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Abstract: Sustainable greenhouse production has been brought to the forefront as one of the pillars
in achieving the objectives set by the Green Deal strategy in 2020, for drastically decreasing net
emissions from agriculture. The scope of this review was to capture the current situation regarding
the sustainability of greenhouse production in the European Union and to present ways to decrease
the carbon footprint. For this reason, a systematic search of studies was conducted, focusing on
the investigation of the environmental assessment of conventional greenhouses in EU along with
a bibliometric analysis to identify the relationships between the studies. In total, 52 papers were
selected for an in-depth analysis that led to addressing the posed research questions. The study
reveals that Spain and Italy were the most active countries in the literature for the calculation of
the carbon footprint in greenhouses, the value of which showed a large variation per crop and per
country and was significantly affected by the use of non-renewable energy sources. It was observed
that practical solutions to reduce the carbon footprint of greenhouses have already been implemented
and proposed, which indicates a positive inclination towards achieving the Green Deal objectives.

Keywords: systematic review; bibliometric study; global warming potential; greenhouse production;
life cycle assessment; renewable energy sources

1. Introduction

The continuous increase in the Earth’s population, as well as the intensification of
every aspect of human activity, has led to a series of effects on the environment. Global
warming (GW), increased greenhouse gas (GHG) emissions, depletion of mineral resources,
and land degradation are all interrelated problems under the guise of climate change
(CC) [1]. Also, pollution and deterioration are occurring in forests and oceans and out
of the eight million species on the planet, one million are in danger of extinction [2]. In
the European Union (EU), as early as 1990, actions began to be proposed, along with
mobilization aimed at mitigating the effects of human activities on the environment [3].
Indicatively, the CC strategy for reducing the global temperature was established, later with
the Kyoto Protocol [4] and the Emissions Trading Systems (ETS) [5], the 20-20-20 targets [6],
and the Paris Climate Agreement [7]. Efforts to curb CC culminated in December 2019 with
the presentation of the Green Deal by the European Commission [8].

The European Green Deal (EGD) strategy was developed in response to the esca-
lating environmental issues and the growing public and institutional awareness of this
phenomenon, which has given renewed impetus to EU-level CC policy and action [9,10].
The EGD is a set of policy initiatives that attempts to support and motivate sustainable
production and put the EU on a green transitional path, with its final objective of achieving
carbon neutrality by 2050 [11], while developing a competitive economy and technological
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development. EGD also impacts the relationships of EU with its partners from the Euro-
pean Neighborhood Policy (ENP) and will promote significant changes in neighborhood
policies [12]. It will also be consistent with new investment opportunities, for green de-
velopment in partner countries in all sectors of the economy (agriculture, infrastructures,
market trade, etc.) [13]. The other key goals that have been established and make up the
three main pillars of the agreement are the reduction in net GHG emissions by 55% by
2030, compared to 1992 emissions levels (Fit to 55 strategy), and the plantation of 3 billion
additional trees in the EU, which will further contribute to the protection and enhancement
of biodiversity.

A significant share of global GHG emissions and the burden on the environment is
occupied by the agricultural sector in EU, which accounted for 380.5 Mt CO2 eq in 2023.
However, the amount of these emissions was slightly reduced compared to 2005 [14]. If
additional targets and cultivation methods are adopted, the reduction in emissions for some
countries will reach up to 50%, based on the Effort Sharing Regulation [15]. The adoption
of innovative practices to reduce GHG emissions, the use of renewable energy sources
(RES), adopting green energy policies [16], creating sustainable products, the construction
of eco-friendly buildings like greenhouses (GHs), reduction in pollution processes from
the agricultural production, reduction in pesticides use, and the use of environmentally
friendly transportation methods are indicative practices for reducing the agricultural
sector’s environmental impacts.

Different GH production systems have been studied in terms of inputs consump-
tion [17,18], as GHs are one of the most intensive forms of cultivation, due to the high
consumption of resources to cover energy needs, the use of fertilizers or the use of con-
siderable amounts of construction materials [19]. In high-tech GHs, higher yield and
year-round production can be achieved through better water- and nutrient-use efficiency
and by utilizing less land area for production. High quantities of products with high added
value can be observed in areas with degraded soil, or in areas where, under different
circumstances, it would not be possible to grow agricultural products throughout the year.
They can be characterized as systems with lower environmental impacts than open field,
by implementing specific production methods [20]. The areas with protected cultivation
in Europe occupy more than 175,000 ha [21], while Spain occupies 54,000 ha from which
32,048 ha are located in the Almeria region [22], and Italy occupies 33,000 ha [23], with
them being the largest GH producers, while also Spain, Italy, and France are the largest
cultivators of organic GH farming, with 2000 ha, 2000 ha, and 600 ha, respectively [21].

It is clear that with GH production gaining so much traction, it is important to quantify
the environmental impact of the used practices, especially in EU countries, which have to
meet EGD goals. The most widely accepted method for this purpose is life cycle assessment
(LCA), which has been applied in numerous cases in recent years [24]. By using LCA, the
effects of the production systems are presented by means of a multitude of environmental
indicators, such as the carbon footprint (CF) [25]. CF is a measurement of the total amount
of CO2 equivalents released to the environment during the life cycle of a product or
activity [26] and is one of the most robust indicators used to assess the environmental
impact of production systems. To the best of our knowledge, thus far there has not been a
holistic approach to all GH production systems in EU countries, calculating CF or highlights
area-specific methods for reducing CF.

The purpose of this review was to study the literature regarding the calculation of
the CF of products from GHs, in the EU countries, to record the values of CF and to
present ways of reducing its value in these systems. In addition, the goal was to capture
whether RES or alternative materials are used as inputs in these systems and to what
extent the values of the examined indexes are affected by their use or non-use. Within the
framework of this paper, a bibliometric analysis was also conducted, in order to present the
relationships between the studies selected for this review and highlight research trends.
All of the above were examined under the prism of the regulations and the principles of
the EGD and an attempt was made to assess, based on the actual data, the extent to which
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the goals that have been established until 2050 are being met. Finally, a summary of all
findings was provided, to present the suggestions made from the studies on ways to reduce
GHG emissions from GH agricultural production and maintain sustainability, that can be
applied by farmers and researchers in the EU.

2. Systematic Review Methodology

For the present study, a systematic review was performed combined with a bibliomet-
ric analysis in order to create groups based on the commonality of goals and emphasis
given from each study [27]. While the systematic study allows us to present the current
developments while focusing on qualitative aspects relevant to the review at hand (e.g.,
plant species, hotspots) [28], the accompanying bibliometric analysis enables a more ab-
stract view of the research landscape and the portrayal of influential publication venues,
thematic axes of the published work, and collaborations between countries.

In contrast to other types of reviews, such as critical reviews, overviews (not system-
atic), and literature reviews, systematic reviews contain comprehensive and exhaustive
searching of studies and synthesis of the results, so that their analysis leads to the im-
provement of the existing situation, through the finding and presentation of proposals
and methods where this is required, but also the drafting of proposals for future research
in the field [28]. Moreover, bibliometric studies involve the accumulation of bibliometric
information (e.g., publication venue, author affiliations, number of citations) and the use of
statistical methodologies to profile the research landscape.

2.1. Research Question

The following research questions (RQ) were formulated considering EGD, to pro-
vide comprehensive results and draw conclusions about the state of CF production in
EU countries: RQ1. What is the research landscape of carbon footprint analysis in the
European Union countries, based on bibliometric indicators? RQ2. What is the value of
the carbon footprint indicator of greenhouse crops in European Union countries? RQ3.
Are renewable energy sources being exploited in European Union greenhouses and how
does this affect carbon footprint values? RQ4. Based on current data, is it possible for
greenhouse production to meet the Green Deal’s directive Fit for 55 to reduce the European
Union’s greenhouse gas emissions by 55% by 2030, and in what ways?

2.2. Eligibility Criteria

Certain criteria had to be met for a study to be considered suitable for thorough inves-
tigation and be included in the final list of studies chosen for this review. For the final list
of works, only peer-reviewed studies were considered, which conducted an environmental
study with real data (not simulation or models) from vegetable and ornamental production
in conventional GHs exclusively in EU countries. The studies had to clearly present the
value of the CF, which would result from conducting an LCA. In cases where the absolute
value of the CF may not have been stated, but expressed as a percentage, the quality of the
work and its potential contribution to the work were assessed on a case-by-case basis and
included in the final selection or rejected as insufficient.

2.3. Search Strategy

To select the papers for this review, the steps shown in Figure 1 were followed. The
main search for relevant papers was carried out in Scopus and the initial search was
performed in 17 March 2023, while the final search string used was formed on 5 April
2023 and yielded 465 studies. The terms that have been used were “carbon footprint”,
“LCA”, “Life Cycle Assessment”, “greenhouse production”, “greenhouse cultivation”, and
“greenhouse”, while there was also a more detailed application of filters to collect only
works that constituted articles, conference papers, scientific reports, and reviews in English.
In addition, papers were searched manually in Google Scholar to check if important papers
were missing from the main search, which resulted in 11 more studies being added to the
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initial studies list. It was decided not to apply a chronological criterion in the search for
papers, in order to study the method and frequency with which environmental studies
were conducted in earlier years and how the interest in the issue evolved over the years.
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Out of the 465 results from the Scopus search, 365 studies were removed, as they did
not meet the criteria to be included in the present review. They were considered irrelevant to
the chosen topic, or they were referring to the cultivation of crops in non-conventional GHs
(net-houses, non-robust structures), or in open field. Moreover, they contained experiments
and analyses in non-EU countries, they performed simulations without actual data, or
did not present clear values of CF and environmental impact from the studied systems.
Before rejecting these papers, their bibliographic references were studied, with the aim of
finding additional suitable papers; hence, six more papers were included in the study. For
the final selection, out of the 117 studies (100 from Scopus, 11 from Google Scholar, and 6
from reference lists of rejected studies), 52 papers were chosen, as the remaining 65 studies
constituted review papers or papers with some contribution to the purposes of this review,
but not eligible for the final selection. Thus, the final selection of papers involved 52 studies
on the CF of GH production in the EU.

2.4. Description of the Selected Studies

After the final selection of the 52 studies, a table was created in a Microsoft Excel
spreadsheet, where data from each study were inserted, regarding the information with
significant interest for the extraction of the final results. Therefore, the categories formed
were related to both cultivation techniques and details about CF calculation. Thus, the
categories included the year of publication, the country where the GH is located, the type
of study (commercial or experimental) the cultivated species, the cultivation period, the
GH area, and the total yield per growing season. In addition, the categories included the
CF calculation protocol followed, the databases from which additional data were extracted
for each study, the software used for the calculations, the functional unit (FU), the system
boundaries, the method of calculating environmental impacts, the specific impact categories
studied, and the value of the CF, as well as the hotspots of the production process.

2.5. Bibliometric Analysis

To conduct the bibliometric analysis, the digital object identifiers (DOIs) of the final
studies were leveraged. More specifically, the extracted DOIs were inserted in the Scopus
database, to retrieve bibliometric information. The goals of the bibliometric analysis were
to (i) present basic descriptive information regarding the collected studies, (ii) inspect
the research landscape on a country-wise level to portray country collaborations, and
(iii) extract thematic axes from the collected studies that capture the research directions in
GH CF. It should be noted that, during the study extraction based on the DOIs, two studies
that were not indexed in Scopus were excluded from the analysis. This constitutes a minor
limitation that nevertheless does not hinder the quality of the bibliometric insights.

In Table 1, the goals of the bibliometric analysis, along with the statistic methodologies
used to achieve them, as well as the leveraged metadata for each goal, are presented.
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To conduct the bibliometric analysis, the Biblioshiny framework [29] of the bibliometrix
library [30] was used for the first and second goals, while the third goal was achieved by
using both Biblioshiny and VosViewer [31].

Table 1. Bibliometric analysis setup.

Goal Methodology Metadata

Descriptive information
regarding collected studies Descriptive statistics, plots Document number, sources, publication year,

document citations, author keywords, keywords plus

Country-wise research
landscape

Descriptive statistics Author countries
Citation analysis Document citations

Collaboration networks Author countries

Thematic axes from
collected studies

Co-word analysis clustering Author keywords
Cooccurrence networks Author keywords, keywords plus

Regarding the first goal, descriptive statistics were employed to capture the number
of documents per year, some primary information about the collected studies (e.g., the
document types, the total number of citations, etc.), and the most popular publication
venues. These indicators can portray, in a descriptive manner, the research activity on
GH CF and track the evolution of the domain. For the second goal, the countries of the
authors were used, along with the document citations to profile the country-wise analysis of
studies. More specifically, the scientific production of each country, i.e., the total number of
document authors that originate from a country, was profiled both in a geographical manner
as well as annually, for the most productive countries. In addition, the document citations
were taken into account, along with the author countries to portray the countries that attract
the interest of other researchers and develop innovative methods of GH CF calculation.
Finally, the collaboration between countries was portrayed using network analysis.

Regarding the third goal, and the extraction of thematic insights, the selected approach
was twofold. Using VosViewer, a co-occurrence network was constructed, relying on the co-
occurrence of the author keywords and keywords plus in the documents. The construction
of a network relies on the association strength between pairs of words, considering the
common occurrences of the words and the occurrences of each word separately.

In addition, for the thematic clusters, the methodology introduced by Callon et al. [32]
was used, which first computes a co-occurrence network between the author keywords of
the collected studies. Then, a community detection algorithm (assigned by the researcher
that conducts the analysis) finds communities of interconnected terms. These communities
are comprised of keywords and may be connected to each other through shared words.
The final step of the algorithm calculates two metrics, namely the Callon Centrality and
the Callon Density. The Callon Centrality assesses the association strength of a community
with all other communities, i.e., the number of links that the keywords within a community
have with keywords from other communities. Conversely, the Callon Density assesses the
strength of connections with a community itself, usually calculated by the mean value of
internal links [32]. The goal of this methodology is to produce thematic clusters, which
comprise interconnected keywords, distributing them into a two-dimensional space and
assessing their innovation [32–34].

3. Study Insights and Discussion

The results regarding the basic descriptive statistics of the individual characteristics of
the works, as well as the results of the bibliometric analysis, are presented in this section.
The extracted data regarding the CF calculation process, along with information about the
general characteristics of the selected studies (country, year, plant species) are presented in
Tables A1 and A2 in Appendix A.
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3.1. General Description of the Studies
3.1.1. Countries and Year

The main countries where the examined studies were carried out were Italy (16 studies,
31%), Spain (16 studies, 31%), Germany (six studies, 12%), The Netherlands (five studies,
10%), and Greece (four studies, 8%). However, in some cases the experiments and analyses
were carried out in two countries at the same study, which facilitates the comparison of
data between different countries with different environmental conditions [20,35–37]. No
chronological criterion was applied to the search strategy, so the selected papers were
published from 2005 to 2023. Most papers were published after 2017 (26 papers) in a
five-year period, while from 2005 to 2017, 26 papers were also published, but in a 12-year
period. In both Spain and Italy, the rate of publication of papers per year seems relatively
stable, with an average of two papers published per year. The ever-increasing interest in
sustainable production, as well as the popularity of the LCA method for calculating the
environmental impact of agricultural systems, has contributed to both the scientific com-
munity implementing alternative methods for reducing the impact [38,39] and producers
monitoring and reducing the impact of their existing systems [40,41]. From the list of works
under study, in 30 of them commercial production systems with actual data from the field
were analyzed, while the other 22 concerned experimental studies in universities or other
research institutes.

3.1.2. Plant Species—Cultivation Period—Yield

Out of the 52 studies selected, 28 (52% of the total papers), are related to the calculation
of the environmental impact of the tomato crop, which was cultivated in Spain in 13 of
the 28 works (46%). In addition, 15 papers deal with ornamental plants (29%), which were
mainly cultivated in Italy (9 out of 15 papers, 60%) and 4 papers with lettuce (8%), while
in the rest of the papers other leafy vegetables or fruiting vegetables in GHs are studied,
such as peppers, cucumber, and grapevine. Since there was no specific search criterion of
papers based on cultivated species, as the review covered the whole range of plants grown
in greenhouses in EU countries, the systematic search of the scientific databases resulted in
more papers on tomato cultivation, as it is quite a widespread species in countries under
study. It is also noted that tomato was widely cultivated in Spain and ornamental plants in
Italy, which is influenced by multiple factors, such as climatic conditions and geographical
and economic parameters. Spain, and the specific area of Almeria, has wide access to
groundwater and sunlight, which provide favorable conditions for tomato, while in Italy
ornamental plants play a crucial role in enhancing the country’s national economy [42,43].

Tomato is one of the main vegetable species cultivated in GHs on a large scale in the EU,
with 18,099 Mt of tomatoes produced in 2021 [44]. In addition to being a fairly widespread
ingredient in the human diet, tomato also has high requirements in its cultivation stage and
processing. This leads into a high consumption of inputs such as electricity and fossil fuels
for heating and cooling in order to produce higher yields [45], and by extension a significant
burden on the environment, which justifies the high proportion of papers studying the CF
of the crop in GHs.

The cultivation period of the crops varies according to the plant species, the country
of production and the type of study (experimental or commercial). In particular, lettuce,
which has a much shorter biological cycle than tomato, was cultivated for about a month or
a maximum of two months [46] in the works under study and there were multiple cycles of
cultivation during a year [46,47]. Tomato was cultivated from six months (10 studies) to
one year (12 studies), without any clear correlation between country and cultivation period.
There were two crop cycles of almost six months but also one crop cycle over the course of
a year both in warmer countries such as Spain and Italy [48–51], and in northern countries
with colder climate conditions such as Germany and The Netherlands [20,52].

Regarding the observed yield, the comparison of product amounts in GHs from
different studies could not be carried out, as the countries where the study is conducted or
the cultivation season are different. Even in the same countries, it would not be possible



Sustainability 2024, 16, 191 7 of 39

to compare the yield between different papers due to other inhibiting factors, such as
the conditions of conducting the experiments (different climatic conditions inside the
GH, different substrates, etc.). However, in several cases the studies involved testing
different cultivation techniques in the same work, which facilitated the comparison of
results, both in terms of yield and CF value. More specifically, yield may differ between
organic and conventional production systems, where in conventional systems higher yields
are observed than in organic cultivation production systems. In the selected studies, it
was measured that in organic GH production, tomato yield was 15 kg/m2 per year (for
two cultivation seasons), while the corresponding value in conventional GH systems was
17.4 kg/m2 [40]. The season in which crops are grown, may play a crucial role in yield, as
it was shown that the winter cultivation of aeroponic lettuce resulted in 120 kg, while in
the autumn–winter period, the yield was measured at 279.3 kg [47]. In another work where
tomato was grown in different production scenarios in Germany, in a GH with F-clean
cover materials and energy-saving screens, yield was measured at 17.9 kg/m2. In the
corresponding GH equipped with a double PE covering, the yield was 12.1 kg/m2 which
led to the conclusion that high-tech greenhouses with more robust and durable structures
may lead in higher productivity [20].

The type of cultivation system (hydroponic/soil) seems to comprise a crucial factor
in crop yield. It was found that in soilless cultivation systems, roses resulted in a double
yield (100–110 stems/year) to that in soil cultivation (40–50 stems/year), when the GH is
heated in winter [41]. Similar results were presented between a soil cultivation system and a
hydroponic system of lettuce cultivation in a GH, where yield was measured at 29.05 kg/m2

in soil and 53.2 kg/m2 in hydroponics [53]. In a solar collector GH where tomato was
cultivated under a semi-closed climate control system and high CO2 concentrations, yield
was increased by 22% in comparison to the tomato cultivation in a conventional GH [45].
Finally, the significant impact of heating in the product’s yield is clearly shown in a study
of tomato cultivation in Spain, where in heated conditions the yield was 153 t/ha, while in
unheated conditions the yield was calculated to be 93 t/ha [42]. The correlation between
increased yield and heating is also shown in a study of tomato cultivation, where yield was
calculated at 57 kg/m2 per year in heated conditions and 11 kg/m2 per year in unheated
conditions [54].

3.1.3. Protocols

For the calculation of CF in all studies, the LCA of the production processes was used.
The protocols followed by the authors of the papers were mainly the ISO standards. The
first standard describing the LCA methodology was the ISO 14040 standard [25], published
in 2006–2007. In studies after 2018 and in cases where detailed reference was made to
the product carbon footprint (PCF), the ISO 14067 standard was also used. In studies
prior to the publication of the 14040 and 14044 standards, the 14043 standard [55] was
also leveraged, which was revised by 14040 and 14044, while it was also observed that
the standards 14047/48/49 have been used which include explanations or illustrative
examples in LCA applications [51]. ISO 14040 is the main and most general standard and
studies the principles that must be drawn up for any ecological assessment of products
or processes [25]. In contrast, ISO 14044 is more specific and detailed in that it describes
the specific steps to be followed for assessment against the ISO 14040 [56]. The aim of the
ISO 14067 standard is to help and point the way towards a more environmentally friendly
direction to reduce the greenhouse gases that come from the production, transport, and
consumption of the products [57].

ISO standards were used in 42 of the 52 selected papers (81% of total papers). Other
standards and accepted methodologies that were followed to a lesser extent for the cal-
culation of the environmental impact of the examined systems were the PAS 2050-1,
DNCF2009 [52], the International Life Cycle Data System (ILCD), IPCC guidelines, and SPI
tool. The PAS 2050 standard is a guide for estimating GHG emissions released during the
production process of goods [58]. However, this specific guide, as stated in its instructions,
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does not include guidelines for communicating the results of the study to the public, which
is the reason that methodologies from the ISO standards need to be included in the study, as
it was observed to be the case for the examined papers that used the PAS template [59–62].
In the study of Vermeulen and van der Lans the “Carbon footprinting of horticulture prod-
ucts protocol” (DNCF2009) is used, which was developed by the Dutch horticultural sector
and is in line with the PAS 2050 guidelines [52]. The ILCD has been recorded in handbooks
containing all the important guidelines for LCA based on ISO 14040/44 protocols, for
individual practitioners, to maintain consistency in the extracted results when conducting
LCA [63]. The Intergovernmental Panel on Climate Change (IPCC) has released detailed
methodologies on calculating CF in all agricultural production sectors [64], which were
used in some studies of the present review [42,53,54]. Finally, the SPI tool which was also
used as a method for estimating CF [65], is another similar approach for calculating the
ecological footprint of a product or service by considering all material flows between the
production system and the environment [66].

3.1.4. Databases

In the selected studies, in order to collect secondary data that were difficult to assess
from the producers during interviews or were unknown to the researchers conducting the
experiment, and also to perform the LCA for the calculation of CF based on actual data,
specific databases were used. These databases were either embedded in the specific LCA
software that was implemented for the purpose of the analysis or were used directly to
provide factors for converting materials into GHG equivalent units. Typically, they are life
cycle inventories (LCI) databases that play a crucial role in covering a wide list of materials
and the whole cycle of products when conducting LCA. Databases used for inventory
analyses are either open access (e.g., open LCA, ProBas) or available after paid subscription
(e.g., Ecoinvent, GaBi).

In the majority of the selected studies, the databases that were mainly used were the
Ecoinvent and GaBi databases. In total, 33 out of the 52 studies used Ecoinvent (64% of
the studies), 7 studies used GaBi (13%), and 4 studies used the ProBas database (8%). The
different versions of these databases are due to the different years that each study was
published, which promoted researchers to use the version that was available at that period.
Other databases that were utilized by the researchers were the iTec database, Agri-footprint,
and LCAfoods. Regarding the main databases used, they seem to be the most prevalent
among the scientific community for providing a wide range of datasets and information
on multiple sectors, such as industrial and agricultural. Data are up-to-date and adapted
for each geographic location, in order to achieve high transparency [67]. GaBi databases
have been created to be a part of the GaBi software for LCA conduction. Similarly to
Ecoinvent, the Gabi database included all data that are crucial for completing the inventory
analysis [68].

3.1.5. Software

LCA software tools assist the research community in conducting life-cycle analy-
ses with high accuracy and correctness. These software tools have integrated multiple
databases with the aforementioned datasets and operate based on unique techniques and
methods. Their operating principles are based on the insertion of data by the user about
the manufacturing processes of the studied product and their ability to detect environ-
mental burdens. Among the several LCA tools, some are free and publicly available (e.g.,
OpenLCA, SPIonWeb), and others must be purchased to be used. Differences between
the existing tools have been observed in studies, which are related to the various datasets,
impact assessment methods, and characterization factors [69] and may lead to different
LCA results which increases the uncertainty of the extracted data [70].

In the selected papers, the authors either used a specific LCA software, or did not
mention one, so in these cases they used equations for manual calculations of the CF. The
most common tools were GaBi and the SimaPro software. Other software that were used in
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the selected studies were OpenLCA software (two studies), SPIonWeb Version 1.1. (one
study), eFoodPrint ENV (one study), TEAM software (one study), and Umberto NXT CO2
(one study). In total, 24 of the studies mentioned SimaPro for the calculation process (46%),
while 11 of them used the GaBi software (21%). This finding is also in line with the literature,
where these two tools are the primary options for conducting LCA [71], while they have
also been studied in combination, in order to investigate the degree of differentiation of the
results for the same study. It has been found that for the exact same dataset, up to a 20%
difference in values of environmental indicators was observed between SimaPro and GaBi
software [70]. In order to avoid great discrepancies between the results, it is suggested that
the efforts of the developers be directed to the provision of reliable tools and the conducting
of comparison checks between the different software [70] or the use of the latest versions of
each software, the application of a cross check of the extracted results through a third party,
and the conduction of the analysis with large samples [71].

3.1.6. Functional Unit (FU)

When conducting an LCA, the choice of the most appropriate FU is fundamental for
presenting the results and enabling comparison with other studies and experiments [72].
FU is a reference unit for the quantification of the production system’s performance and
serves the role of connecting inputs and outputs [25,73]. Among the selected papers, the
most common unit was the product mass which, depending on the quantity of production,
was set to one ton (1 t) or one kilogram (1 kg) of vegetable. Conversely, depending on the
type of crop (vegetable/floral species) the FU was either the product mass or flower pots
and number of stems. Moreover, when examining the environmental ramifications per land
area unit, the FU was set to 1 square meter (m2). Mass was used as the FU in 40 studies
(77%), 1 flower pot in 8 studies (15%), 1 m2 in 6 studies, and the number of stems also in
6 studies (12% each). Six studies chose to use more than one FU for better interpretation of
their results and to ease the comparison with other works. In these cases, the mass as the
FU was presented along with area as the FU [20,45,74], and the area or number of stems
with the number of pots [41,75], while days of flowering was also a choice as the FU along
with one piece of product [76].

The selection of FU should be governed by a dynamic approach and not in a static
framework as it may result in mishandling the constantly evolving product functional-
ity [77]. In fact, different options of FU have effects in the perception of the environmental
effects of the system [78]. Therefore, depending on the purpose of the study, different FUs
can be selected. Common FUs are the mass and volume that are more suitable in production
systems whose environmental effects are studied, while if the purpose of the research is
to highlight the quality characteristics of food in the specific production systems, more
suitable FUs are the nutrient or energy content of the food products [72]. This confirms the
validity of the selected FUs in the examined works, where in most of them an FU of mass
was chosen to express the results regarding the environmental burden of the systems.

3.1.7. System Boundaries

One of the main steps in the LCA methodology is the definition of the studied system
boundaries in order to present the production process flow. Based on the stages included
in the study, there are several types of system boundaries, such as cradle-to-gate, cradle-
to-grave, or gate-to gate. In cradle-to-gate assessments, a part of the product life cycle
is taken into account, with specific stages of the production process, which are from raw
materials extraction until the product leaves the factory gate. In cradle-to-grave systems, all
production stages are analyzed, from the production of raw materials to the use of products
and their disposal or recycling [79]. When the boundaries are limited only from the time
that raw materials enter the studied system until the final product is ready to be transported,
then assessments are identified as gate-to-gate. In the studied papers, in cases where the
final gate is defined, it is added clearly in the system boundaries (cradle-to-farm-gate).
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It is shown that the stages that are chosen based on exclusion or inclusion criteria
may not be representative to fulfill the goal of LCA, which is to capture the environmental
impacts of production systems. Often, the choice of system boundaries is at the discretion of
the researcher and may be based on personal experiences rather than scientific data [80,81].
In fact, it is possible that the stages that have been excluded from the selected boundaries
contribute to the assessment of the burden on the environment just as much as the selected
production stages [81].

This fact has been proven in practice, since when inputs that are often omitted in
other works (machinery, use of pesticides, infrastructure, etc.) were included within the
study boundaries, a significant increase in the CF was observed, while by excluding them
from the system boundaries, the value of the indicator decreased by more than 45% [82].
Similar findings were also observed in the works selected for the review, where depending
on the boundaries chosen, the result of the CF was different. In particular, in works that
chose multiple system boundaries to present results, the CF was relatively higher when
considering the entire product life cycle (cradle-to-grave) than when choosing a part of it
(cradle-to-farm-gate). A reasonable conclusion is that cradle-to-grave analyses lead to more
accurate overall results for the system; otherwise, some stages such as the consumer effect
in environmental impact might be significantly underestimated [60].

For example, in GH tomato cultivation, when the cradle-to-farm gate approach was
applied, the value of the CF was 0.216 kg CO2 eq per kg of tomato, while in the cradle-
to-consumer approach it was calculated at 0.78 kg CO2 eq per kg of tomato [48]. Also, in
another work of tomato cultivation in a heated and unheated GH, when the boundaries
chosen were cradle-to-farm gate, the CF was estimated at 1.33 and 0.39 kg CO2 eq/kg of
tomatoes, respectively, and in the cradle-to-regional distributional center approach the
values were 2.07 and 1.13 kg CO2 eq/kg of tomatoes, respectively [42].

3.1.8. Impact Assessment Method

The next step in LCA, after the definition of goal and scope and the completion of
inventory analysis, is the impact assessment of the studied system. When a specified LCA
software is implemented for the analysis, impact assessment methods are embedded in the
software. Then, it is the responsibility of the user to select the most appropriate approach
based on the system under consideration and the environmental impact categories that
need to be calculated and reported. In cases where a software is not available for the
researcher, as already mentioned, a complete and analytical method based on equations
proposed by the IPCC is applied to calculate GHG emissions released from the production
systems [64]. Different impact assessment methods may lead to variability in the results and
the absolute values of the impact categories, which increases the uncertainty in LCA [83].
Some methods may not have significant differences among them and can provide similar
results [84]. However, it is critical to recognize that there are likely to be uncertainties
between alternative methods, especially when the outcomes may affect many levels of
decision-making [85]. One of the most used impact assessment methods seems to be
CML [85,86], which is also confirmed by this review, where this method was used in
21 studies to present the LCA results.

In the reviewed studies, the selected methods were CML, ReCiPe, and IPCC. In
21 papers, different versions of CML were utilized (40% of the selected studies), in 8 studies
the ReCiPe method was used (15% of the studies) while in 20 papers the methodology
proposed by the IPCC for the calculation of CF was implemented (38% of the studies). In
the rest of the studies, the particular method that was used for impact assessment was not
specified, so they were categorized as studies with non-defined methods. As the main focus
of the search strategy was the discovery of studies with calculated CF, it was expected that
a high amount of studies that used IPCC method that is specified in CF calculation would
be found. However, as CF is an indicator for the implications of CC in production systems,
it can be assessed in the context of a wider environmental study with other environmental



Sustainability 2024, 16, 191 11 of 39

indicators by utilizing methods such as CML and ReCiPe. For this reason, the substantial
number of works in which these methods were used can be explained.

3.1.9. Impact Categories

In all the selected works, the CF was calculated in kg (or g) CO2 eq per FU, which
appeared in the studies with multiple terms such as “climate change”, “carbon footprint”,
“Global Warming Potential” (GWP), and GHG emissions. When CF was calculated for
a 100-year horizon, it was presented as GWP100. Although LCA was performed in all
studies, CF was exclusively presented, with no other indicator, in 16 papers. In six studies,
CF was presented along with one or two more indicators, which were cumulative energy
demand (CED) or water footprint (WF). In the rest of the studies, a wide range of LCA
environmental indicators were presented, including indicators such as abiotic depletion
(AD), acidification (AC), eutrophication (ET), human toxicity (HT), land use (LU), and
ozone layer depletion (OLD). CF itself is indeed a useful indicator of the environmental
burdens of production systems but only represents a part of them.

The above indicators belong to both categories of environmental impact indicators,
which are the midpoint and endpoint category. Midpoint indicators are related to the direct
effects of the system in specific sectors and are closer to the source of the effects [87]. In
more detail, they constitute the quantification of the effects of production systems on air,
water, and soil. On the other hand, endpoint impact categories provide a holistic view of
the consequences of production systems in areas such as human health (HH), biodiversity,
and ecosystems. The level of the details provided is higher in midpoint indicators, as they
are more robust and contribute to providing knowledge on the degree of the effects of
environmental burdens at the endpoint level, generating less uncertainty when modelling
the full cause–effect chain [88]. Typical midpoint indicators are GWP, AC, and OLD, while
endpoint indicators are HT or resource depletion (fossil fuel or metals). In the papers under
study that presented the full range of LCA indicators, both categories of indicators were
calculated, with some papers referring only to midpoint-level indicators and others to
both categories.

3.1.10. Carbon Footprint Values

As expected, the CF values of the selected works showed a large variation, due to the
different countries where the studies were conducted, the different climatic conditions that
affected the energy consumption for heating/cooling, the different experimental designs,
the FU selection, the different plant species, and the types of inputs used. Of course, it
is not possible to make a comparison between the CF values of the EU countries, as this
would lead to unreliable and unsafe conclusions. Even within the borders of a country,
the comparison between the same crops in different studies should be made with great
caution, by looking for important common parameters of the cultivation process. The safest
comparison can be made when different cultivation methods are presented in the same
work in order to identify the most sustainable production system.

From a comparison of production systems in two different countries conducted in the
same work, it emerged that the CF of the processed tomato was 2.6987 kg CO2 eq per kg
of processed tomatoes in France and 3.0635 kg CO2 eq per kg of processed tomatoes in
France from Turkish tomato paste, due to different energy sources utilized (nuclear energy
in France and oil and gas in Turkey) [35]. In a different study, growing lettuce in Spain and
Italy led to a slight difference in CF between the two countries, with Italy showing a slightly
lower value (0.205 kg CO2 eq per FU) than Spain (0.225 kg CO2 eq per FU) and no discussion
took place regarding the comparison between the two countries, rather than between
open-field and GH production [37]. Similarly, a study of tomato cultivation in different
scenarios was conducted in Greece and Germany, without comparison between countries,
but between different treatments. It was found that the lowest CF was calculated in the
F-clean system and the value was 0.4 kg CO2 eq/kg of product and 7.6 kg CO2 eq/m2 [20].
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Another factor that appears to have differentiated the CF of GH production is the
growing season. Specifically, in a work conducted on lettuce cultivation in Greece, the CF
of production in winter was 3.549 kg CO2 eq per kg of lettuce, a value which is greater
than spring cultivation (2.775 kg CO2 eq per kg of lettuce) and winter–spring cultivation
(2.173 kg CO2 eq per kg of lettuce) [47]. Similar findings were also observed in tomato
cultivation in Spain, where the CF in two spring crops was calculated at 0.61 and 0.56 kg
CO2 eq/kg of tomatoes, respectively, while in the winter crop it was 1.41 kg CO2 eq/kg of
tomatoes [38]. The tomato crop in this system appeared to exhibit low productivity in the
winter season since it naturally does not respond efficiently in low temperatures.

The different production systems also present a difference in environmental perfor-
mance due to inputs and cultivation process variation. In particular, it has been shown that
cultivation in an aeroponic system presents a higher energy consumption than in a soil
cultivation system, and this fact in combination with the lower yield that may be observed
in winter cultivation lead to a larger CF [47]. Differences also exist between hydroponic
and soil cultivation in GHs, due to increased energy consumption for the operation of
hydroponic systems, water recirculation, or the operation of oxygen pumps, as these result
in an increased CF [51,53].

Depending on the method of calculating the CF in the studies, its value varies, as
differences were observed depending on the protocol used for the analysis and the handling
of allocation and avoided products. Specifically, in a work where floricultural species
were studied, when the methodology proposed by PAS2050 was applied, the CF was
0.45–0.5 kg CO2 eq per one poinsettia plant, while it was calculated at 0.53–0.58 kg CO2 eq
per one poinsettia plant, when the methodology of the ISO 14067 standard was applied [59].
In another study on tomato cultivation in The Netherlands, when the avoided product
method was implemented, CF was calculated at 780 kg CO2 eq per FU and when energy
allocation was the method for handling the products, at 2000 kg CO2 eq per FU [89]. System
boundaries selection may result in disparate CF values, as was demonstrated in a study for
tomato production [90]. The fresh tomato value chain was responsible for 547.13 kg CO2 eq
per FU, while the dried tomato value chain was responsible for 467.44.

The use of innovative irrigation systems appears to have made a significant difference
in reducing the CF, with closed-loop irrigation systems being proposed as solutions to
reduce the CF in multiple studies, due to the reduction in energy requirements for addi-
tional pumping during recirculation and other irrigation processes [35,38,39,74,89,91,92].
Smart irrigation systems are shown to lead to a 13% decrease of CF in comparison with
conventional irrigation systems [91].

One of the most crucial factors that affected the result of the analysis for the calculation
of the CF was the control of the climate parameters of the GH and more specifically the
use or lack of heating, as well as the type of heating method used. Some of the forms of
inputs used for heating in the examined GHs were fossil fuels such as coal and natural gas,
biofuel pellets, wood chips, wood pellets, and geothermal energy, as well as the use of solar
collectors and waste valorization methods. Among the above energy sources, there are
both renewable ones, such as solar energy, renewable biofuel pellets, geothermal energy,
and wood chips, as well as non-renewable sources, such as fossil fuels. In all the works
that calculated the CF where RES were used as a first scenario and non-RES were used as a
second scenario for heating, its value was always higher when non-renewable sources were
used for the crop cultivation. For energy-saving techniques, controlled shading systems
are also suggested, as it may result in saving around 5% of energy consumption during
periods where cooling needs are increased [93].

In more detail, using natural gas for heating tomatoes in Italy set the CF value at
3.59 kg CO2 eq/kg of product while in the waste valorization scenario the corresponding
value was 1.37 kg CO2 eq/kg of product [50]. Similar findings exist in a work with tomato
cultivation in Slovenia, where when natural gas was used, the CF was 0.5255 kg CO2 eq/kg
of tomatoes, while with the use of geothermal energy the corresponding value was 0.018 kg
CO2 eq/kg of tomatoes [65]. Also, in Hungary, with natural gas combustion for GH heating
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the CF was 5000 kg CO2 eq per FU, while with the use geothermal energy as a heating
provider it was 440 kg CO2 eq per FU [89]. Regarding geothermal energy systems, the use
of a backup geothermal system, which will act as a supplementary heating provider along
with a natural gas boiler, has also been suggested [94]. In this case, a low-enthalpy shallow
geothermal system using basket geothermal heat exchangers can be used during winter
and nighttime and is able to reduce carbon emissions by 8 to 28%. For heating flower plants
in Poland, with natural gas combustion the CF was 170.1 kg CO2 eq/m2 per year and with
the use of coal 366 kg CO2 eq/m2 per year, while using wood pellets yielded a value of
20.5 CO2 eq/m2 per year and with the use of wood chips a value of 18.4 CO2 eq/m2 per
year [75].

Finally, the lack of heating in the GH during cultivation also plays a key role in the
results, where it has been calculated that the CF in a heated GH in Spain was 2.07 kg CO2
eq/kg of product, while in unheated conditions it was 1.13 kg CO2 eq/kg of product [42].
This finding is also observed in other studies, where the average impact per kg of tomato
cultivation in heated GHs of France can be 4.5 times greater than the same cultivation in
unheated conditions [95].

3.1.11. Hotspots

Inputs or categories of inputs that occupy a significant share in the final CF calculated
in the examined systems are identified as hotspots of the production process. In the
selected works, the main input categories were electricity used either for climate control
or machinery and auxiliary equipment operation, infrastructure of the GH, heating with
non-renewable sources, fertilizers, specific substrate choice, transport of inputs or products,
and packaging of the final products and pot containers.

In almost all of the works where there was control of climatic conditions in the GH
during the growing season, the main hotspot was heating. In these studies, heating needs
were covered either with electricity or fossil fuels, such as natural gas and coal. Electricity
was categorized as a hotspot in 20 studies, while heating was also mentioned as a hotspot
in 17 studies. In some cases, these two categories of inputs appeared simultaneously in the
same study with a significant share of the CF (5 studies). Electricity is a well-known hotspot
in GH cultivation, while the mitigation of its impacts can be achieved by the utilization of
RES such as photovoltaic panels to cover energy needs, as they are able to cover 16–44% of
the annual electricity demand [93,96].

GH infrastructure appeared as a hotspot in 25 papers, which demonstrates the im-
portance of their inclusion within the boundaries of systems under consideration, as
infrastructure is often excluded from some studies or only specific dimensions are taken
into consideration which leads to non-representative results. It is shown that the exclusion
of infrastructure from the impact assessment of the systems can conceal 10–30% of the
actual impact [97]. GH designs that can be applied for a more sustainable production
system include modifications in the structure, covering materials, ventilation, lightning,
use of photovoltaic panels, geothermal systems, and smart monitoring equipment. Based
on the studies selected for this review, as well as other studies from the literature, it is
shown that glass GHs have a profound impact on the CF due to considerable amounts of
glass and metals used for the structure, while for multi-tunnel GHs, a steel frame is the
highest contributor [97]. It is confirmed by the selected works that between these two types
of structure frame, glass/steel GHs have a bigger CF than plastic/steel GHs [41,51]. The
optimization needs of GH constructions become necessary, as specific construction systems
such as integrated rooftop greenhouses (iRTG) may result in CF savings of 113.8, 82.4, and
5.5 kg CO2 eq/m2/year when oil, gas, and biomass are used for heating, respectively [98].
Other aspects of GH operations, such as lighting used for crops, should also be taken into
consideration, as specific choices may lead in modifications in energy and heating demands.
More specifically, transition to LED lighting can save 10–25% of total GH energy demand,
but this technique should be chosen after further consideration as it may reduce the energy
need for lighting but increase heating demands [99].
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Fertilizers were also a hotspot in 17 studies, due to the high impact derived from
their production [49]. Pot containers have a significant impact on the CF of multiple
studies [43,61,100], with researchers proposing the substitution of plastic containers with
biodegradable materials. However, this solution may not always be the most economi-
cally viable for the producers [61]. Another important aspect with a high impact in CF
is the selection of the substrate that is used in cultivation with peat, perlite, and zeolite
being among the most dominant choices in the selected studies. In a study of the impact
assessment of substrate choice, it was presented that perlite has a very low carbon foot-
print (0.0209 kg CO2 eq) in comparison with coconut fiber (1.4334 kg CO2 eq) and bark
(1.1197 kg CO2 eq) [101]. However, in a selected study, a replacement of 10% of perlite with
10% rice hulls as a substrate in flowers cultivation is proposed as a way to reduce the CF of
the system [100]. Rockwool substrate has been characterized by high GHG emissions, with
researchers suggesting its recycling after use in order to reduce its impact [102]. In other
cases, in the selected studies, peat resulted in a significant amount of GHG emissions due
to its production or transport [100,103].

Transport is presented as a hotspot in six studies, with researchers suggesting that in
production systems, local sources of inputs and raw materials should be preferred, in order
to reduce the distances covered [35,37,104]. In addition, long transport times may also lead
to a reduction in the yielded production due to the quality degradation of the products
until they reach the market shelves [105]. Finally, post-harvest stages can contribute highly
to CF, but alternative methods such as the use of reusable packaging materials, reduction
in the transportation distances, use of eco-friendly vehicles, and implementation of RES
can result in an up to 90% reduction in the CF of this stage [106].

3.2. Bibliometric Analysis
3.2.1. Descriptive Information of Collected Studies

Regarding the first goal, our purpose was to portray the research landscape of the
GH CF based on descriptive statistics. In Table 2, the basic information of the collected
studies is presented. The investigation of the collected documents reveals that the majority
of the studies are published in journals, with nine studies (18%) being published in con-
ference proceedings. In total, 50 studies were published from 2005 to 2023, and written
by 164 different authors. However, the annual growth presents a negative trend, with a
−3.78% value. This can be attributed to the fact that the papers selected were published by
the beginning of 2023, as the search for papers was completed in April of the same year.
Thus, in a possible future search, the results will be different.

Table 2. Basic information of the selected studies.

Main Information

Timespan 2005:2023
Sources (Journals, Books, etc.) 17

Documents 50
Document Average Age 7
Annual Growth Rate (%) −3.78

Average Citations Per Document 37.1
Total References 2008
Journal Papers 41

Conference Papers 9

Document Contents

Keywords Plus 450
Author Keywords 187

Authors and Author Collaboration

Total Authors 164
Authors of Single-Authored Docs 0

Single-authored docs 0
Co-Authors Per Document 4.44
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Moreover, the annual scientific production seems to fluctuate over the years (Figure 2),
but with a constant rising trend from 2010 and beyond. This is an indication that the domain
of the GH CF is indeed active and attracts the interest of researchers and practitioners.
Especially as we approach 2050, which is the reference year of the EGD for the reduction
in the CF in all sectors of the economy, the rising trend observed after 2010 is completely
justified, as long as countries and individuals are moving towards this goal looking for
solutions in the agricultural sector.
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On a publication-venue level analysis, in Table 3, the most active journals are presented,
based on the number of published articles. As observed, most of the journals are relevant
to the field of agriculture and the environment in general, with the Journal of Cleaner
Production being the most popular publication venue.

Table 3. Most active journals.

Journal Name Number of Articles

Journal of Cleaner Production 14
Acta Horticulturae 10

The International Journal of Life Cycle Assessment 6
Agronomy 3

Sustainability 3
Journal of Environmental Management 2

Science of the Total Environment 2
Applied and Environmental Soil Science 1

Applied Sciences 1

The most cited articles, presented in Table 4, primarily contribute to the topic by enhanc-
ing the visibility of their papers in the field among the research community. In particular,
10 papers are the most cited among the 50 articles chosen for this review [48,49,89,107,108],
having more than 100 citations from other studies. This is attributed both to the consider-
able significance of the journals in which the specific papers were published, as well as the
subject matter of each study.

For example, in the work of Cellura et al. [107], all stages of the products’ life cycle are
taken into consideration to calculate the CF, providing better transparency and accuracy to
the calculation of the actual amount of GHG emissions in all stages of the supply chain.
Moreover, in the work of Martinez-Blanco et al. [49], the environmental impacts of both
GHs and field cultivation are described, which may clearly illustrate the different impacts
and comparison between the two main production systems. A similar experimental design
is observed in the work of Ntinas et al. [20], where the CF was calculated in both GH and
the open field in two different EU countries with different latitudes.
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Table 4. Number of citations of the most cited articles.

Article Number of Citations

CELLURA M, 2012, J CLEAN PROD [107] 149
TORRELLAS M, 2012, INT J LIFE CYCLE ASSESS [108] 141

SANYÉ-MENGUAL E, 2015, INT J LIFE CYCLE ASSESS [48] 133
MARTÍNEZ-BLANCO J, 2011, J CLEAN PROD [49] 131

TORRELLAS M, 2012, J CLEAN PROD [89] 109
SANJUAN-DELMÁS D, 2018, J CLEAN PROD [38] 95

ANTÓN A, 2005, INT J AGRIC RESOUR GOV ECOL [104] 86
NTINAS GK, 2017, J CLEAN PROD [20] 82

BARTZAS G, 2015, INF PROCESS AGRIC [37] 71
MUÑOZ P, 2008, ACTA HORTIC [109] 64

3.2.2. Country-Level Analysis

The next goal of the bibliometric analysis was to profile the activity of the collected
studies in terms of the collaboration between countries, the scientific production of each
country, and the countries that gather the highest number of citations. In Figure 3, the
scientific production of each country is presented, where Spain, Italy, Germany, and Greece
emerge as the most active countries in the field. This finding can be interpreted under the
spectrum that Spain, Greece, and Italy are among the largest producers of GH crops in
Europe, which justifies the increased research interest around the calculation of the CF in
these countries’ GHs. In fact, Almeria, an area in southeastern Spain, has been marked as
the greatest exponent of GH production in Europe [110]. Furthermore, these countries are
characterized by a warm Mediterranean climate, which in most cases allows year-round
production in GHs, with less need for heating during winter.
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The increased interest around the calculation of the environmental impact of GHs
in Germany could be attributed to the ambitious project that had been set in the country
within the framework of the ZINEG project, with the aim of reducing the consumption
of fossil fuels in GHs [111]. The efforts towards this goal led to winning the German
Sustainability Award in 2014.

In addition, Figure 4 depicts the annual scientific production of the top five countries,
where the same countries as Figure 3 are depicted as the most active ones, following a
consistent upwards trajectory and validating the findings. The increase in the production
of studies related to the subject covered by this review may be an indicator of the degree
of fulfillment of the EGD’s goals by the countries. This fact may be considered under the
assumption that the examined practices for reducing the effects of GH systems presented
in the studies need to be applied on a wide scale due to negative effects of CC. It is also
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seen in Figure 4 that a greater increase in the production of studies over time is shown by
Spain and Italy, which, as mentioned above, are the main countries producing GH products.
The high activity of these countries is further indicated by Table 5, which demonstrates the
most cited countries in the field, where Spain emerges as the most cited country.
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Table 5. Number of countries’ studies citations.

Country Number of Citations

Spain 835
Italy 359

Germany 167
Greece 112
Sweden 108

Finally, in Figure 5, the collaboration network between countries that have published
articles together is demonstrated. The nodes of the network represent the countries, and
the size of the nodes represent the total scientific production of the countries. In addition,
the thickness of an edge represents the strength of collaboration between countries, i.e., the
number of times that authors of different countries co-occur in a paper. In this network,
three main communities of collaboration are detected, comprising of country clusters that
closely collaborate. Among them, the Scandinavian countries (Sweden, Norway) form
an individual community, with no ties with other countries. The Scandinavian countries’
concentration of research efforts on high-tech agriculture practices may be linked to their
special focus and competence, producing an internally focused collaborative network
strengthened by strong institutional and intellectual linkages within the region [112]. More-
over, Spain and Italy are the main scientific actors and form close ties of collaboration,
due to their geographical proximity, similar climate conditions, and common agricultural
techniques that result in shared challenges and interests, and the presence of established
research networks and institutions. They are also the main EU agricultural producers and
importers to North Europe. Finally, Germany and Greece also collaborate to a high degree,
with Germany also collaborating with Spain. Aside from collaborations among established
research networks, Germany, as one of the most advanced economies in EU with a com-
pelling reputation for research and innovation [113], may engage in partnerships with
Greece and Spain, motivated by common economic interests in agricultural development
and with the aim to improve overall scientific results and the quality of cooperative projects.
Other smaller countries form collaboration ties with Italy and Spain (Poland, Portugal.
Switzerland, The Netherlands), while strong ties are observed with The Netherlands and
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Spain/Italy. This occurrence is explained by the ability of each country (The Netherlands,
Spain, and Italy) to contribute complementary skills and resources to collaborative ef-
forts motivated by shared research agendas and common aims in sustainable agriculture,
resource optimization, and climate resilience. Furthermore, as a significant agricultural
exporter, The Netherlands benefits strategically from partnerships with Spain and Italy
in meeting market demands and streamlining supply chains inside the EU [114]. Finally,
Israel’s participation in joint initiatives may be explained by the country’s recognized
skill and innovation in agricultural technologies, particularly precision agriculture, water
management, and sustainable methods of agriculture which have led to its collaboration
with EU countries [115].
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3.2.3. Thematic Axes of Collected Studies

The final part of the bibliometric analysis involved the extraction of thematic clusters
using the Callon clustering methodology and the usage of a co-occurrence network to
portray the association ties between domain-specific words.

In Figure 6, the extracted thematic clusters are demonstrated, distributed into four
quartiles with different values of Callon Density and Callon Centrality. Each cluster
represents a detected community, which carries a value of centrality and density. The
quadrants have been separated based on the median values of the Callon Density and Callon
centrality, while the size of each circle is proportional to the number of cooccurrences of the
words that comprise it; hence, larger circles indicate topics that are more frequent in the
collected studies [32]. A first inspection reveals that the extracted thematic map adequately
captures the scope of the studies, with a variety of themes detected in all quadrants.
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The interpretation of the themes relies on the quadrant to which they belong in the
thematic map. More specifically:

(a) Themes in the upper left quadrant (high density, low centrality) represent niche themes
that, while comprised of terms that are well connected to each other with strong ties,
are not connected with the rest of the themes. Hence, these themes correspond to more
refined areas of study that may require specific knowledge and expertise but may
have important scientific impact. The themes in this cluster comprise of Theme_1 (lcia,
rice hulls), Theme_2 (sustainable production, water-use efficiency), and Theme_3 (life
cycle assessment (lca), cogeneration, natural gas). Within the more general subject of
GH CF research, each theme in the niche cluster represents a focused and in-depth field
of study. A product or process’s life cycle environmental impacts can be evaluated
using the methodological technique known as life cycle impact assessment, or LCIA.
The term “rice hulls” is included to show that the use of this specific agricultural
input has special environmental impacts that are analyzed in impact assessment
stage. Moreover, as the goal of sustainable production is to maximize resource
utilization while reducing adverse effects on the environment, the inclusion of “water
use efficiency” indicates that water-related issues in GH production could be the main
focus. LCA is a technique for evaluating a process or product’s possible effects on the
environment and environmental aspects over each stage of its life cycle. The words
“cogeneration” and “natural gas” are specifically included, indicating a thorough
investigation of energy-related aspects in GH production. Thus, they are a part of this
cluster because of their lack of association with larger themes in the thematic map
(low centrality) yet strongly interconnected terms within each subject (high density).
Within their specific fields of study, this approach suggests a specialized focus, internal
cohesiveness, and potential for major scientific impact.

(b) Themes in the upper right quadrant (high density, high centrality) represent motor
themes that comprise well interconnected terms that are also connected with other
themes of other quadrants. Thus, these themes are drivers for research and have
significant scientific activity surrounding them. In this cluster, the detected themes are
Theme_4 (cut flowers, environmental analysis) and Theme_5 (lca, industrial ecology,
circular economy) which are indeed crucial themes in the field of GH CF as they
show broad links with other themes across several quadrants (high centrality) in
addition to strong internal connections (high density). Regarding the environmental
effects of the floral sector, the inclusion of “cut flowers” implies a particular focus on
matters like energy use, water use, and possible pollution. This cluster also examines
the GH CF through the lenses of life cycle assessment (LCA), industrial ecology,
and circular economy. In doing so, it adopts a comprehensive approach to evaluate
and mitigate the environmental impact of GH production over the course of its life
cycle, investigate the environmental impacts of industrial systems, and promote
sustainability by reducing waste and optimizing resource usage. These topics, which
are positioned as catalysts for research and are seen as essential to the corpus of
literature as a whole, suggest that they are critical in forming and impacting scientific
research concerning GH CF.

(c) Themes in the lower left quadrant (low density, low centrality) comprise weakly
connected terms that are also isolated from the rest of the quadrants. Themes in this
quadrant represent declining or emerging research fields that are either saturated and
with low scientific production or finding their foothold in the scientific community.
The themes in this cluster are Theme_6 (global warming potential, GH production)
and Theme_7 (horticulture, environmental impacts, product carbon footprint). The
first can be interpreted as focusing on evaluating and comprehending the possibility
of GW in relation to GHG emissions. Given its low density and centrality, it is possible
that this theme is still in the preliminary stages of investigation or is producing less
scientific work than other themes in the field since it is a more specialized or narrowly
focused area. The second one is centered on horticulture and focuses on evaluating the
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CF of the products associated with horticultural practices, and presents low density
and centrality, indicating that it may be an emerging or declining field of study with a
narrow focus and few connections to other themes, suggesting a possible lower level
of scientific output in comparison to more central themes. Although some subjects
may be particularly pertinent, the way they are now positioned within the field of
science suggests that they require more research or development. It should also be
noted that the position of themes is relevant to the examined domain (GH CF) and
similar themes may have more prestigious positions in another domain.

(d) Themes in the lower right quadrant (low density, high centrality) are basic themes
that are well connected with other themes in the rest of the quadrants but have a weak
internal structure. These themes, while important for research are less developed than
motor themes (upper right quadrant). In this cluster, two of the detected themes are
relevant to GHG emissions while the other theme is relevant to Theme_8 (life cycle
assessment, greenhouse, carbon footprint), which is the central research theme of this
study. GHG emissions’ evaluation and analysis entails researching the different gases
released during agricultural activities and how these emissions affect the environment.
While this subject is well-connected to other research fields, its low density and high
centrality indicates that it may have a less developed internal structure, indicating the
need for more in-depth studies. The study’s primary research focus, which includes
life cycle assessment, GH technology, and the total CF related to GH production,
represents an integrated approach to comprehending how GH activities affect the
environment over all stages of their life cycle. Located in the lower right quadrant,
the low density indicates that further internal growth is necessary, while the high
centrality shows that it has strong relationships with other themes. Despite having
a less developed internal structure, these themes play a crucial role in interpreting
various research topics belonging to other quadrants.

Finally, using the VosViewer software, the co-occurrence network of the index and
author keywords are presented, using the year overlay (Figure 7). In this network, the
size of the nodes indicates the single frequency of each word, i.e., the number of times
that a word appears in the author or index keywords, while the thickness of the edge
between two words indicates their association strength, i.e., the number of times they
co-occur together. Moreover, each node has been colored based on the average year of
all the publications that contain it. An inspection of the co-occurrence network’s major
nodes reveals a focus on greenhouse technologies, life cycle assessment, carbon footprint,
environmental impact assessment, and initiatives to reduce GHG emissions. The field’s
dedication to comprehending and reducing environmental repercussions is highlighted
by the prominence of subjects like life cycle assessment and GHG emissions. The terms
“greenhouses” and “cultivation” are often used, which indicates that GH agriculture is com-
mitted to developing sustainable methods and technology. The co-occurrence network’s
more isolated nodes, like “annual bedding plants”, “diffusive farms”, “carbon dioxide
emissions”, “environmental burden”, “compost production”, “composting process”, and
“bio-stimulants and growth regulation”, each point to particular, potentially niche aspects
of GH production. Together, these isolated nodes represent a variety of specialized and
varied facets of GH production, adding to a more comprehensive understanding of envi-
ronmental sustainability, cultivation techniques, and particular plant-related factors in the
context of a larger body of literature. Due to their relative rarity, these subjects may possess
distinctive qualities that distinguish them from more popular subjects while maintaining
their applicability to GH research.
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4. Research Questions Resolved
4.1. Research Question 1—What Is the Research Landscape of Carbon Footprint Analysis in the
European Union Countries, Based on Bibliometric Indicators?

The conducted bibliometric analysis aimed at portraying the overall research landscape
of GH cultivation, while also profiling the country-level information and the thematic trends
of the domain. The analysis of the research landscape reveals that GH cultivation is indeed
an emerging and evolving field, with 50 primary studies concerning the EU. The growth
in the last 13 years has been constant, as innovative technologies emerge and render the
field even more relevant. In addition, several respectable publication venues such as the
Journal of Cleaner Production have been the primary receptors of GH cultivation research,
while the works of Cellura et al. [107] and Torrellas et al. [108] appear to be the most cited
papers among the collected studies.

In a country-wise level analysis, the countries with the highest scientific production
are Spain, Italy, and Germany, which, along with Greece, are also the most highly cited
countries in other published works. This proves that climate conditions play a crucial role
in GH cultivation and innovation, with Mediterranean countries at the forefront of these
ventures. Finally, the country collaboration network reveals that Spain and Italy frequently
collaborate in published studies, with Germany, Greece, and The Netherlands also being
active collaborators. An interesting finding concerns the Scandinavian countries that have
developed an isolated community of collaboration which can be explained by their unique
climate conditions.

Moreover, thematic analysis using thematic maps indicates that the concepts of circular
economy and industrial ecology, coupled with LCA are drivers of research coupled with
environmental analyses. Conversely, GHG emissions and the use of LCA in CF are basic
themes that can be used as liaisons with more advanced topics while sustainable production
and wastewater efficiency, LCIA, and LCA in natural gas comprise more niche topics that
require additional expertise. Finally, global warming and horticulture environmental
impacts are indicated to be either declining or emerging themes. The findings of the
thematic analysis are validated by the co-occurrence network, where GH technologies,
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LCA, carbon footprint, and greenhouse gases are central nodes and are connected with more
isolated communities such as “annual bedding plants”, “diffusive farms”, “groundwater”,
“waste management”, and “fertilizers”, among others.

4.2. Research Question 2—What Is the Value of the Carbon Footprint Indicator of Greenhouse
Crops in European Union Countries?

The CF of GH production in EU countries shows great variability and depends on
several factors, such as the type of cultivated species, the amount of yield, the cultivation
techniques, the use of heating, the use of fossil fuels or renewable energy sources, and the
specific protocol/databases/software used for the calculations. The most important hotspot
categories identified were heating, GH infrastructure, electricity, fertilizers, substrate choice,
and transport. It was not possible to make a comparison between the CF values of the EU
countries, as this would lead to unreliable and unsafe conclusions. A certain conclusion
that can be drawn is that the value of CF can be increased significantly when non-renewable
energy sources are used to heat the greenhouse. The CF values per production system, type
of crop, and per country are detailed in Table A2.

It should be noted that the values of CF observed in the specific examined studies of
this review were attributable to the specific production methods followed. By modifying
the experimental design and using alternative inputs, the above values can be changed.

4.3. Research Question 3—Are Renewable Energy Sources Being Implemented in European Union
Greenhouses and How Does This Affect Carbon Footprint Values?

RES appear to be frequently used in studies of the CF of GH crops in EU countries, as
a means of reducing the environmental impact of production systems and contributors in
achieving energy autonomy, by self-producing energy for the GH needs. The renewable
resources used include wood pellets, wood chips, geothermal energy, solar energy, and
biofuel pellets. In some works, even though it may not have been possible to use any RES,
their use is suggested as a way of improving the sustainability of the systems. In studies
where RES have been utilized as inputs, the CF was significantly reduced. Indicatively, in
the selected studies, the use of RES over natural gas contributed to a reduction of 61–96.6%
in CF values. However, it is important to always consider the economic viability of RES
use for the producer in order to avoid financial weaknesses and failures.

4.4. Research Question 4—Based on Current Data, Is It Possible for Greenhouse Production to
Meet the Green Deal’s Directive Fit for 55 to Reduce the European Union’s Greenhouse Gas
Emissions by 55% by 2030, and in What Ways?

The EGD targets include a wide range of actions that need to be met. Production in
GHs can contribute to strengthening the objectives of reducing GHG emissions by 55% by
2030, through the use of clean and secure energy sources, by utilizing innovative infrastruc-
ture techniques, by developing eco-friendly systems with less toxic substances escaping
into the environment in order to protect biodiversity or by optimizing the transportation of
products to cover the distance from farm to fork.

In the selected studies, the above issues were recognized by the authors, who either
used methods to prevent the environmental impact of the examined systems or identified
the production stages that require the use of alternative methods that can reduce the
environmental burden caused. The reduction in produced toxic substances leaving the
cultivated system could for example be achieved by limiting the use of fertilizers, which
was presented as a solution in several works. Improving the construction materials of GHs
has also been suggested as a solution by numerous studies, which have identified this
particular issue as an important hotspot. Reducing the transportation time and distance
has been suggested as an important means of both controlling and monitoring fossil fuel
consumption while also protecting against the reduction in production that can lead to an
increased CF. Choosing a specific sustainable cultivation method over another can even lead
to a negative value of carbon footprint. In conclusion, more sustainable GH management
by improving input use efficiency is necessary for covering market needs without having
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negative effects on the environment [116]. Following these given instructions and proposals,
the EGD can be a comprehensive roadmap that lays forth a transformative vision for a
more sustainable and resilient Europe [117].

5. Threads to Validity

In this section, we analyze the primary threats to the validity of our study. Based
on similar studies that have conducted a systematic review and mapping of a scientific
domain and guided by the methodology leveraged by Ampatzoglou et al. [118], we divide
the threats in (i) those related to the selection of the studies, (ii) those relevant to the
data validity of the collected studies, and (iii) those related to the conducted research
and generalization.

Regarding the threats associated with the study selection, to mitigate any threats from
manual or arbitrary choices, an automated study identification was employed, leveraging
several search strings that could maximize the number of retrieved studies. The selection
of the database that would be used for the study extraction is also a threat that must be mit-
igated. The authors of this paper used Scopus as the primary source of information due to
the broad range of research topics that is indexed, providing a robust source of information.

The authors, who are knowledgeable in the studied domain, thoroughly discussed
the potential keywords that would be incorporated to the final query. Hence, the threat of
irrelevant results is mitigated as the utilized search string was meticulously examined. Of
course, while the threat of omitting some relevant studies is indeed possible, the utilized
search strategy limits this possibility. In addition, the inclusion and exclusion criteria were
discussed and agreed among the authors so as to collect the most relevant studies and
limit noise in the data, while the first and third authors also examined all studies manually
to ensure that no irrelevant studies would be included in the final set. Any conflicts and
disagreements in the study inclusion were resolved by all authors who examined the
presented issues and carefully solved them. Finally, the relatively small number of studies
is not concerning, as the examined domain is emerging, and the existing literature would
inevitably be limited. However, due to the exhaustive search of the retrieved studies, the
final set is highly representative of the status of the domain and can yield robust insights.

The threats that are related to the data validity mainly refer to bias and subjectivity in
the selection of the examined fields. To avoid this threat, the authors carefully investigated
the primary parameters that are evaluated by the LCA methodology, and all subsequent
analyses were conducted based on this premise. In addition, the bibliometric analysis was
performed based on valid and unbiased metadata extracted from Scopus, using established
inferential methodologies and dedicated packages in R to facilitate this purpose [119].

Finally, to eliminate threats related to the research validity and the generalization of
the findings, the search strategy and all methodologies are described in a thorough manner,
to enable the reproducibility of this study. Moreover, the research plan and its execution
were based on agreed policies and discussions among the authors, who are well established
in the examined domain.

6. Conclusions

In this work, a systematic review of the literature was carried out, as well as a bib-
liometric analysis, in order to capture the state of sustainability of GH crops in the EU
countries and to establish whether the mandated guidelines are being followed to achieve
the goals of the EGD. Fifty-two studies involving vegetable and flower crops in conven-
tional greenhouses were thoroughly studied, and information related to the calculation
of the CF, as an indicator of the sustainability of the systems, was extracted. The possible
use of RES, and alternative forms of inputs, in an attempt to reduce CF was investigated
and studied. From the review process, it emerged that in the EU, dominant countries
in the study of the CF in GH crops are Spain and Italy, while the growth of interest in
sustainability in the last 13 years has been constant, as innovative technologies emerge
and render the field even more relevant. The value of CF is affected by a variety of factors,
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while its reduction can be achieved by using RES, modifying the cultivation systems, and
adapting the inputs selection to the current conditions in the best possible way. Leveraging
the proposed methods from the selected works, the carbon footprint can even take negative
values, which leads to the conclusion that it is possible to achieve a reduction in GHG
emissions by more than 55% in the coming years.

The contribution of this study is significant in the field of research and broad agricul-
tural production, as the above findings show area-specific practices for reducing the CF in
GHs, which can be directly applied to approach sustainability as much as possible. The
presentation of CF values in the current time period can be a benchmark in the future to
determine whether the objectives for reducing CF of GH crops have been achieved.

It is stated that relying only on CF to assess the environmental impacts of the systems
would result in overlooking impacts in other categories, for example those related with
impacts from toxic substances [120]. For this reason, it is important to have a holistic
approach when assessing the life-cycle of products. There is a relatively small number of
papers regarding the calculation of the environmental impact of GH production that have
been studied for this review; if it is taken into account that GHs occupy a large amount of
area in the EU and worldwide, this fact could be considered as a limitation of the present
study. It is important for future research to continuously emphasize the importance of
achieving sustainability in agricultural production systems such as GHs, so that more LCA
studies are produced and the proposed proven methods are applied, not only in the EU,
but also worldwide. Policy implications could also lead to this direction, by proposing
a systematic calculation of CF in the GHs, so that there is transparency and to identify
hotspots that must be eliminated.
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Appendix A

Table A1. Extracted information from the selected studies of the review.

No. Authors Country Year Plant Species Protocol Functional Unit System
Boundaries Software LCI Method Impact Categories

1 Abeliotis et al. Greece 2016 carnation ISO 14044 1.5 million
carnation stems cradle-to-gate n.d. CML 2

baseline 2000
AD, OLD, GWP100, MAE,

FAE, TECc, HT, PO, AC, ET

2 Almeida et al. Italy 2014 tomato ISO 14040/44 1 kg cradle-to- gate SimaPro IPCC GWP
2007 100y CF, WF, ED

3 Antón et al. Netherlands 2012 tomato ISO 14040/44 1 t cradle-to-grave SimaPro v.7.2 CML2001 AD, AC, ET, GW, PO

4 Antón et al. Spain 2005 tomato ISO 14040 1 kg cradle-to-grave TEAM 3.0 n.d. ET, AC, CC, OLD, PO,
NRRD, HT, AET, TET, WR

5 Baptista et al. Portugal 2017 tomato n.d. 1 t gate -to- gate n.d. n.d. GHG emissions

6 Barla et. al. Greece 2020 lettuce ISO 14044 1 kg cradle-to-farm
gate SimaPro v.7 CML 2

baseline 2000 GWP100

7 Bartzas et al. Spain, Italy 2015 lettuce ISO 14040/44 1 kg cradle-to-gate GaBi 6 CML2001 AC, ET, GWP, OLD, PO,
CED

8 Blom et al. Netherlands 2022 lettuce IPCC 1 kg cradle-to-grave SimaPro
v.9.0.0

IPCC GWP
100a GWP100

9 Bonaguro
et al. Italy 2017 cyclamen ISO 14044 1 potted plant gate-to-gate n.d. CML2001 AD, OLD, GWP100, MAE,

FAE, TECc, HT, PO, AC, ET

10 Bonaguro
et al. Italy 2016 4 ornamental

plants
PAS2050, ISO

14044
1 plant in its

container cradle-to-gate SimaPro
v.7.3.3 n.d. GWP

11 Bosona et al. Sweden 2018 tomato n.d. 1 t
cradle-to-
consumer

gate
SimaPro v.8.2 ReCiPe (H) CED, GWP100

12 Canaj et al. Italy 2022 zucchini n.d. 1 t cradle-to-farm
gate

OpenLCA
v.1.10.3 ReCiPe (H)

FPMF, FRS, FEC, FE, GW,
HCT, HNCT, IR, LU, MEC,
ME, MRS, OFHH, OFTE,

SOD, TA, TEC, WC

13 Cellura et al. Italy 2012 5 fruit
vegetables ISO 14040

1000 kg of
packaged
vegetable

cradle-to-grave SimaPro v.7 CML2001 GW, OLD, PO, AC, ET, HT,
FAE, MAE, TECc
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Table A1. Cont.

No. Authors Country Year Plant Species Protocol Functional Unit System
Boundaries Software LCI Method Impact Categories

14 Chatzigeorgiou
et al. Greece 2022 grapevine ISO 14067 1 kg of vine

leaves
cradle-to-farm

gate
SimaPro
v.9.2.0. n.d. CF

15 Corcelli et al. Spain 2019 tomato ISO 14040/44 1 m2 of flat
rooftop

cradle-to-grave SimaPro
v.8.0.5

ReCiPe
Midpoint (H)

CC, SOD, TA, FE, POF, TEC,
WD, MD, FRS

16 De Lucia et al. Italy 2013 Bougainvillea ISO 14040 1 kg cradle-to-grave GaBi 4 CML2010 AD, GWP100, OLD, AC, ET,
PO, EC

17 Falla et al. Italy 2020 begonias,
violas ISO 14040/44 1 g of fresh

edible flowers cradle-to-gate SimaPro
v.8.5.0.0 n.d. GWP, AC, ET, PO

18 Frem et al. Italy 2022 ornamental
plants ISO 14040/44 1000 potted

plants
cradle-to-farm

gate OpenLCA ReCiPe
Midpoint (H) LU, GWP100, FRS, WD

19 Fusi et al. Italy 2016 lamb’s lettuce ISO 14040/44
1 bag with

130 gr lamb’s
lettuce

cradle-to-gate SimaPro
v.7.3.3

IPCC 2006,
Recipe

Midpoint
(H)/Europe

CC, SOD, HT, PO, TA, FE,
ME, TEC, FEC, MEC, WD,

FFD

20
García García

and García
García

Spain 2022 pepper ISO 14040 1 t cradle-to-grave SimaPro v.9.1 CML-IA
Baseline 4.7

AD, GW, OLD, HT, FAE,
MAE, TECc, PO, AC, ET

21 Grabarczyk
et al. Poland 2022 potted flowers ISO 14040/44 (a) potted plants,

(b) 1 m2 area
cradle-to-farm

gate n.d. IPCC 2006 CF, CED

22 Ilari et al. Italy 2018 4 leafy
vegetables ISO 14040/44 1 plant in tray

cradle-to-
nursery

gate
SimaPro v.8.1

CML 2
baseline 2000

v.2.05

AD, AC, ET, GWP100, OLD,
HT, FAE, MAE, TECc, PO

23 Jukka et.al. Finland 2022 tomato ISO
14040/44/67 1 t cradle-to-gate GaBi v.9.2.1.68 n.d. CF

24 Lampert and
Menrad Germany 2023 poinsettia PAS 2050-1, ISO

14067
1 potted

poinsettia cradle-to-grave Umberto NXT
CO2

PCF CF

25 Lazzerini et al. Italy 2016 ornamental
plants

ISO 14044, PAS
2050 1 m2 area cradle-to-gate GaBi 6 CML2011 GWP100
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Table A1. Cont.

No. Authors Country Year Plant Species Protocol Functional Unit System
Boundaries Software LCI Method Impact Categories

26
Martínez-

Blanco
et al.

Spain 2011 tomato ISO 14044 1 t system
expansion

SimaPro
v.7.2.4 CML2001 AD, AC, ET, GW, OLD, PO,

CED

27 Martin-Gorriz
et al. Spain 2021 tomato ISO 14040/44

(a) 1 m2

cultivation area,
(b) 1 kg of
marketable

tomato

cradle-to-gate SimaPro v.9.1 CML2001 AD, AC, ET, GW

28 Marttila et al. Finland 2021 tomato,
cucumber

ISO
14040/44/67

(a) 1 t tomatoes,
(b) 1 t cucumber cradle-to- gate GaBi ts 9.5 CML2001,

GWP100 GWP100

29 Montero et al. Spain 2014 tomato ISO 14040 1 t n.d. SimaPro v.7 n.d. CED, AD, GW, AC, ET, PO

30 Mugnozza
et al. Italy 2007 rose ISO

14040/43/20 100 cut stems cradle-to-gate GaBi 4 CML2001 AD, AC, ET, GWP100, OLD

31 Muñoz et al. Spain 2007 tomato ISO 14040/44 1 kg cradle-to-farm
gate v.7.0, 2006 CML2001 NRRD, GW, OLD, AC, ET,

WC, EC

32 Ntinas et al. Greece,
Germany 2017 tomato ISO 14040/44

(a) 1 kg
tomatoes,

(b) 1 m2 area

cradle-to-farm
gate n.d. IPCC 2006 GWP100, CED

33 Ntinas et al. Germany 2020 tomato ISO 14040/44 (a) 1 kg tomato,
(b) 1 m2 area

cradle-to-farm
gate n.d. IPCC 2007 CF, CED, WUE

34 Palma et al. France,
Turkey 2014 processed

tomato n.d.

(a) 1 kg
tomatoes,

(b) 1 kg packed
processed
tomatoes

cradle-to-grave SimaPro
CML 2

baseline
V2.05 world

CF, HT, ET

35 Parada et al. Spain 2021 tomato ISO 14040 1 kg cradle-to-grave SimaPro v.9 ReCiPe (H) GW, TA, FE, ME, FRS, CED,
ECT
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Table A1. Cont.

No. Authors Country Year Plant Species Protocol Functional Unit System
Boundaries Software LCI Method Impact Categories

36 Pérez Neira
et al. Spain 2018 tomato IPCC 1 kg tomatoes

delivered

(a) cradle-to-
regional

distributional
center; (b)

cradle-to-farm
gate

n.d. equations CF, CED

37 Röös et al. Sweden 2013 tomato IPCC 10.4 kg cradle-to-farm
gate

SimaPro
v.7.3.3

IPCC 2007
GWP 100a CF

38 Rufí-Salís et al. Spain 2020 common bean ISO 14040 1 kg cradle-to-grave SimaPro v.9.0 ReCiPe (H) GW, TA, FE, ME, FRS, MEC,
TEC, FEC

39 Russo and
Mugnozza Italy 2005 tomato ISO

14040/43/49/47/48 1 kg cradle-to-gate n.d. CML2, 2000 AD, GWP100, OLD, HT,
FAE, TECc, PO, AC, ET

40 Russo et al. Italy 2008 rose, cyclamen ISO 100 cut stems cradle-to-gate GaBi 4 CML2001 AD, AC, ET, GWP100, OLD,
PO, EC

41 Russo et al. Italy 2008 roses and
cyclamens ISO 14040/44

(a) 100 cut stems
(roses),

(b) 6 pots of
cyclamens

cradle-to-gate GaBi 4 CML2001 AD, CC, OLD, AC, ET, PO,
EC

42
Sanjuan-
Delmas

et al.
Spain 2018 tomato ISO 14040/44 1 kg tomatoes

delivered cradle-to-grave SimaPro v.8.2 ReCiPe (H) CC, ECT, TA, FE, ME, FFD,
TEC, FEC, MEC

43
Sanyé-

Mengual
et.al.

Spain 2015 tomato ISO 14044 1 kg

(a)
cradle-to-grave;

(b)
cradle-to-farm
gate; (c) cradle-

to-consumer

SimaPro
v.7.3.3

ReCiPe
Midpoint (H) GWP, CED, norm-ReCiPe

44 Soode et al. Germany 2015 strawberries PAS 2050/1 1 kg cradle-to-grave GaBi v.6.0,
SPSS n.d. GWP100

45 Soode et al. Germany 2013 poinsettia PAS 2050, ISO
14067 1 potted plant cradle-to-grave GaBi 5 IPCC 2007

GWP 100a GWP100
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Table A1. Cont.

No. Authors Country Year Plant Species Protocol Functional Unit System
Boundaries Software LCI Method Impact Categories

46
Soode-

Schimonsky
et al.

Germany,
Estonia 2017 strawberry ISO

14040/44/67 1 kg cradle to the
point of sale GaBi 6 PEF

TEP, ME, POF, WD, HNCT,
CC, OLD, AC, FE, FPMF, LT,

HCT, IR, FAE, FFD

47 Stajnko et al. Slovenia 2016 tomato SPI 1 kg n.d. SPIonWeb n.d. GWP

48 Torellas et al. Spain 2012 tomato ISO 14040 1 t of loose
tomatoes cradle-to-grave SimaPro v.7.2 CML2001 AD, AC, ET, GWP100, PO,

CED

49a Torrellas et al. Spain 2012 tomato ISO 14040, ILCD 1 t cradle-to-farm
gate SimaPro v.7.2 CML2001 CED, AD, AC, ET, GW, PO

49b \\ Hungary \\ tomato \\ 1 t \\ \\ \\ \\
49c \\ Netherlands \\ tomato \\ 1 t \\ \\ \\ \\
49d \\ Netherlands \\ rose \\ 1000 rose stems \\ \\ \\ \\

50 Torres et al. Spain 2017 4 vegetables ISO 14067, PAS
2050-1

1 kg of each
product

cradle-to-farm
gate

eFoodPrint
Env IPCC 2006 CF

51
Vermeulen

and van der
Lans

Netherlands 2010 tomato DNSF2009 1 t cradle-to-gate n.d. n.d. CF

52 Wandl and
Haberl Austria 2017 ornamental

plants ISO 14040/44

(a) piece of
product,

(b) days of
flowering

cradle-to-grave,
gate-to-gate n.d. IPCC 2006 GWP

AET: Aquatic ecosystems toxicity, ECT: ecotoxicity, EC: energy consumption, ED: energy demand, FPMF: fine particulate matter formation, FFD: fossil fuel depletion, FRS: fossil resource
scarcity, FAE: freshwater aquatic ecotoxicity, FEC: freshwater ecotoxicity, FE: freshwater eutrophication, HCT: human carcinogenic toxicity, HNCT: human non-carcinogenic toxicity,
IR: ionizing radiation, MAE: marine aquatic ecotoxicity, MEC: marine ecotoxicity, ME: marine eutrophication, MD: metal depletion, MRS: mineral resource scarcity, OFHH: ozone
formation human health, OFTE: ozone formation terrestrial ecosystems, OLD: ozone layer depletion, PO: photochemical oxidation, POF: photochemical ozone formation, PEF: product
environmental footprint, SOD: stratospheric ozone depletion, SPI: sustainable process index, TA: terrestrial acidification, TET: terrestrial ecosystems toxicity, TEC: terrestrial ecotoxicity,
TECc: terrestrial ecotoxicity (CML method), TEP: terrestrial eutrophication, WC: water consumption, WD: water depletion, WR: water resource, WUE: water-use efficiency.
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Table A2. CF values, observed hotspots, and heating use in the selected studies.

No. Authors CF Value (kg CO2 eq) per Selected FU Hotspots Heating Ref.

1 Abeliotis et al. 47,400 kg electricity for the flowers’ preservation No [105]

2 Almeida et al. Current: 2.28 kg; Conventional with natural gas: 3.59 kg; Waste
Valorization scenario: 1.37 kg; Cogen: 2.69 kg;

heating and CO2 fertilization, construction, coupled heating
and CO2 provision, construction Yes [50]

3 Antón et al. Avoided product method: 780 kg; Allocation method: 2000 kg climate control system (natural gas for heating) Yes [102]

4 Antón et al. Closed: 81.4 g; Open vs Closed: 1.12 (ratio) waste of biomass and plastics No [104]

5 Baptista et al. Organic: 105.9 kg; Conventional: 122.18 kg GH materials, fertilizers, electricity No [40]

6 Barla et al. Winter: 3.549 kg; Spring: 2.775 kg; Winter–Spring: 2.173 kg electricity No [47]

7 Bartzas et al. GH Lettuce Italy: 0.205 kg; GH Lettuce Spain: 0.225 kg compost production, GH construction, energy consumption for
climate control Yes [37]

8 Blom et al. GH (soil): 1.211 kg; GH (hydroponic): 1.451 kg electricity and fuel use, energy and resources used to produce
the seedlings Yes [53]

9 Bonaguro et al.
Base scenario: 0.157 kg; Scenario 1—peat shipped from Germany:

0.177 kg; Scenario 2—peat shipped from Lithuania and
Estonia: 0.139 kg

plastic pot, GH structure, peat transport No [100]

10 Bonaguro et al. Poinsettia: 0.0619 kg; Zonal geranium: 0.0295 kg; Cyclamen: 0.0217 kg pot containers and diesel for heating Yes [61]

11 Bosona et al. Fresh tomato value chain: 547.13 kg; Dried tomato value
chain: 467.44 kg

cultivation stage: energy for GH heating, irrigation and GH
construction materials.

post-harvest stage: packaging and drying activities; transport
stage: fuel consumption

Yes [90]

12 Canaj et al. Farmer irrigation: 785.62 kg; Cloud-based DSS irrigation: 770.46 kg;
Sensor-based irrigation: 770.45 kg irrigation, mechanization No [91]

13 Cellura et al. Melon: 1427.5 kg; Pepper: 915.5 kg; Zucchini: 1571 kg; Tomato: 740 kg;
Cherry tomato: 1245.9 kg GH materials, packaging and transportations No [107]

14 Chatzigeorgiou
et al. 1.7P: 10.35 kg; S treatment: 79.2 kg energy consumption, construction materials, perlite-zeolite

substrate No [121]

15 Corcelli et al. 17 kg fertilizers, substrate, RTG structure No [122]

16 De Lucia et al.
Sewage sludge compost 70%: 150%; Sewage sludge compost 55%:

138%; Sewage sludge compost 40%: 120%; Sewage sludge compost
25%: 100%; Sewage sludge compost 0%: 48%

SSC70 (peat free substrate) No [123]
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Table A2. Cont.

No. Authors CF Value (kg CO2 eq) per Selected FU Hotspots Heating Ref.

17 Falla et al.
Begonia: 24.94 g (potted plant); 28.03 g (large container); 29.47 g (small

container) Viola: 26.99 g (potted plant), 29.81 g (large container),
31.25 g (small container)

small containers, propagation phase and young plant
cultivation phase for begonia, young plant cultivation phase

for viola
Yes [124]

18 Frem et al. Novel and sustainable production model (NSM): 660.67 kg;
Conventional production model (CM): 665.42 kg peat moss production, diesel, burned in agricultural machinery Yes [103]

19 Fusi et al. 0.346 kg agricultural level: GH production
processing stage: high consumptions of energy, use of water No [46]

20
García García

and García
García

122 kg electricity associated with the supply of water for irrigation,
GH infrastructure No [125]

21 Grabarczyk et al.
Coal: 366.6 kg/m2 and 1.245 kg/pot; Natural gas: 170.1 kg/m2 and

0.578 kg/pot; Wood pellets: 20.5 kg/m2 and 0.07 kg/pot; Wood chips:
18.4 kg/m2 and 0.063 kg/pot

heating with coal, heating with natural gas Yes [75]

22 Ilari et al. 0.00253 kg thermoplastic and plastic materials, substrates extraction,
fertilizers, pesticides No [126]

23 Jukka et al. 888 kg electricity consumption, infrastructure, heating Yes [127]

24 Lampert and
Menrad 1.27–2.31 kg

young plant phase: transport by airplane and the rooting of
cuttings; horticultural production and distribution: packaging,

potting substrate, and electrical power;
consumer stage: small basket of goods and a non-combined

shopping trip

Yes [60]

25 Lazzerini et al.

Quercus fellus: 0.5612 kg; Wisteria floribunda: 1.0197 kg; Nandina
domestica: 3.7763 kg; Magnolia stellata: 2.8506 kg; Cupressocyparis

leylandii: 2.0678 kg; Photinia fraseri red robin: 5.0107 kg; Pinus pinea
5.2969 kg CO2 eq/plant/year

farm and container structures, diesel, fertilizers, potting mix,
pots, transport, soil tillage No [43]

26 Martínez-Blanco
et al. Mineral fertilizers: 153 kg; Compost and mineral: 119% more compost production, mineral fertilizers production No [49]

27 Martin-Gorriz
et al. 1.75–2.05 kg production and management of fertilizers, GH structure, and

irrigation system No [74]

28 Marttila et al. Tomato: 857–6523 kg; Cucumber: 1379–2951 kg heating with oil boiler and natural gas boiler, electricity, peat Yes [128]
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Table A2. Cont.

No. Authors CF Value (kg CO2 eq) per Selected FU Hotspots Heating Ref.

29 Montero et al. (Avoided CF) PE recycling: −0.7012 kg; Valorization: −8.7557 kg GH structure, fertilizers, auxiliary equipment No [129]

30 Mugnozza et al. Soilless GH, Pesticides: 85%, Soil cultivation GH, Pesticides: 53% Soil-less GH: heating systems, fertilizers; Soil-cultivation GH:
pesticides, heating systems, fertilizers Yes [92]

31 Muñoz et al. 0.0744 kg GH structure No [109]

32 Ntinas et al.

Conventional heating system (Greece): 58.7 kg/m2 and 10.1 kg/kg;
Hybrid solar energy saving system (Greece): 46.2 kg/m2 and

7.2 kg/kg. Standard variant (Germany): 10.6 kg/m2 and 0.7 kg/kg;
IsoMax (Germany): 7.9 kg/m2 and 0.7 kg/kg; F-clean (Germany):

7.6 kg/m2 and 0.4 kg/kg

natural gas for heating, electricity, structure, electricity, fuel Yes [20]

33 Ntinas et al.

Scenario 1—Conventional GH: 48.3 kg/m2, 2.5 kg/kg tomato;
Scenario 2—Solar collector GH (no reused energy): 99.4 kg/m2,

4.1 kg/kg tomato; Scenario 3—Solar collector GH (reused energy):
47.5 kg/m2, 1.9 kg/kg tomato; Scenario 4—Solar collector GH (reused
energy + excess energy transfer): −17.5 kg/m2, −0.7 kg/kg tomato

heating and structure Both [45]

34 Palma et al. France: 2.6987 kg; Turkey: 3.0635 kg packaging and energy for steam production, fertilization
(agriculture stage) Yes [35]

35 Parada et al.
Open management: 0.862 kg;

Recirculated management: 0.764 kg;
Recirculated management with further 15% freshwater input: 0.778 kg

fertilizers, energy, rainwater harvesting system, auxiliary
equipment, structure No [39]

36 Pérez Neira et al. (Cradle-to-farm-gate) Heated: 1.33 kg; Unheated: 0.39 kg. (Cradle to
regional distribution center) Heated: 2.07 kg; Unheated: 1.13 kg use of energy, infrastructure, fertilizers Both [42]

37 Röös et al.
Sweden unheated: 0.22 kg CO2 eq/kg tomato; Sweden heated: 0.29 kg
CO2 eq/kg tomato; Netherlands: 0.95 kg CO2 eq/kg tomato; Spain:

0.54 kg CO2 eq/kg tomato

eating non-seasonal, heated GH production, long-distance
transport Yes [54]

38 Rufí-Salís et al.
Closed-loop S0: 3.92 kg; Closed-loop S1: 2.42 kg; Closed-loop S2:

3.16 kg; Closed-loop S3: 1.91 kg; Linear system (no nutrient/water
recovery): 2.58 kg

closed-loop system: iRTG structure, leachates system
linear system: rainwater harvesting surface, iRTG structure No [130]

39 Russo and
Mugnozza GH soil: 90%; GH hydroponic: 100% energy consumption, steel, and glass No [51]

40 Russo et al. Rose soilless: 83% fossil fuel; Rose soil: 90%; Cyclamen: 63% baby
plant production heating fuel, baby plant production Yes [131]



Sustainability 2024, 16, 191 33 of 39

Table A2. Cont.

No. Authors CF Value (kg CO2 eq) per Selected FU Hotspots Heating Ref.

41 Russo et al.

Farm A, Roses: 64% fuel; Farm B, Roses: 84% fuel; Farm C, Roses: 73%
fuel; Farm D, Roses: 48%fuel, 45% structure; Farm E, Roses: 90% fuel;
Farm F, Cyclamens: 62% Baby plant; Farm G, Cyclamens: 64% Baby

plant

roses: heating fuel, electricity, fertilizers, packaging, pesticides.
cyclamen: baby plant, electricity, fertilizers, packaging,

pesticides
Yes [41]

42 Sanjuan-Delmas
et al. Spring crop 1: 0.61 kg; Winter crop: 1.41 kg; Spring crop 2: 0.56 kg construction of the rainwater harvesting system, and fertilizers No [38]

43 Sanyé-Mengual
et al. (a) 2.42 kg (b) 0.216 kg (c) 0.78 kg structure materials, maintenance stages No [48]

44 Soode et al. 0.1–10.2 kg customer shopping trip by private car, energy for product
cleaning, electricity, heating, soil management Yes [132]

45 Soode et al. PAS 2050:2011: 0.45–0.5 kg; ISO 14067: 0.53–0.58 kg; PARS 2011:
0.53–0.59 kg production of poinsettia plant, electricity Yes [59]

46
Soode-

Schimonsky
et al.

3.53 kg electricity for cooling/heating and the use of agricultural
machinery including fuel burning Yes [36]

47 Stanjko et al. Geothermal: 0.018 kg; Natural gas: 0.5255 kg heating with natural gas Yes [65]

48 Torrellas et al. 250 kg structure, fertilizers, auxiliary equipment No [108]

49a Torrellas et al. 250 kg structure, climate control system, auxiliary equipment, and
fertilizers Yes [89]

49b \\ Thermal energy: 440 kg; Natural gas; 5000 kg \\ \\ \\
49c \\ Avoided electricity at CHP: 780 kg; Energy allocation at CHP: 2000 kg \\ \\ \\
49d \\ 1600 kg \\ \\ \\
50 Torres et al. GH tomato: 293 g GH structure, fertilizers, and transport No [62]

51 Vermeulen and
van der Lans

Organic with CHP: 888 kg; Conventional with CHP: 784 kg;
Conventional: 1760 kg; Organic: 1941 kg gas boiler, gas CHP, fertilizer, transport Yes [52]

52 Wandl and
Haberl

Cyclamen: 5.6 kg/piece; Amaryllis–Azalea: 3.6 kg/piece; Iris:
0.4 kg/day of flowering heating energy requirements, substrate, fuel Yes [76]
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