
http://doi.org/10.1016/j.foodcont.2019.106833
http://doi.org/10.1007/s11947-008-0131-5
http://doi.org/10.1016/j.lwt.2020.109104
http://doi.org/10.1016/j.foodcont.2015.04.020
http://doi.org/10.1016/j.jfoodeng.2008.10.015
http://doi.org/10.1016/j.ifset.2005.06.002
http://doi.org/10.1016/j.foodcont.2019.107035
http://doi.org/10.1007/s11367-009-0130-4
http://doi.org/10.1016/j.jclepro.2020.121793
http://doi.org/10.1021/acssuschemeng.8b06052
http://doi.org/10.1007/s11367-016-1179-5
http://doi.org/10.1016/j.jclepro.2016.11.059
http://doi.org/10.1007/s11367-013-0627-8
http://doi.org/10.1007/s11367-017-1351-6
http://doi.org/10.1126/science.1248361
http://doi.org/10.1021/es103579c
http://doi.org/10.1016/j.jfoodeng.2019.01.010
http://doi.org/10.1007/s11367-017-1327-6
http://doi.org/10.1021/acs.iecr.7b00360
http://doi.org/10.1111/jiec.12526
http://doi.org/10.1111/jiec.12175
http://doi.org/10.1016/j.jclepro.2021.128981
http://doi.org/10.1007/s11367-017-1270-6
http://doi.org/10.1016/j.jclepro.2016.06.164


Sustainability 2022, 14, 1716 26 of 27

46. Tsoy, N.; Steubing, B.; van der Giesen, C.; Guinée, J. Upscaling methods used in ex ante life cycle assessment of emerging
technologies: A review. Int. J. Life Cycle Assess. 2020, 25, 1680–1692. [CrossRef]

47. Thonemann, N.; Schulte, A.; Maga, D. How to conduct prospective life cycle assessment for emerging technologies? A systematic
review and methodological guidance. Sustainability 2020, 12, 1192. [CrossRef]

48. ISO 14040; Environmental Management—Life Cycle Assessment—Principles and Framework. International Standard Organiza-
tion: Geneva, Switzerland, 2009.

49. ISO 14044; Environmental Management—Life Cycle Assessment—Framework and Guidelines. International Standard Organiza-
tion: Geneva, Switzerland, 2006.

50. Collingridge, D. The Social Control of Technology; Frances Pinter: London, UK, 1980.
51. Bergerson, J.A.; Brandt, A.; Cresko, J.; Carbajales-Dale, M.; MacLean, H.L.; Matthews, H.S.; McCoy, S.; McManus, M.; Miller, S.A.;

Morrow III, W.R.; et al. Life cycle assessment of emerging technologies: Evaluation techniques at different stages of market and
technical maturity. J. Ind. Ecol. 2019, 1–15. [CrossRef]

52. European Commission Horizon Europe. Available online: https://ec.europa.eu/info/research-and-innovation/funding/
funding-opportunities/funding-programmes-and-open-calls/horizon-europe_en (accessed on 29 December 2021).

53. EC-JRC. International Reference Life Cycle Data System (ILCD) Handbook—General Guide for Life Cycle Assessment—Detailed Guidance;
European Commission—Joint Research Centre—Institute for Environment and Sustainability: Luxembourg, 2010; ISBN 978-92-
79-19092-6.

54. Simon, B.; Bachtin, K.; Kiliç, A.; Amor, B.; Weil, M. Proposal of a framework for scale-up life cycle inventory: A case of nanofibers
for lithium iron phosphate cathode applications. Integr. Environ. Assess. Manag. 2016, 12, 465–477. [CrossRef]

55. Van der Hulst, M.K.; Huijbregts, M.A.J.; van Loon, N.; Theelen, M.; Kootstra, L.; Bergesen, J.D.; Hauck, M. A systematic approach
to assess the environmental impact of emerging technologies: A case study for the GHG footprint of CIGS solar photovoltaic
laminate. J. Ind. Ecol. 2020, 24, 1234–1249. [CrossRef]

56. Cucurachi, S.; Scherer, L.; Guinée, J.; Tukker, A. Life Cycle Assessment of Food Systems. One Earth 2019, 1, 292–297. [CrossRef]
57. Caduff, M.; Huijbregts, M.A.J.; Althaus, H.J.; Koehler, A.; Hellweg, S. Wind power electricity: The bigger the turbine, the greener

the electricity? Environ. Sci. Technol. 2012, 46, 4725–4733. [CrossRef]
58. Huijbregts, M.A.J.; Steinmann, Z.J.N.; Elshout, P.M.F.; Stam, G.; Verones, F.; Vieira, M.; Zijp, M.; Hollander, A.; van Zelm, R.

ReCiPe2016: A harmonised life cycle impact assessment method at midpoint and endpoint level. Int. J. Life Cycle Assess. 2017, 22,
138–147. [CrossRef]

59. Rosenbaum, R.K.; Bachmann, T.M.; Gold, L.S.; Huijbregts, M.A.J.; Jolliet, O.; Juraske, R.; Koehler, A.; Larsen, H.F.; MacLeod, M.;
Margni, M.; et al. USEtox—The UNEP-SETAC toxicity model: Recommended characterisation factors for human toxicity and
freshwater ecotoxicity in life cycle impact assessment. Int. J. Life Cycle Assess. 2008, 13, 532–546. [CrossRef]

60. Boulay, A.M.; Bare, J.; Benini, L.; Berger, M.; Lathuillière, M.J.; Manzardo, A.; Margni, M.; Motoshita, M.; Núñez, M.; Pastor, A.V.;
et al. The WULCA consensus characterization model for water scarcity footprints: Assessing impacts of water consumption
based on available water remaining (AWARE). Int. J. Life Cycle Assess. 2018, 23, 368–378. [CrossRef]

61. De Marco, I.; Riemma, S.; Iannone, R. Environmental analysis of a mashed tomato production: An Italian case study. Chem. Eng.
Trans. 2017, 57, 1825–1830. [CrossRef]

62. Caduff, M.; Huijbregts, M.A.J.; Koehler, A.; Althaus, H.J.; Hellweg, S. Scaling Relationships in Life Cycle Assessment: The Case of
Heat Production from Biomass and Heat Pumps. J. Ind. Ecol. 2014, 18, 393–406. [CrossRef]

63. Wooley, R.; Ruth, M.; Sheehan, J.; Majdeski, H.; Galvez, A. Lignocellulosic Biomass to Ethanol Process Design and Economics
Utilizing Co-Current Dilute Acid Prehydrolysis and Enzymatic Hydrolysis Current and Futuristic Scenarios. Available on-
line: https://www.osti.gov/biblio/12150-lignocellulosic-biomass-ethanol-process-design-economics-utilizing-co-current-dilute-
acid-prehydrolysis-enzymatic-hydrolysis-current-futuristic-scenarios (accessed on 29 December 2021).

64. Bieler, P.S.; Fischer, U.; Hungerbühler, K. Modeling the energy consumption of chemical batch plants: Bottom-up approach. Ind.
Eng. Chem. Res. 2004, 43, 7785–7795. [CrossRef]

65. Cartigliano Radio Frequency Food Division. Available online: https://www.cartigliano.com/en/radio-frequency-food-division/
(accessed on 29 December 2021).

66. Sanjuán, N.; Stoessel, F.; Hellweg, S. Closing data gaps for LCA of food products: Estimating the energy demand of food
processing. Environ. Sci. Technol. 2014, 48, 1132–1140. [CrossRef] [PubMed]

67. ENEA, National Agency for New Technologies, Energy and Sustainable Economic Development. D.3.6 Extended Value Stream
Maps of NACE 10.3: Fruit juices and purees and tomato concentrates. Available online: https://scoope.eu/wp-content/uploads/
2016/12/D.3.6_JUICES-AND-TOMATO-final.pdf (accessed on 29 December 2021).

68. Del Valle, M.; Cámara, M.; Torija, M.-E. Chemical characterization of tomato pomace. J. Sci. Food Agric. 2006, 86, 1232–1236.
[CrossRef]

69. Marcos, C.N.; de Evan, T.; Molina-Alcaide, E.; Carro, M.D. Nutritive value of tomato pomace for ruminants and its influence on
in vitro methane production. Animals 2019, 9, 343. [CrossRef] [PubMed]

70. Hurtado, A.; Dolors Guàrdia, M.; Picouet, P.; Jofré, A.; Bañón, S.; Ros, J.M. Shelf-life extension of multi-vegetables smoothies by
high-pressure processing compared with thermal treatment. Part I: Microbial and enzyme inhibition, antioxidant status, and
physical stability. J. Food Process. Preserv. 2019, 43, 1–10. [CrossRef]

http://doi.org/10.1007/s11367-020-01796-8
http://doi.org/10.3390/su12031192
http://doi.org/10.1111/jiec.12954
https://ec.europa.eu/info/research-and-innovation/funding/funding-opportunities/funding-programmes-and-open-calls/horizon-europe_en
https://ec.europa.eu/info/research-and-innovation/funding/funding-opportunities/funding-programmes-and-open-calls/horizon-europe_en
http://doi.org/10.1002/ieam.1788
http://doi.org/10.1111/jiec.13027
http://doi.org/10.1016/j.oneear.2019.10.014
http://doi.org/10.1021/es204108n
http://doi.org/10.1007/s11367-016-1246-y
http://doi.org/10.1007/s11367-008-0038-4
http://doi.org/10.1007/s11367-017-1333-8
http://doi.org/10.3303/CET1757305
http://doi.org/10.1111/jiec.12122
https://www.osti.gov/biblio/12150-lignocellulosic-biomass-ethanol-process-design-economics-utilizing-co-current-dilute-acid-prehydrolysis-enzymatic-hydrolysis-current-futuristic-scenarios
https://www.osti.gov/biblio/12150-lignocellulosic-biomass-ethanol-process-design-economics-utilizing-co-current-dilute-acid-prehydrolysis-enzymatic-hydrolysis-current-futuristic-scenarios
http://doi.org/10.1021/ie049641j
https://www.cartigliano.com/en/radio-frequency-food-division/
http://doi.org/10.1021/es4033716
http://www.ncbi.nlm.nih.gov/pubmed/24344613
https://scoope.eu/wp-content/uploads/2016/12/D.3.6_JUICES-AND-TOMATO-final.pdf
https://scoope.eu/wp-content/uploads/2016/12/D.3.6_JUICES-AND-TOMATO-final.pdf
http://doi.org/10.1002/jsfa.2474
http://doi.org/10.3390/ani9060343
http://www.ncbi.nlm.nih.gov/pubmed/31212765
http://doi.org/10.1111/jfpp.14139


Sustainability 2022, 14, 1716 27 of 27

71. Dufort, E.L.; Etzel, M.R.; Ingham, B.H. Thermal processing parameters to ensure a 5-log Reduction of Escherichia coli O157:H7,
Salmonella enterica, and Listeria monocytogenes in Acidified Tomato-based Foods. Food Prot. Trends 2017, 37, 409–418.

72. Cerón, A.F.; Mejía, D.F.; Osorio, O. Cinética de inactivación térmica de la enzima pectinmetilesterasa en zumo de tomate de árbol
(Solanum betaceum Cav.). Inf. Tecnol. 2016, 27, 67–76. [CrossRef]

73. Fachin, D.; Van Loey, A.M.; Ly Nguyen, B.; Verlent, I.; Indrawati, A.; Hendrickx, M.E. Inactivation kinetics of polygalacturonase
in tomato juice. Innov. Food Sci. Emerg. Technol. 2003, 4, 135–142. [CrossRef]

74. Cartigliano S.p.A. Personal Communication, 2021.
75. Aganovic, K.; Smetana, S.; Grauwet, T.; Toepfl, S.; Mathys, A.; Van Loey, A.; Heinz, V. Pilot scale thermal and alternative

pasteurization of tomato and watermelon juice: An energy comparison and life cycle assessment. J. Clean. Prod. 2017, 141, 514–525.
[CrossRef]

76. Del Borghi, A.; Gallo, M.; Strazza, C.; Del Borghi, M. An evaluation of environmental sustainability in the food industry through
Life Cycle Assessment: The case study of tomato products supply chain. J. Clean. Prod. 2014, 78, 121–130. [CrossRef]

77. Jude, B.; Lemaire, E. How to Optimize Clean-in-Place (CIP) Processes in Food and Beverage Operations. Available online:
https://silo.tips/download/executive-summary-by-benjamin-jude-and-eric-lemaire (accessed on 29 December 2021).

78. Fryer, P.J.; Asteriadou, K. A prototype cleaning map: A classification of industrial cleaning processes. Trends Food Sci. Technol.
2009, 20, 255–262. [CrossRef]

79. Kersia Iberica SI. Personal Communication, 2021.
80. Romero-Gámez, M.; Castro-Rodríguez, J.; Suárez-Rey, E.M. Optimization of olive growing practices in Spain from a life cycle

assessment perspective. J. Clean. Prod. 2017, 149, 25–37. [CrossRef]
81. Navarro, A.; Puig, R.; Martí, E.; Bala, A.; Fullana-i-Palmer, P. Tackling the Relevance of Packaging in Life Cycle Assessment of

Virgin Olive Oil and the Environmental Consequences of Regulation. Environ. Manag. 2018, 62, 277–294. [CrossRef] [PubMed]
82. Borsato, E.; Giubilato, E.; Zabeo, A.; Lamastra, L.; Criscione, P.; Tarolli, P.; Marinello, F.; Pizzol, L. Comparison of Water-focused

Life Cycle Assessment and Water Footprint Assessment: The case of an Italian wine. Sci. Total Environ. 2019, 666, 1220–1231.
[CrossRef]

83. Bartocci, P.; Fantozzi, P.; Fantozzi, F. Environmental impact of Sagrantino and Grechetto grapes cultivation for wine and vinegar
production in central Italy. J. Clean. Prod. 2017, 140, 569–580. [CrossRef]

84. Blanke, M. Challenges of Reducing Fresh Produce Waste in Europe—From Farm to Fork. Agriculture 2015, 5, 389–399. [CrossRef]
85. Navas-Anguita, Z.; García-Gusano, D.; Iribarren, D. Long-term production technology mix of alternative fuels for road transport:

A focus on Spain. Energy Convers. Manag. 2020, 226, 113498. [CrossRef] [PubMed]
86. Tollefson, J. Methane leaks erode green credentials of natural gas. Nature 2013, 493, 12. [CrossRef]
87. Gould, T.; McGlade, C. The Environmental Case for Natural Gas. IEA. 2018. Available online: https://www.iea.org/

commentaries/the-environmental-case-for-natural-gas (accessed on 12 December 2021).
88. Arnal, Á.J.; Royo, P.; Pataro, G.; Ferrari, G.; Ferreira, V.J.; López-Sabirón, A.M.; Ferreira, G.A. Implementation of PEF treatment at

real-scale tomatoes processing considering LCA methodology as an innovation strategy in the agri-food sector. Sustainability
2018, 10, 979. [CrossRef]

89. Chordia, M.; Nordelöf, A.; Ellingsen, L.A.W. Environmental life cycle implications of upscaling lithium-ion battery production.
Int. J. Life Cycle Assess. 2021, 26, 2024–2039. [CrossRef]

90. Villacreses-Freire, D.; Ketzer, F.; Rösch, C. Advanced Metabolic Engineering Approaches and Renewable Energy to Improve
Environmental Benefits of Algal Biofuels: LCA of Large-scale Biobutanol Production with Cyanobacteria Synechocystis PCC6803.
Bioenergy Res. 2021. [CrossRef]

91. García-Gusano, D.; Martín-Gamboa, M.; Iribarren, D.; Dufour, J. Prospective analysis of life-cycle indicators through endogenous
integration into a national power generation model. Resources 2016, 5, 39. [CrossRef]

92. Garofalo, P.; D’Andrea, L.; Tomaiuolo, M.; Venezia, A.; Castrignanò, A. Environmental sustainability of agri-food supply chains
in Italy: The case of the whole-peeled tomato production under life cycle assessment methodology. J. Food Eng. 2017, 200, 1–12.
[CrossRef]

93. Scherhaufer, S.; Davis, J.; Metcalfe, P.; Gollnow, S.; Colin, F.; De Menna, F.; Vittuari, M.; Östergren, K. Environmental assessment
of the valorisation and recycling of selected food production side flows. Resour. Conserv. Recycl. 2020, 161, 104921. [CrossRef]

94. Garcia-Garcia, G.; Rahimifard, S. Life-cycle environmental impacts of barley straw valorisation. Resour. Conserv. Recycl. 2019, 149, 1–11.
[CrossRef]

http://doi.org/10.4067/S0718-07642016000200009
http://doi.org/10.1016/S1466-8564(02)00090-5
http://doi.org/10.1016/j.jclepro.2016.09.015
http://doi.org/10.1016/j.jclepro.2014.04.083
https://silo.tips/download/executive-summary-by-benjamin-jude-and-eric-lemaire
http://doi.org/10.1016/j.tifs.2009.03.005
http://doi.org/10.1016/j.jclepro.2017.02.071
http://doi.org/10.1007/s00267-018-1021-x
http://www.ncbi.nlm.nih.gov/pubmed/29651686
http://doi.org/10.1016/j.scitotenv.2019.02.331
http://doi.org/10.1016/j.jclepro.2016.04.090
http://doi.org/10.3390/agriculture5030389
http://doi.org/10.1016/j.enconman.2020.113498
http://www.ncbi.nlm.nih.gov/pubmed/33052157
http://doi.org/10.1038/493012a
https://www.iea.org/commentaries/the-environmental-case-for-natural-gas
https://www.iea.org/commentaries/the-environmental-case-for-natural-gas
http://doi.org/10.3390/su10040979
http://doi.org/10.1007/s11367-021-01976-0
http://doi.org/10.1007/s12155-021-10323-y
http://doi.org/10.3390/resources5040039
http://doi.org/10.1016/j.jfoodeng.2016.12.007
http://doi.org/10.1016/j.resconrec.2020.104921
http://doi.org/10.1016/j.resconrec.2019.05.026

	Introduction 
	Materials and Methods 
	Aim of the Study, Goal, and Scope Definition 
	Scaling-Up Procedure and Data Collection 
	Impact Assessment Methods and Impact Categories 

	Results and Discussion 
	Implementation of the Scaling-Up Procedure 
	Throughput of Salmorejo at Industrial Scale and Scenarios 
	Industrial Processing of Pasteurised Salmorejo 
	Forecast Design and Processing Conditions. Building up the Life-CycleInventory (LCI) 

	Prospective LCA Results 
	Comparing Production Scales 
	Comparing RF with Conventional Pasteurisation 
	Effect of Background Energy Processes on the Results 
	Expanding the Boundaries “From Farm-to-Factory-Gate” and Assessing the Valorisation of Tomato Pomace 


	Conclusions and Prospects 
	References

